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I. Abstract

In nature, bacteria are found to reside in multicellular communities encased in self-produced 

extracellular matrices. Indeed, biofilms are the default lifestyle of the bacteria which cause persistent 

infections in humans. The biofilm assembly protects bacterial cells from desiccation and limits the 

effectiveness of antimicrobial treatments. A myriad of biomolecules in the extracellular matrix, 

including proteins, exopolysaccharides, lipids, extracellular DNA and other, form a dense and 

viscoelastic three dimensional network. Many studies emphasized that a destabilization of the 

mechanical integrity of biofilm architectures potentially eliminates the protective shield and renders 

bacteria more susceptible to the immune system and antibiotics. Pantoea stewartii is a plant 

pathogen which infects monocotyledons such as maize and sweet corn. These bacteria produce dense 

biofilms in the xylem of infected plants which cause wilting of plants and crops. Stewartan is an 

exopolysaccharide which is produced by Pantoea stewartii and secreted as the major component to 

the extracellular matrix. It consists of heptasaccharide repeating units with a high degree of 

polymerization (2-4 MDa). In this work, the physicochemical properties of stewartan were 

investigated to understand the contributions of this exopolysaccharide to the mechanical integrity and 

cohesiveness of Pantoea stewartii biofilms. Therefore, a coarse-grained model of stewartan was 

developed with computational techniques to obtain a model for its three dimensional structural 

features. Here, coarse-grained molecular dynamic simulations revealed that the exopolysaccharide 

forms a hydrogel in which the exopolysaccharide chains arrange into a three dimensional mesh-like 

network. Simulations at different concentrations were used to investigate the influence of the water 

content on the network formation. Stewartan was further purified from 72 h grown Pantoea stewartii 

biofilms and the diffusion of bacteriophage and differently-sized nanoparticles (which ranged from 

1.1 to 193 nm diameter) was analyzed in reconstituted stewartan solutions. Fluorescence correlation 

spectroscopy and single-particle tracking revealed that the stewartan network impeded the mobility 

of a set of differently-sized fluorescent particles in a size-dependent manner. Diffusion of these 

particles became more anomalous, as characterized by fitting the diffusion data to an anomalous 

diffusion model, with increasing stewartan concentrations. Further bulk and microrheological 

experiments were used to analyze the transitions in stewartan fluid behavior and stewartan chain 

entanglements were described. Moreover, it was noticed, that a small fraction of bacteriophage 

particles was trapped in small-sized pores deviating from classical random walks which highlighted the 

structural heterogeneity of the stewartan network. Additionally, the mobility of fluorescent particles  
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also depended on the charge of the stewartan exopolysaccharide and a model of a molecular sieve for 

the stewartan network was proposed. The here reported structural features of the stewartan 

polymers were used to provide a detailed description of the mechanical properties of typically glycan-

based biofilms such as the one from Pantoea stewartii.  

In addition, the mechanical properties of the biofilm architecture are permanently sensed by the 

embedded bacteria and enzymatic modifications of the extracellular matrix take place to address 

environmental cues. Hence, in this work the influence of enzymatic degradation of the stewartan 

exopolysaccharides on the overall exopolysaccharide network structure was analyzed to describe 

relevant physiological processes in Pantoea stewartii biofilms. Here, the stewartan hydrolysis kinetics 

of the tailspike protein from the ΦEa1h bacteriophage, which is naturally found to infect Pantoea 

stewartii cells, was compared to WceF. The latter protein is expressed from the Pantoea stewartii 

stewartan biosynthesis gene cluster wce I-III. The degradation of stewartan by the ΦEa1h tailspike 

protein was shown to be much faster than the hydrolysis kinetics of WceF, although both enzymes 

cleaved the β-D-GalIII(1→3)-α-D-GalI glycosidic linkage from the stewartan backbone. Oligosaccharide 

fragments which were produced during the stewartan cleavage, were analyzed in size-exclusion 

chromatography and capillary electrophoresis. Bioinformatic studies and the analysis of a WceF crystal 

structure revealed a remarkably high structural similarity of both proteins thus unveiling WceF as a 

bacterial tailspike-like protein. As a consequence, WceF might play a role in stewartan chain length 

control in Pantoea stewartii biofilms. 

 

 

 

 

 

 

 

 

 

 



 

iii 
 

II. Zusammenfassung 

In der Natur lagern sich Bakterien zu großen und komplexen Gemeinschaften zusammen, die als 

Biofilme bezeichnet werden. Diese multizellulären Biofilme sind der Ursprung vieler langlebiger und 

gefährlicher Infektionskrankheiten. Die bakteriellen Zellen produzieren und umgeben sich mit einen 

biofilm-spezifischen Schleim, der aus einer Unzahl von Biomolekülen, wie z.B. Exopolysaccharide, 

Lipide und extrazelluläre DNA, besteht. Diese Biofilmarchitektur schützt Bakterien vor Austrocknung 

und begrenzen die Wirksamkeit von antimikrobiellen Wirkstoffen (z.B. Antibiotika). Viele Studien 

haben gezeigt, dass die Destabilisierung der mechanischen Festigkeit des Biofilmapparates eine neue 

Behandlungsstrategie darstellt, in der das bakterielle Schutzschild eliminiert wird, sodass die Zellen 

wieder anfälliger gegenüber dem menschlichen Immunsystem oder Antibiotika werden. 

Pantoea stewartii ist ein Pflanzenpathogen, welches Mais und Süßmais befällt. Diese Bakterien 

produzieren Biofilme im Inneren der Pflanze, sodass der freie Wassertransport gestört wird. Daraufhin 

verwelken die Blätter und Früchte. In dieser Arbeit wurde das Exopolysaccharid Stewartan untersucht, 

welches lange Ketten ausbildet und als häufigste Komponente in den Biofilmen von Pantoea stewartii 

vorkommt. Dabei wurden die mechanischen Eigenschaften von Stewartan untersucht, um zu 

verstehen, wie diese den Biofilm beeinflussen. Dafür wurde eine Lösung aus mehreren Stewartan 

Molekülen computergestützt simuliert. Hierbei konnte beobachtet werden, dass die Stewartan Ketten 

ein dreidimensionales Netzwerk ausbilden, welches Poren aufweist. Außerdem wurde Stewartan aus 

Pantoea stewartii Biofilmen isoliert und die Diffusion von verschieden großen Nanopartikeln in dem 

Exopolysaccharidnetzwerk untersucht. Je höher die Stewartankonzentration war, desto mehr wurde 

die Diffusion der Nanopartikeln abgebremst. Außerdem wurden große Partikel stärker von dem 

Netzwerk zurückgehalten. Diese Untersuchungen wurden auf die Diffusion von Bakteriophagen, das 

sind Viren, die spezifisch Bakterien infizieren, ausgeweitet. Infolgedessen wurde gezeigt, dass 

Bakteriophagen in kleine Stewartanporen feststecken können. Die Diffusion all dieser Partikeln war 

aber auch abhängig von der Oberflächenladung des Partikels. Folglich bildet Stewartan ein Netzwerk 

aus, welches ganz spezifisch den Transport von Molekülen mit bestimmten Eigenschaften unterbindet.   

Außerdem ist bekannt, dass die Bakterien in der Lage sind, die mechanischen Eigenschaften des 

Biofilms zu modulieren, um sie an Veränderungen in der Umgebung anzupassen. Dies geschieht über 

bakterielle Enzyme. Daher wurde in dieser Arbeit der enzymatische Abbau von Stewartan untersucht, 

der eine dramatische Änderung der Eigenschaften des Biofilms zufolge haben kann. Dabei wurde die 

Stewartan Spaltung durch das Enzym WceF untersucht, welches von Pantoea stewartii produziert 
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wird. Dieses Enzym spaltete die Stewartanketten nur sehr langsamen, sodass das Stewartannetzwerk 

erhalten blieb. Die Ergebnisse wurden mit dem tailspike Protein verglichen, welches von dem ΦEa1h 

Bakteriophagen produziert wird, dem natürlichen Feind des Bakteriums. Im Gegensatz zu WceF, baute 

das tailspike Protein Stewartan deutlich schneller ab und die gesamte mechanische Festigkeit des 

Netzwerkes wurde beseitigt. Beide Enzyme, trotz der unterschiedlichen Aktivität, besitzen eine sehr 

ähnliche Struktur, was vermuten lässt, dass sie von einem gleichen Vorgängerprotein abstammen. In 

dieser Arbeit wird vorgeschlagen, dass WceF möglicherweise in der Kettenlängekontrolle von 

Stewartan involviert ist. 
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1. Introduction 

1.1 Biofilms – A Natural Bacterial Lifestyle  

Bacteria are the oldest organisms on earth and first appeared over three billion years ago 

(Errington, 2013). Over millions of years, bacteria and archea shaped the global environment and 

formed suitable physicochemical conditions for globe spanning ecosystems on land, water and air 

(Jones et al., 1994; Thomsen et al., 2010; Flemming et al., 2016). Nowadays, bacteria are highly 

appreciated for their atmospheric nitrogen fixation (Tao et al., 2019), as decomposers of organic 

material (Sekhohola-Dlamini and Tekere, 2019) and lastly as indispensable biotechnological tools 

(McKay and Baldwin, 1990; Zhao et al., 2019). 

Nevertheless, sharing the world with bacteria comes at a price. Every multicellular organism is 

populated by a greatly diverse microbiota but disturbances in the balance of these associations can 

cause pathogenicity (Pfeilmeier et al., 2016; Wang et al., 2018). Apparently, bacteria account for 

economically damaging diseases in plant crops (Narayanasamy, 2011; Mansfield et al., 2012) and 

provoke serious diseases in animals livestocks and humans (Guilbaud et al., 2015; Ivana et al., 2015). 

Pathogenesis is driven by an ensemble of various associations which determine the outcome of the 

invasion of the host, colonization, and evasion of the host defense (Kamoshida et al., 2016; Koeppen 

et al., 2016; Racicot et al., 2016). Consequently, molecular interactions of bacteria with their host cells 

and bacterial strategies to proliferate and to survive in infected organisms are an immense research 

field.  

Bacteria naturally form cellular communities encased in a self-produced slimy extracellular matrix 

(Donlan and Costerton, 2002; Hall-Stoodley et al., 2004; Flemming et al., 2016). These cellular 

assemblies were first described by van Leeuwenhoek who examined the plaque from his teeth: 

“Indeed all the people living in our United Netherlands are not as many as the living animals I carry in 

my own mouth this very day” (Gest, 2004). These biofilms gained a high attention over the past 

decades because they adhere to surfaces and account for persistent infections (Laganà et al., 2015; 

Wessman et al., 2015; Oliveira et al., 2016; Høiby et al., 2017; Lynch et al., 2019). Consequently, 

60-80 % of all microbial diseases are caused by opportunistic bacteria which form biofilms (Di Lorenzo 

et al., 2005; Estrela et al., 2009). Biofilm based infections are commonly associated with lung disease 

(Høiby et al., 2017), otitis (Wessman et al., 2015), periodontitis (Oliveira et al., 2016) and endocarditis 
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(Laganà et al., 2015; Lynch et al., 2019). Likewise, many plant-associated biofilms infect crop plants 

and spoil fruits which cause high agricultural losses (Mansfield et al., 2012; Bogino et al., 2013). 

Biofilm formation is the way to adopt to environmental conditions and to survive under harsh 

conditions (Mosier et al., 2015; Charles et al., 2017; Panitz et al., 2019). It helps bacteria by a 

facilitated binding of ions and nutrients (Zhang et al., 2015; Yu et al., 2019), prevention of desiccation 

(Hansen and Vogel, 2011; Piercey et al., 2017) and faster exchange of genetic material 

(Arias-Andres et al., 2018; Olsen et al., 2018a). The extracellular matrix therefore acts as a physical 

barrier against toxins, host defense substances and environmental stress factors (Birjiniuk et al., 2014; 

Rybtke et al., 2015; Sandai et al., 2016; Singh et al., 2016). Indeed, Bacteria embedded in a biofilm 

show a 1000-fold increase in tolerance to antibiotics when compared with their free living 

counterparts (Høiby et al., 2011). Other factors also contribute to the resistance against antibiotics 

such as metabolically dormant persister cells and genetically acquired antibiotic resistances (Hall and 

Mah, 2017; Hughes and Webber, 2017). Data from the European Antimicrobial Resistance Surveillance 

Network was analyzed and estimated 671,689 infections by antibiotic resistant bacteria in 2015 in the 

European Economic Area (Cassini et al., 2019). From these incidents a number of 33,110 led to death. 

Consequently antibiotic resistances are forecasted to be one of the most serious threats to the human 

society as conventional therapies are rendered ineffective. 

As a consequence, alternative treatments of bacterial infections aim to develop strategies which 

effectively destabilize the integrity of these biofilm aggregates (Cavaliere et al., 2014; 

Gordon et al., 2017; Fleming and Rumbaugh, 2018). Hence, there is an immense interest in identifying 

the forces which hold a biofilm together and attaches it to a surface.  

1.1.1 Formation of Biofilms 

Biofilms were characterized as sticky cellular assemblies as they attach to a diverse set of surfaces. In 

addition to the colonization of human biotic surfaces, biofilms contaminate medical devices 

(catheters, pacemakers, dentures) (Percival et al., 2015), technical equipment (Kim et al., 2013) and 

food products (Shi and Zhu, 2009). Biofilms were also found to grow on ship hulls resulting in an 

increased fuel expenditure (Hunsucker et al., 2018).  

Surface-associated biofilm formation is usually characterized by a cycle of several stages (Figure 1) 

(Shi and Zhu, 2009; Toyofuku et al., 2016; Santos et al., 2018). The initial step is the attachment 

(1. Attachment) of a highly motile bacterium which will consequently produce large colonies by 

consecutive cell divisions (2. Microcolony Formation). The growth and physiology of biofilms strongly 
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depend on environmental cues and the ability of cell-cell communications via quorum sensing 

(Koutsoudis et al., 2006; Toyofuku et al., 2016; Tseng et al., 2016). This is of huge importance, as 

bacteria need to reach a critical cell density before a throughout infection can occur 

(Li and Tian, 2012). Here, bacteria regulate physiological processes by the production and response to 

small signal molecules including peptides or acyl-homoserine lactones. Subsequently, the production 

of the extracellular matrix is triggered in order to form the mature biofilm structures (3. Maturation). 

The whole process is underlined by a stage-specific microbiome and protein expression distinguishing 

the biofilm lifestyle from the planktonic state (Karatan and Watnick, 2009; Rodesney et al., 2017). 

Nevertheless, biofilm formation is not necessarily irreversible and bacteria can escape from their 

sessile cellular community which leads to the dispersal of the biofilm and colonization of new surfaces 

(4. Dispersion) (Kim and Lee, 2016).  

 
Figure 1: The Biofilm lifecycle, from Santos et al., 2018 

Biofilm formation is characterized by a circle of distinct steps: planktonic cells attach to a surface and initiate the assembly 

of microcolonies. The maturation of the biofilm includes the production of the extracellular matrix. Biofilm embedded 

bacteria can switch to the planktonic lifestyle again and are able to disperse from the biofilm in order to colonize new 

surfaces. 

The ability to form biofilms is not only restricted to bacteria and has been also found in other 

organism such as archea and funghi (Sheppard and Howell, 2016; van Wolferen et al., 2018). Indeed, 

in nature often mixed-species biofilms are found organized in physically enclosed microconsortia 

(Kay et al., 2011; Chew et al., 2014). 

1.1.2 Mechanical Stability of the Three Dimensional Biofilm Architecture 

Disruption of the biofilm renders bacteria more susceptible to antibiotics (Houry et al., 2012; 

Cavaliere et al., 2014; Fleming and Rumbaugh, 2018). Apparently, the increased tolerance against the 

host immune system and antimicrobials in biofilms is intimately linked to the structure and 

composition of the extracellular matrix. The highly hydrated extracellular space consist of a myriad of 
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various kinds of biomolecules such as exopolysaccharides (ExoPSs), proteins, extracellular 

deoxyribonucleic acid (DNA) and phospholipids (Figure 2, A) (Karatan and Watnick, 2009; Flemming 

and Wingender, 2010). The amount and ratio of the extracellular materials differs greatly between 

bacterial species. 

 
Figure 2: The extracellular space in biofilms, from Kamjunke et al., 2015 and Serra et al., 2013b 

(A) Fluorescent stain of a river biofilm developed on a pebble stone to emphasize the high density of various extracellular 

biomolecules. Here, nucleic acids and polysaccharides are stained with SybrGreen (green) and AAL-Alexa568 (red), 

respectively (Kamjunke et al., 2015). Algae and cyanobacteria are colored in blue and purple/ white due to their 

autofluorescence. (B) Electron microscopy image of E. coli cells which are embedded in a tightly packed extracellular matrix 

(Serra et al., 2013b). 

Elucidation of the physiochemical properties of the biofilm is highly difficult due to the heterogeneity 

of the extracellular matrix. In addition, biofilms may be investigated under unphysiological conditions 

with deviations in matrix compositions or genetic profile (Gordon et al., 2017). Fluorescence based 

microscopy has been widely used to visualize the three dimensional biofilm assemblies 

(Bridier et al., 2010; Guilbaud et al., 2015; Oniciuc et al., 2016). Nevertheless, despite the complex 

mixture in the extracellular matrix it could been shown that biofilms form large supracellular 

architectures with highly defined spatial organizations (Figure 2, B) (Wilking et al., 2013; 

Birjiniuk et al., 2014; Stewart et al., 2015). The resulting biofilm morphology was shown to be flat, 

rough, filamentous or mushroom-like (Karatan and Watnick, 2009). Biofilms are permeated by 

fluid-like channels which guarantee the introduction of water and small molecules like ions 

(Wilking et al., 2013; Birjiniuk et al., 2014). In contrast, the extracellular matrix acts as a molecular 

filter that selectively determines which molecule are permitted to deeply penetrate the biofilm 

(Flemming and Wingender, 2010). Thus, diffusion strongly depends on the size and charge of the 

investigated diffusing agent. Especially ionic interactions or complexations with the matrix contributes 
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to limiting the therapeutic effects of antimicrobials (Birjiniuk et al., 2014; Singh et al., 2016). In 

addition, biofilms might be shielded by a hydrophobic outer layer of proteins which also influence the 

diffusivity (Epstein et al., 2011; Zeng et al., 2015). 

Particle tracking and cryo electron microscopy have revealed microscopic details of the extracellular 

biomolecules which form a tight mesh covering the bacteria cells (Figure 2, B) (Serra et al., 2013a; 

Hart et al., 2019). The density of the extracellular material increases with the depth of the biofilm 

(Birjiniuk et al., 2014; Abedon, 2016). In addition, the biopolymers of the extracellular matrix account 

for the barrier function of the biofilms. Additionally, atomic force microscopy and rheological studies 

have shown that the overall biofilm material deforms in a viscoelastic gel-like manner 

(Stewart et al., 2013; Gordon et al., 2017; Vidakovic et al., 2018). It is assumed that weak 

physiochemical interactions such as hydrogen bonds, van der Waals forces and other electrostatic 

interactions in the biofilm can be easily broken and reformed to ensure elastic deformation (Flemming 

and Wingender, 2010). This is supported by studies showing that the addition of sodium chloride and 

bivalent cations support the formation of the biofilm (Guvensen et al., 2013; Tischler et al., 2018; 

Dubois et al., 2019). Especially Ca2+-Ions chemically crosslink the ExoPS chains and therefore increase 

biofilm cohesiveness and stability (Seviour et al., 2012; Chalykh et al., 2017; Nakauma et al., 2017). 

Inherent to these viscoelastic mechanical processes is the sensing of mechanical inputs by the bacteria 

which are therefore able to respond to environmental stresses (Belas and Suvanasuthi, 2005; Hickman 

et al., 2005; Rodesney et al., 2017). Likewise, during the biofilm lifetime the extracellular matrix is 

constantly modified by the bacteria (Rochex et al., 2008; Flemming, 2011; Peterson et al., 2015). This 

includes alterations in the compositions of the extracellular matrix as well as enzymatic remodeling 

ultimately adjusting the physicochemical parameters of the biofilm architecture (Vuong et al., 2004; 

Tielen et al., 2010; Houry et al., 2012). For example, bacteria respond to the experienced shear stress 

under fluid flow with an increased upregulation of biofilm-specific genes to form biofilms with higher 

mechanical cohesiveness (Rodesney et al., 2017). Additionally, biofilm dispersion is initiated by the use 

of matrix-degrading enzymes (Houry et al., 2012; Yu et al., 2015; Jang et al., 2016; Torelli et al., 2017). 

Hence, the mechanical strength of the extracellular matrix and its flexible reconfiguration allow 

biofilms to survive and adapt to harsh environmental conditions.   
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1.2 Properties of Bacterial Exopolysaccharides 

ExoPSs are the major constituents of biofilms and accounts for up to 90 % of the dry weight 

(Flemming and Wingender, 2010). ExoPSs exhibit a high degree of polymerization with high molecular 

weights (up to 105-109 Da) (Nwodo et al., 2012). These glycans are secreted and accumulated in the 

extracellular space. Their biosynthesis pathway depends on the polysaccharide compositions 

(Nwodo et al., 2012; Schmid et al., 2015). Homopolymeric polysaccharides are often polymerized and 

secreted by a single synthase as part of a multimeric complex which spans the distance from the inner 

to the outer membrane. In contrast, heteropolymeric ExoPSs which show a large variety of 

combinations of different monosaccharides, are assembled into repeating units at the cytoplasmic 

face of the inner membrane. Translocation into the periplasm takes place in associations with a Wzx 

protein and they are then polymerized by a Wzy protein preceding the final secretion (Whitfield, 2006; 

Schmid et al., 2015). 

ExoPSs can be branched or unbranched and modified with acetyl, glycerol and phosphate groups 

(Ruas-Madiedo et al., 2002; Nwodo et al., 2012). They usually contain a mix of neutral and charged 

sugar residues, such as glucoronic acid. In concert with pyruvate and sulphate modifications these 

polysaccharides give rise to the polyanionic nature of the biofilm which maintains a proper hydration 

due to the binding capacity for water (Sutherland, 2001b).  

ExoPSs form the mechanical scaffolds which confer a high stability and integrity to the biofilms 

(Chew et al., 2014). Likewise, they are implicated in surface adhesion and in mediating the three-

dimensional biofilm structure cohesiveness (Danese et al., 2000; Borgersen et al., 2018; Liu and 

Catchmark, 2018). Bacteria produce different types of ExoPSs which account for variations in the 

mechanical properties of the respective biofilms, such as cohesiveness and stiffness 

(Gordon et al., 2017). They are also involved in cell-cell interactions (Ma et al., 2009). Bacterial 

mutants in which ExoPS biosynthesis is disrupted are not able to form mature biofilms (Stewart et al., 

2015; Rodesney et al., 2017; Vidakovic et al., 2018). Similarly, ExoPSs play an important part in biofilm 

associated diseases and were found to be constantly produced by bacteria during chronic infections in 

human (Götz, 2002; Wang et al., 2016a; Jean-Gilles Beaubrun et al., 2017). 

Similar or equivalent polysaccharides can be also found in plants and in humans (Freitas et al., 2011; 

Nwodo et al., 2012). Therefore, ExoPSs are of high biotechnological relevance for medical and 

pharmaceutical applications (Table 1). Additionally, they show anti-inflammatory and anti-metastatic 

properties. They have been used in cosmetics and as moisturizers due to their hygroscopic properties 
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(Freitas et al., 2015; Petri, 2015; Ma and Suh, 2019). Furthermore, ExoPSs have been included as 

thickening and stabilizing agents in food products to alter the rheological properties (Ullah et al., 2016; 

Baruah et al., 2017; Qin et al., 2018). Due to their environmental compatibility they are also 

considered for green thermoset coatings (Zheng et al., 2015; Gandini et al., 2016). The number of 

studies grow which concentrate on their usability in wastewater treatment (Mittal et al., 2016) and oil 

recovery (Jang et al., 2015). There is a demand for finding new polysaccharide-derived materials with 

complementing functionalities. Therefore, the composition and structure of the polysaccharides are 

engineered to achieve precisely tailored materials with superior properties (Schmid et al., 2015; 

Schmid and Sieber, 2015).  
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1.3 Bacteriophages as an Alternative Treatment in Biofilm Infections 

Bacteriophages have been used in the treatment of bacterial infections long before Alexander Fleming 

discovered antibiotics. In 1917 the Canadian microbiologist Felix d’Herelle isolated bacteriophages and 

termed them to be a bacteria-eating entity (Dublanchet and Bourne, 2007). Soon, first patients 

suffering from various diseases and injuries were treated with great success (Fruciano and Bourne, 

2007; Moelling et al., 2018). Nevertheless, as soon as antibiotics were shown to be fast and reliable in 

killing bacteria, the interest in phage therapy rapidly decreased (Bush, 2010). Nevertheless, scientists 

especially in the former Soviet Union carried on with the phage treatment either alone or in 

combination with antibiotics (Kutateladze and Adamia, 2008). Nowadays, due to the rise of the 

antibiotic crisis marked by multidrug-resistant bacteria, bacteriophage therapy has come back in 

focus. 

Bacteriophages are viruses specifically infecting bacterial hosts which they use to replicate. They are 

described as the most abundant entity on earth with their weight in oceans estimated to be equal to 

the weight of human beings (Comeau et al., 2008). Caudovirales are double-stranded DNA viruses 

which package their genome into an icosahedral capsid (Ackermann, 2003; Fokine and Rossmann, 

2014). Here, the size of the genome ranges from 15 – 500 kilo base pairs. They are classified according 

to their tail morphology. Myoviridae are characterized by long contractile tails, Siphoviridae posses 

long non-contractile tails and Podoviridae have short non-contractile tails. The tail is connected to the 

head at one vertex of the capsid. It is responsible for host recognition and mediates the initiation of 

the infection process (Fernandes and São-José, 2018; Nobrega et al., 2018). Tail fibers, spikes and tips 

serve as receptor-binding proteins and mediate the attachment of the phage to the bacterium which 

results in an essentially irreversible adsorption of the bacteriophage onto the bacterium's surface. The 

tail structure penetrates the host membrane and subsequently the phage's genetic material is injected 

into the host cytoplasm. A wide variety of bacterial surface polysaccharides have been studied as host 

cell receptors, including lipopolysaccharides with (smooth) or without (rough) O-antigens, teichoic 

acids and capsules (Chaturongakul and Ounjai, 2014; Nobrega et al., 2018). A very well studied 

examples of a glycan-specific podoviridae is the P22 phage which recognizes the Salmonella O-antigen 

(Figure 3) (Steinbacher et al., 1994; Andres et al., 2010a; Andres et al., 2013). In addition, 

proteinaceous structures have also been known to be recognized by bacteriophages 

(Nobrega et al., 2018). Infection of bacteria embedded in biofilms poses another challenge for 

bacteriophages as they need to overcome this additional protective layer (Hughes and Webber, 2017; 
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Fernandes and São-José, 2018). The penetration and diffusion of bacteriophages into the biofilm 

assembly is reduced due to both steric constraints and tight binding events. Bacteriophages revealed a 

higher activity in less mature biofilms which displayed a lower density of extracellular material 

(Abedon, 2016; Vidakovic et al., 2018). The genome of phages contains enzymes suitable for the 

degradation of matrix components. Bacteriophage polysaccharide depolymerases, endopeptidases 

and DNases have been shown to be involved in matrix digestion to render the biofilm more porous 

(Pires et al., 2016; Fernandes and São-José, 2018).  

Figure 3: Reconstruction of the Salmonella P22 

bacteriophage (emdb: 1222) 

Bacteriophages consist of an icosahedral capsid structure 

and are classified according their tail morphology. 

Podoviridae, like the Salmonella P22 phage, exhibit short 

tails including tail fibers and spikes.  

 

 

 

 

In vitro experiments and studies in infected patients have emphasized that phages can be used to 

eradicate biofilms, which were initially tolerant to antibiotics (Harper et al., 2014). A set of 

commercially available phage cocktails are regularly used in agriculture to protect plants from 

bacterial biofilm infection and spread (Svircev et al., 2018). Phages have also been approved for the 

use in food products against Listeria monocytogenes (Bren, 2007). Persister cells are infected by 

bacteriophages as soon as the cells switch to normal growth (Harms et al., 2017; Di Luca et al.,  2018; 

Tkhilaishvili et al., 2018). Due to their high host specificity, phage therapy reduces potential side 

effect, as for example the reduction of commensal bacteria. At the moment, a regulatory framework 

has to be devised for the use of bacteriophages as drugs against biofilm infections. This includes the 

systematic investigation of phage formulation administering, phage safety and other possible side 

effects such as a facilitated bacterial horizontal gene transfer (Hughes and Webber, 2017). 
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1.4 Conserved Folds in Bacteriophage Tailspike Proteins 

Tailspike proteins (TSPs) are commonly used by the bacteriophage to recognize and enzymatically 

cleave exposed glycan structures on the bacterial surface to fulfill the infection process 

(Andres et al., 2012; Lee  et al., 2017; Broeker et al., 2018). Additionally, they are indispensable tools 

to overcome the biofilm barrier to permit access to the bacterial cell surface (Gutiérrez et al., 2015; 

Majkowska-Skrobek et al., 2016; Lee et al., 2017). For example, TSPs administered to chicken were 

shown to reduce Salmonella typhimurium colonization of the cecum (Waseh et al., 2010). 

Until today, many crystal structures of TSPs have been published, among them, TSPs cleaving the 

O-antigen (Salmonella P22 TSP, Steinbacher et al., 1994) or the biofilm ExoPS (Acinetobacter phage 

ΦAB6 TSP, Lee et al., 2017). The studies visualized the cocrystallization of TSPs with digested 

polysaccharide fragments of one to three repeating units (RU) length. TSPs usually do not share any 

consensus sequences, but assemble into structurally similar elongated and tightly packed trimeric 

β-solenoids (Figure 4) (Barbirz et al., 2008; Müller et al., 2008; Lee et al., 2017; Greenfield et al., 2019). 

In addition, the monomeric subunits interdigitate to form highly thermostable and protease resistant 

units (Barbirz et al., 2009; Broeker et al., 2017). The hallmark of the three dimensional TSP structures 

is a central oligomeric parallel β-helix. The latter motif is often found in proteins from all kingdoms of 

life associated with polysaccharide modifications (Jenkins and Pickersgill, 2001; Cowen et al., 2002; 

Kajava and Steven, 2006). Each monomeric β-helix is build from by coils composed of the three β-

sheets B1, B2 and B3 which are connected by the turns T1, T2 and T3. The latter ones vary in their 

length and sometimes loops or helical elements are integrated. The coils of the β-helix have L- or 

kidney-shaped cross sections. The β-helix accommodates a hydrophobic interior which is sealed by an 

α-helix lying on top of the β-helix. Elongated and shallow grooves on the surface of the β-helix 

represent polysaccharide binding sites with high specificity (Kang et al., 2016; Lee et al., 2017; 

Greenfield et al., 2019). 

Preceding the β-helix, TSPs usually comprise an N-terminal particle-binding domain which connects 

the protein to the phage particle. However, attempts to crystallize the full-length TSPs were often 

hindered due to a flexible linker between the N-terminal domain and the protein. Therefore, often 

only N-terminal shortened constructs have been crystallized (Barbirz et al., 2008; Müller et al., 2008; 

Lee et al., 2017). The C-termini of TSPs also differ between the bacteriophage species but usually 

display β-sheet motifs.  
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Figure 4: Structural overview of the ΦAB6 TSP 

The three-dimensional structure of the ΦAB6 TSP (pdb: 5js4) is shown as an example of the β-solenoid TSP fold. (A) The 

trimer of the ΦAB6 TSP is given with each monomer to be depicted in cartoon representation in green, red and blue. (B) A 

single monomeric subunit of the ΦAB6 TSP is displayed with the N-terminus in orange, the α-helix in blue, the β-helix in 

green and the C-terminus in purple. (C) Cross-section of the β-helical structure revealed kidney-shaped coils.  

 

1.5 Pantoea stewartii – A Biofilm Producing Plant Pathogen 

Pantoea stewartii (P. stewarti) is a rod-shaped plant pathogen which was first reported in the 1890s 

(Stewart, 1897). It is the causative agent of the stewartas wilt disease in maize and sweet corn. 

Infected plants show characteristics of wilted leaves up to necrosis of crops which are deadly to 

seedlings and young plants (Braun, 1982; Pataky, 2003; Roper, 2011). Other hosts are dent, flint and 

flour (OEPP/EPPO). P. stewartii cells are transmitted to susceptible plants by the corn flee beetle 

(Chaetocnema pulicaria) via feeding wounds (Block et al., 1998; Cook et al., 2005). The bacterium 

immigrates into the intercellular spaces provoking water soaked lesions in leaves with green to yellow 

streaks and wavy margins (Figure 5, C) (Roper, 2011). It further colonizes the xylem of infected plants 

which allows the systemic spread of the disease (Koutsoudis et al., 2006) (Figure 5, A,B). P. stewartii 

produces dense biofilms which account for blockage of the free water flow in the xylem which cause 

the wilt in infected plants (Bellemann et al., 1994; Roper, 2011).   
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Figure 5: P. stewartii infects maize and sweet corn, from Koutsoudis et al., 2006, Williams S.D., M.J., Hand, F.P., 2019 and 

Jeger et al., 2018 

(A) During the infection P. stewartii produces dense biofilms in the xylem of infected plants (Koutsoudis et al., 2006). 

(B) When such a stem is cut, oozing of P. stewartii biofilm can be seen (Williams S.D., M.J., Hand, F.P., 2019). (C) Blockage of 

the free water flow leads to the characteristic wilting of leaves and crops (Jeger et al., 2018).  

 

Infection of susceptible plants led to substantial economic losses of corn in the 1930s and P. stewartii 

was therefore put under quarantine restrictions (OEPP/EPPO, 1978; Freeman and Pataky, 2001). 

Nowadays, resistant plant cultivars have diminished the threat of P. stewartii infections but this 

pathogen is still active in Europe, North and South America where susceptible plants grow 

(Jeger et al., 2018). Furthermore import regulations on maize seeds has been set up to prevent further 

spread of the pathogen (Bragard et al., 2019). 

Pantoea species are highly diverse and have been isolated from diverse ecological sources 

(Walterson and Stavrinides, 2015). They carry out infections in rice, maize, eucalyptus, millet and 

pineapple all over the world. The closely related Erwinia amylovora spoils populations of rosaceous 

plants like apple and pear (Hinze et al., 2016). The latter was put on place 7 on the list of the top ten 

most important plant pathogenic bacteria (Mansfield et al., 2012). In addition, Pantoea species have 

appeared to be associated with inflammations in humans such as arthritis (Baere et al., 2004; 

Cruz et al., 2007). However, their implication in human infections is still under debate as Pantoea is 

not an opportunistic human colonizer (Dutkiewicz et al., 2016). Still, studies have pointed towards a 

correlation of nosocomial infections in hospitals with the presence of Pantoea bacteria 

(Bicudo et al., 2007). In addition, Pantoea species were found to be highly environmental versatile 

(Walterson and Stavrinides, 2015; Weller-Stuart et al., 2017). They have been used for bioremediation 

and as biological control agents against insect pests and other plant pathogens. 
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During plant infection by P. stewartii high amounts of the ExoPS stewartan are secreted into the 

biofilm (Bellemann et al., 1994; Nimtz et al., 1996; Schollmeyer et al., 2012). Stewartan is the most 

abundant component of the extracellular matrix and has consequently been shown to be the major 

P. stewartii virulence factor (Nimtz et al., 1996; Herrera et al., 2008). Stewartan also protects the 

bacterium from the host defense mechanisms (Koutsoudis et al., 2006; Piqué et al., 2015). Stewartan 

is a branched anionic heteropolymer consisting of repeating heptasaccharide units (Figure 6) (Nimtz et 

al., 1996). The ExoPS backbone structure [→3)-α-D-GalI(1→6)-β-D-GlcII(1→3)-β-D-GalIII(1→]n is 

branched at GalI with [(4→1)-β-D-GlcAIV(4→1)-α-D-GalV(6→1)-β-D-GlcVI]. Additionally, 90% of GalI is 

modified with (6→1)-β-D-GlcVII. Stewartan chains are highly polymerized with sizes of 2-4 MDa 

(ca. 2000-4000 RUs) (Schollmeyer et al., 2012).  

Figure 6: Structure of a single RU of the ExoPS 

stewartan from P. stewartii 

The monosaccharides of stewartan are shown as blue 

(glucose) and yellow circles (galactose). The gluocoronic 

acid is depicted as a blue/ white diamond.  

 

 

 

 

 

The genes encoding the biosynthesis of stewartan are organized on the three different loci 

wce I-III (Figure 7) (Bernhard, 1996; Carlier et al., 2009). The wce gene cluster has been found to be 

cross-complementary to the Erwinia pyrifoliae and Erwinia amylovora ExoPSs loci. Therefore, the 

function of the proteins from the wce gene cluster were assigned by sequence homology 

(Bernhard, 1996; Langlotz et al., 2011). In addition, mutational analysis in P. stewartii further revealed 

the roles of the wce I-III proteins (Carlier et al., 2009; Wang et al., 2012). This includes the 

characterization of the stewartan biosynthesis pathway as Wzx/Wzy dependent (Vanneste, 2000; 

Schmid  et al., 2015). Stewartan RU synthesis starts with the transfer of a galactose onto an 

undecaprenylphopshate-linker by WceG1 and 2 (Carlier et al., 2009). The glycosyltransferases 

WceB, K, M, N and O add further monosaccharide units to complete the RU structure 

(Carlier et al., 2009; Langlotz et al., 2011). Subsequently, stewartan subunits are flipped by Wzx1 and 2 

across the inner membrane and are polymerized in a Wzy-dependent manner using WceL 
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(Vanneste, 2000; Wang et al., 2012). Finally, Wza,b and c take part in the export process of 

polymerized stewartan. WceJ was found to be a non-functional pyruvate-transferase which is not 

required for P. stewartii virulence (Wang et al., 2012). 

 
Figure 7: The biosynthesis of stewartan is encoded in the P. stewartii wce I-III gene cluster  

The synthesis of stewartan RUs is accomplished by the glycosyltransferases WceB, G1, G2, K, M, N and O (orange). 

Afterwards RUs are flipped by Wzx1 and 2 (blue) to the periplasm and polymerized by WceL (green). Finally stewartan chains 

are secreted (Wza, b and c, purple). The gene wceJ (white) codes for a non-functional pyruvate-transferase. No function has 

yet been assigned to WceF (black). 
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1.6 Aims of this Study 

The extracellular matrix is the key in understanding the assembly and integrity of biofilms. It controls 

the transport of drugs and antimicrobials. Consequently, bacterial biofilm assemblies are of high 

clinical relevance. Previous studies have rather concentrated on the macroscopic properties of 

biofilms but these bulk experiments are insufficient to obtain a detailed understanding of structural 

details at high spatiotemporal resolution. Therefore, reductionist approaches are needed to 

understand the contribution of single components of the extracellular matrix in constantly varying 

biofilm assemblies. In this study stewartan from P. stewartii was chosen as a model system for several 

reasons: 

a. the extracellular matrix of the P. stewartii biofilm displays a comparatively well-defined composition 

with only one ExoPS species and 

b. stewartan is the most abundant component in P. stewartii biofilms and consequently the leading 

factor that dominates P. stewartii biofilm function and integrity. 

Just a few methods are capable of resolving polysaccharide nanostructures. In this work, the three 

dimensional structure of stewartan polymers was elucidated using Coarse-Grained Molecular 

Dynamics Simulations. For experimental investigations stewartan was purified from P. stewartii 

biofilms to further analyze the influence of the three dimensional stewartan network arrangement on 

the diffusion of fluorescently labeled model particles of varying size, bacteriophages and proteins. To 

derive a mathematical stochastic description of these processes fluorescence correlation spectroscopy 

and single particle tracking were used. It is of great interest to understand how bacteria and other 

biofilm interacting species modulate the mechanical properties of the biofilm. Likewise, it was the aim 

to find suitable enzyme candidates which are involved in the remodeling of the polysaccharide 

structure. Hence, the structure of WceF, from the P. stewartii wce I locus, and ΦEa1h TSP was 

biophysically characterized and their interaction with stewartan was investigated to give a description 

of the relevant underlying physiological processes.    
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2. Materials 

2.1 Chemicals 

Chemical  Company 

Acetic acid (CH3COOH) Carl Roth, Karlsruhe, Germany 
Acetonitrile  VWR, Darmstadt, Germany 
Agar-agar  Carl Roth, Karlsruhe, Germany 
8-Aminopyrene-1,3,6-trisulfonic acid, 
trisodium salt 

(APTS) 
Biomol GmbH, Hamburg, Germany 

Ammonium iron(III) sulfate dodecahydrate (NH4Fe(SO4)2∙12H2O) Carl Roth, Karlsruhe, Germany 
Ammoniumperoxodisulfat (APS) Carl Roth, Karlsruhe, Germany 
Ampicillin  Carl Roth, Karlsruhe, Germany 
ATTO 488 NHS-Ester  ATTO-TEC GmbH, Siegen, Germany 
Bromophenol blue  Sigma-Aldrich, St. Louis, USA 

DifcoTM Casamino Acids 
 Thermo Fisher Scientific, Waltham, 

USA 
Calcium chloride dihydrate (CaCl2∙2H2O) Merck, Darmstadt, Germany 
3-[(3-
Cholamidopropyl)dimethylammonio]-1- 
propanesulfonate 

(CHAPS) 
Serva Feinbiochemica GmbH, 

Heidelberg, Germany 

Coomassie Brilliant Blue R250  GE Healthcare, Chicago, USA 

N-Cyclohexyl-2-aminoethanesulfonic acid 
(CHES) Serva Feinbiochemica GmbH, 

Heidelberg, Germany 
Dihydroxybenzoic acid (DHB) Sigma-Aldrich, St. Louis, USA 
Dimethyl sulfoxide (DMSO) Sigma-Aldrich, St. Louis, USA 
Dithioerythritol (DTE) Carl Roth, Karlsruhe, Germany 

Dithiothreitol 
(DTT) AppliChem GmbH, Darmstadt, 

Germany 
di-Sodium hydrogen phosphate dihydrate (Na2HPO4∙2H2O) Carl Roth, Karlsruhe, Germany 
Ethanol  VWR, Darmstadt, Germany 
Ethylenediaminetetraacetic acid (EDTA) Carl Roth, Karlsruhe, Germany 
D-(+)-Glucose  Sigma-Aldrich, St. Louis, USA 
Glycerol  Carl Roth, Karlsruhe, Germany 
Glycine  Carl Roth, Karlsruhe, Germany 

Guanidine hydrochloride 
(Gdm-HCl) Thermo Fisher Scientific, Waltham, 

USA 
Hydrochlorid acid (HCl) Carl Roth, Karlsruhe, Germany 
4-(2-Hydroxyethyl)-1-
piperazineethanesulfonic acid 

(HEPES) 
Carl Roth, Karlsruhe, Germany 

Imidazole  Carl Roth, Karlsruhe, Germany 
Isopropanole  VWR, Darmstadt, Germany 
Isopropyl β-D-1-thiogalactopyranoside (IPTG) Carl Roth, Karlsruhe, Germany 
Lithium acetate (CH3COOLi) Carl Roth, Karlsruhe, Germany 
Magnesium chloride hexahydrate (MgCl2∙6H2O) Carl Roth, Karlsruhe, Germany 
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Magnesium sulfate heptahydrate (MgSO4∙7H2O) Carl Roth, Karlsruhe, Germany 
Manganese(II)-chloride tetrahydrate (MnCl2∙4H2O) Carl Roth, Karlsruhe, Germany 
Meat extract  Carl Roth, Karlsruhe, Germany 
3-Methyl-2-benzothiazolinon-hydrazon 
Hydrochlorid 

(MBTH) 
Sigma-Aldrich, St. Louis, USA 

2-(N-morpholino)ethanesulfonic acid (MES) Carl Roth, Karlsruhe, Germany 
Nickel(II)-chloride hexahydrate (NiCl2∙6H2O) Carl Roth, Karlsruhe, Germany 
Phenol  Carl Roth, Karlsruhe, Germany 
Polyethylene glycol 300 (PEG 300) Carl Roth, Karlsruhe, Germany 
Potassium chloride (KCl) Merck, Darmstadt, Germany 
Potassium dihydrogen phosphate (KH2PO4) Carl Roth, Karlsruhe, Germany 
Rotiphorese® Gel 30  Carl Roth, Karlsruhe, Germany 
Sodium acetate trihydrate (CH3COONa∙3H2O) Merck, Darmstadt, Germany 
Sodium chloride (NaCl) Carl Roth, Karlsruhe, Germany 
Sodium cyanoborohydride (NaBH3CN) Carl Roth, Karlsruhe, Germany 

Sodium dodecyl sulfate 
(SDS) AppliChem GmbH, Darmstadt, 

Germany 
Sodium hydroxide (NaOH) Carl Roth, Karlsruhe, Germany 
Sodium hydrogen carbonate (NaHCO3) Carl Roth, Karlsruhe, Germany 

Sucrose 
 AppliChem GmbH, Darmstadt, 

Germany 
Sulfamic acid (H3NSO3) Carl Roth, Karlsruhe, Germany 
Sulfuric Acid (H2SO4) Carl Roth, Karlsruhe, Germany 
Tetrahydrofuran (THF)  
N,N,N′,N′-Tetramethylethylendiamin (TEMED) Carl Roth, Karlsruhe, Germany 
Tris(hydroxymethyl)-aminomethan (Tris) Carl Roth, Karlsruhe, Germany 
Trifluoroaetic acid (TFA) Merck, Darmstadt, Germany 
tri-Sodium citrate  Merck, Darmstadt, Germany 
tri-Sodium phosphate dodecahydrate (Na3PO4∙12H2O) Carl Roth, Karlsruhe, Germany 
Tryptone/ peptone from casein  Carl Roth, Karlsruhe, Germany 
Yeast extract  Carl Roth, Karlsruhe, Germany 

YO-PRO-1 iodide (491/509) 
 Thermo Fisher Scientific, Waltham, 

USA 
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2.2 Buffers and Solutions 

For the preparation of buffers and solutions pure water with a conductivity lower than 0.055 µS/cm 

(Purelab flex, ELGA LabWater, Celle, Germany) was used. 

Buffer Compounds 

Benzonase buffer  50 mM Tris-HCl, 1 mM MgCl2, pH 8 
Capillary electrophoresis 
running buffer 

(CE) 25 mM CH3COOLi, 0.4 % (w/v) PEG 300 

Casamino acid-peptone-
glucose medium 

(CPG) 
1 g ∙ L-1 DifcoTM Casamino Acids, 10 g ∙ L-1 Tryptone, 
10 g ∙ L-1 Glucose, pH 6.7, if needed 17 g ∙ L-1 Agar 

Competent cells preparation 
buffer 

(CCP) 
9.8 % (v/v) Glycerol, 10 mM MES-NaOH, 38 mM CaCl2, 
45.5 mM MnCl2 

Denaturation buffer  50 mM Sodium phosphate, pH 7, 7 M Gdm-HCl 
Immobilized metal affinity 
chromatography buffer A 

(IMAC A) 50 mM HEPES-NaOH, 300 mM NaCl, 20 mM Imidazole, pH 8 

Immobilized metal affinity 
chromatography buffer B 

(IMAC B) 50 mM HEPES-NaOH, 300 mM NaCl, 500 mM Imidazole, pH 8 

IMAC equilibration buffer  50 mM CH3COONa, 300 mM NaCl, pH 4 
IMAC regeneration buffer  20 mM Na3PO4, 1 M NaCl, 200 mM EDTA, pH 7.4 

Liquid medium 1  
0.5 % (w/v) Tryptone/ peptone, 0.3 % (w/v) Meat extract, 
pH 7 

Lysogeny Broth  (LB) 
10 g ∙ L-1 Tryptone/ peptone, 5 g ∙ L-1 Yeast extract, 
10 g ∙ L-1 NaCl, pH 7, if needed 20 g ∙ L-1 Agar 

MBTH Oxidizing solution  0.5 % NH4Fe(SO4)2, 0.5 % H3NSO3, 0.5 % HCl 
P. stewartii storage solution  65 % (v/v) Glycerin, 0.1 M MgSO4, 25 mM Tris-HCl, pH 7 
Phage buffer  50 mM Tris-HCl, 4 mM MgCl2, pH 7.6 
Phosphate-buffered saline (PBS) 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4 
Size-exclusion 
chromatography buffer 

(SEC) 50 mM HEPES-NaOH, 200 mM NaCl, pH 8  

SDS-PAGE gel stain  
25 % (v/v) Isopropanol, 10 % (v/v) Acetic acid, 
0.5 % (w/v) Coomassie Brilliant Blue R250 

SDS-PAGE sample buffer  
65 mM Tris-HCl, 10 % (v/v) Glycerol, 
0.1 mg ∙ mL-1 Bromophenol blue, 2 % (w/v) SDS, 2.5 mM DTE, 
pH 6.8 

SDS-PAGE stacking gel buffer  0.125 M Tris-HCl, 0.2 % (w/v) SDS, pH 6.8 
SDS-PAGE resolving gel buffer  0.75 M Tris-HCl, 0.4 % (w/v) SDS, pH 8.8 
SDS-PAGE runing buffer  25 mM Tris-HCl, 192 mM Glycin, 0.1 % (w/v) SDS, pH 8.8 
Storage buffer  50 mM MES-HCl, 50 mM NaCl, pH 5 
Super optimal catabolite 
repression medium 

(SOC) 
20 g ∙ L-1 Tryptone, 5 g ∙ L-1 Yeast extract, 0.5 g ∙ L-1 NaCl, 
1 mM KCl, 10 mM MgCl2, 20 mM Glucose 

TEV protease buffer  
50 mM HEPES-NaOH, 100 mM NaCl, 1 mM EDTA, 1 mM DTT, 
pH 8 

Tris buffer  50 mM Tris-HCl, 50 mM NaCl, pH 8 
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2.3 Enzymes and Proteins 

 Company 

Benzonase® Nuclease Merck, Darmstadt, Germany 
Proteinase K Sigma-Aldrich, St. Louis, USA 

AEBSF (hydrochloride) protease inhibitor Carl Roth, Karlsruhe, Germany 

 

2.4 Kits and Standards 

 Company 

60 nm polystyrene microspheres Bangs Laboratories, Inc., Fishers, USA 
200 nm  polystyrene microspheres Bangs Laboratories, Inc., Fishers, USA 

ACTH Fragment 18-39 Sigma-Aldrich, St. Louis, USA 
Alexa Flour® 488 NHS-Ester Thermo Fisher Scientific, Waltham, USA 

Color Prestained Protein Standard, Broad Range New England Biolabs, Ipswich, USA 

Gel Filtration Calibration Kit 
Serva Feinbiochemica GmbH, Heidelberg, 

Germany 
Hexaacetyl-chitohexaose Megazyme, Bray, Ireland 

JBScreen JCSG crystallization screening matrix Jena Bioscience, Jena, Germany 
Mannohexaose Megazyme, Bray, Ireland 

Roti®-Prep Plasmid MINI Carl Roth, Karlsruhe, Germany 
 

2.5 Further Materials 

 Company 

N-CHO coated capillary, 50 μm ∙ 65 cm AB Sciex Germany GmbH, Darmstadt, Germany 
Nunc-Immuno™ MicroWell™ PolySorp® 96 well 

plates 
Sigma-Aldrich, St. Louis, USA 

Amicon® Ultra-15, MW: 10 kDa Merck, Darmstadt, Germany 
IMAC ProfinityTM IMAC Resin GE Healthcare, Chicago, USA 

MF-Millipore mixed cellulose ester,  
0.45 μm pore size 

Merck, Darmstadt, Germany 

PD-10 Desalting Columns containing Sephadex G-25 GE Healthcare, Chicaco, USA 
SuperdexTM peptide 10/300 GE Healthcare, Chicaco, USA 

SuperdexTM 200 10/300 GE Healthcare, Chicaco, USA 
SuperdexTM 30 26/60 GE Healthcare, Chicaco, USA 
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2.6 Plasmids 

Name Description 

pET-23a(+) 
Merck, Karlsruhe, Germany: Provides a multiple cloning site 

under the control of a T7 promoter and a bla coding sequence 

pET-23a(+)_ΦEa1hTSP_TEV_His6N 
The plasmid contains the coding sequence of the ΦEa1h TSP as 
a construct with an N-terminal His6 tag which precedes a TEV-

protease cleavage site (Gayk, 2012) 

pET-23a(+)_WceF_tat_TEV_His6N 
The plasmid contains the coding sequence of WceF as a 

construct with an N-terminal His6 tag which precedes a TEV-
protease cleavage site (Gayk, 2012) 

 

2.7 Bacteria 

Name Company 

E. coli BL21 (DE3) 
Merck, Darmstadt, Germany: F- ompT hsdSB (rB-mB-) gal dcm(DE3) 
(Dubendorf and Studier, 1991) 

E. coli XL1 blue 

Stratagene, La Jolla, USA: recA1 endA1 gyrA96 thi-1 hsdR17supE44 
relA1 lac[F’ proAB lacIq ZΔM15 Tn10 (Tetr)]c (Bullock et al., 1987) 
Bullock, W.O., Fernandez, J.M. and Short J.M. (1987) XL1-Blue—a high-
efficiency plasmid transforming recA E. coli strain with β-galactosidase 
selection, Biotechniques 5(3), 376-379. 

P. stewartii DSM 30176 
German Collection of Microorganisms and Cell Cultures (DSMZ), 
Braunschweig, Germany 
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2.8 Software 

Software Version 

32 Karat 10.1 
Blast https://blast.ncbi.nlm.nih.gov/Blast.cgi 
Coot 0.8.9.2 
GROMACS 4.6.4 and 5.1.6 
LabScan 4.0 
LC solutions 1.03 
mMass 5.5.0 
Molprobity molprobity.biochem.duke.edu 
Phaser 2.8.3 
Phenix 1.17.1 
Phyre2 http://www.sbg.bio.ic.ac.uk/phyre2 
PISA https://www.ebi.ac.uk/pdbe/pisa/ 
PyMOL 2.2.3 and 2.3.2  
Refmac 5.8.0238 
SigmaPlot 11.0 
TrackMate 3.8.0 
Unicorn 6.0 
VMD 1.9.3 
VOTCA 1.4.1 
XDSapp 2.99 
ZEN 2.1 
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3. Methods 

3.1 Microbiological and Molecular Biological Methods 

3.1.1 Production of Bacterial Cell Media 

P. stewartii bacteria were grown in Liquid medium 1, while Escherichia coli (E. coli) cultivation required 

LB medium which was supplemented with 100 μg ∙ mL-1 ampicillin. All media were autoclaved at 120°C 

and the ampicillin was added to LBmedia after cooling. In case of agar plates, the agar was added right 

after the medium was autoclaved and poured into cell culture dishes under sterile conditions.   

3.1.2 Production of Sub Cultures 

Different volumes of LB medium (with 100 μg ∙ mL-1 ampicillin) or 15 mL of Liquid medium 1 were 

inoculated with E. coli or P. stewartii, respectively, by either using the glycerol stock or by picking a 

colony from the respective agar plates. The sub cultures were afterwards shaken over night at 

30°C (P. stewartii) or 37°C (E. coli). 

3.1.3 Cultivation and Storage of Bacterial Cells 

Bacterial cells were cultivated in 50 mL sub cultures. In case of P. stewartii cells the OD600 of the 

subculture was adjusted to 0.5 by diluting the culture with autoclaved P. stewartii storage solution. 

E. coli cells were mixed with 87 % (v/v) glycerol to a final concentration of 20 % (v/v) glycerol. 

Afterwards the cultures were aliquoted to 1 mL and incubated for 2 h on ice. Finally, the aliqouts were 

snap-freezed in liquid nitrogen and stored at -80°C. 

3.1.4 Preparation of Chemically Competent E. coli Cells 

An E. coli 100 mL sub culture (in LB medium with 20 mM MgSO4) was cooled in ice water for 2 min and 

incubated for further 28 min on ice. After centrifugation of the cells at 3,500 xg for 12 min at 4°C, the 

pellet was resuspended in 30 mL CCP buffer and again centrifuged. The final pellet was resuspended 

again in CCP buffer and 100 μL aliqouts were snap-freezed in liquid nitrogen and stored at -80°C. 

3.1.5 Transformation of Chemically Competent E. coli Cells 

100 μL of competent cells were thawed on ice for 3 min. After the addition of ca. 20 ng plasmid DNA 

the cells were further kept on ice for 30 min. The bacteria were heat shocked for 45 s at 42°C and 1 mL 

of prewarmed (37°C) SOC medium was added. Afterwards, the cells were incubated for 30 min at 37°C 
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and centrifuged for 5 min at 6200 xg. The pellet was resupended in 200 μL LB-medium and the cells 

were plated on LB agar, supplemented with 100 μg ∙ mL-1 ampicillin.  

3.1.6 Plasmid Preparation  

Plasmids have been amplified in 4 mL E. coli XL1 blue subcultures and extracted using the plasmid 

isolation kit Roti®-Prep Plasmid MINI (Carl Roth, Karlsruhe, Germany). The final DNA concentration 

and purity was determined from the absorbance at 260 nm or absorbance ratio at 260 and 280 nm, 

respectively. The sequence from the 5' end of WceF and ΦEa1h TSP were validated using the LPP1 

primer from GATC Biotech AG (Konstanz, Germany). Plasmid-DNA was stored at -20°C. 

3.1.7 Recombinant Protein Expression in E. coli BL21 (DE3) 

50 mL LB medium (with 100 μg ∙ mL-1 ampicillin) were inoculated with glycerol cultures of E. coli BL21 

(transformed with either pET-23a(+)_WceF_tat_TEV_His6N or pET-23a(+)_ΦEa1hTSP_ His6N) and 

shaken over night at 37°C. Four main cultures, each 1 L LB medium, were supplemented with 

100 μg ∙ mL-1 ampicillin and inoculated with the pre culture to a final OD600 of 0.055. The E. coli cells 

were then grown under shaking at 37°C to an OD600 of 0.9 to 1 and the protein expression was induced 

by the addition of 1 mM IPTG. Afterwards the flasks were shaken at 20°C over night and the cells 

harvested at 4248 xg for 15 min at 4°C. Finally, the biomass was weighted and stored at -20°C.  

3.1.8 Biofilm Growth 

CPG medium was poured into around ten cell culture dishes and allowed to solidify. 

150 μL P. stewartii were plated on membrane filters (MF-Millipore mixed cellulose ester, 0.45 μm pore 

size, Merck, Darmstadt, Germany) which were beforehand placed on top of each dish. Biofilms were 

grown for 3 days at 28°C. After one day a mucoid yellowish biofilm was visible (Figure 22). After three 

days the biofilm embedded cells were scratched off from the membrane and suspended in 

0.85 % (w/v) NaCl. Soluble components were removed from bacterial cells by centrifugation 

(13,000 xg for 1 h). Further separation of stewartan was accomplished by ultracentrifugation at 

160,000 xg for 3 h. Afterwards, the supernatant was precipitated with 80 % absolute ethanol. The 

crude stewartan preparation was resuspended in Benzonase buffer and nucleic acid contaminations 

were removed with the addition of 50 U ∙ mL-1 Benzonase® Nuclease (Merck, Darmstadt, Germany) 

over night. The stewartan solution was then adjusted to 800 mM guanidine hydrochloride and 50 mM 

EDTA before the addition of 15 μg ∙ mL-1 proteinase K to clean off proteinaceous entities. After dialyses 

in 100 mM, 50 mM acetic acid and water, the stewartan preparation was lyophilized and the amount 



3. Methods 

25 
 

of pure stewartan determined from its mass. Usually, the yield was around 10-2 g stewartan per 

gramm crude biofilm. 

3.2 Protein Biochemical Methods 

3.2.1 Protein Purification 

3.2.1.1 Cell Disruption 

WceF and the ΦEa1h TSP were expressed as constructs with an N-terminal His6 tag which precedes a 

TEV-protease cleavage site. One aliquot (around 1.5 g) of WceF or ΦEa1h TSP protein overexpressed 

E. coli BL21 (DE3) biomass was dissolved in 15 mL IMAC A buffer and 0.25 mg ∙ mL-1 AEBSF 

hydrochloride protease inhibitor and subsequently the cells were disrupted in five French press 

passages (SLM-aminco, Polytec, Waldbronn) at 70 bar at 4 °C. Finally, the lysate was centrifuged at 

38,000 xg for 1 h. 

3.2.1.2 Column Equilibration and Regeneration 

The IMAC ProfinityTM IMAC Resin (GE Healthcare, Chicago, USA) were initially equilibrated with three 

column volumes (CV) of IMAC equilibration buffer (2 mL ∙ min-1) prior to loading with three CV of 

0.1 M NiCl2 (1 mL ∙ min-1). Excess Ni-ions were washed with 3 CV IMAC equilibration buffer and 5 CV 

water, each with 2 mL ∙ min-1. Before samples were loaded, the resin was equilibrated with IMAC A 

buffer for 3 CV with 2 mL ∙ min-1. After the protein purification, Ni-ions were stripped with IMAC 

regeneration buffer and the material was stored at 4°C. 

3.2.1.3 Immobilized Metal Affinity Chromatography Based Protein Purification 

After the centrifugation, the supernatant of the cell lysate was loaded on 35 mL IMAC ProfinityTM 

IMAC Resin (GE Healthcare, Chicago, USA) with 1.5 ml ∙ min-1 IMAC A buffer using an Äkta FPLC system 

(GE Healthcare, Chicago, USA). Purification of proteins was achieved by using standard immobilized 

metal affinity chromatography (IMAC) protocols and recording of the 280 nm absorbance. The resin 

was washed with IMAC A buffer until the 280 nm absorbance reached baseline level. The proteins 

eluted at around 75 % of IMAC buffer B in a 1 h gradient of 0 % to 100 % IMAC B buffer. Afterwards 

the His6 tag was cleaved off by adding 0.51 mg/mL TEV Protease (which itself contained an N-terminal 

His6 tag) and additional dialysis over night in TEV protease buffer at 4 °C. Proteins were separated from 

His6 tag and TEV protease by an additional second IMAC. Here, the tag-free protein eluted in the flow-

through of the column and was rebuffered in storage buffer. Throughout the protein purification 

process, the purity of the protein preparations was judged from sodium dodecyl sulfate–
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polyacrylamide gel electrophoresis (SDS-PAGE). The final protein preparations exhibited 

homogeneities of more than 95 % with a yield of typically 20 - 35 mg (5.1 to 8.9 mg protein/ g cell wet 

weight). The C-terminal fragment of P22 TSP, which lacks the N-terminal head binding domain, has 

been cloned and purified as described earlier (Miller et al., 1998a). TEV protease was purified using 

standard protocols (Doyle, 2009). 

3.2.2 Oligomeric State Analysis 

The degree of oligomerization of WceF and ΦEa1h TSP was analyzed on a SuperdexTM 200 10/30 

(GE Healthcare, Chicago, USA) by loading 2 mL of a 1.5 mg ∙ mL-1 protein solution with SEC buffer on an 

Äkta FPLC system (GE Healthcare, Chicago, USA). The molecular weight was determined from a 

calibration of globular proteins of different sizes (Figure S19) (Gel Filtration Calibration Kit, Serva 

Feinbiochemica GmbH, Heidelberg, Germany): Ferritin (Horse, 480 kDa), Aldolase (Rabbit, 147 kDa), 

Albumin (Bovine, 67 kDa), Albumin (chicken, 45 kDa) and Cytochrom C (Horse, 12.4 kDa).  

3.2.3 Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis 

Discontinuous SDS-PAGE systems, according to (Laemmli, 1970), have been used to separate protein 

samples. Here, the gel is divided into a resolving and stacking gel. The composition of each gel type is 

shown in Table 2. 

Table 2: Composition of the SDS-PAGE gels used in this work 

 10 % (v/v) acrylamide 
stacking gel 

3 % (v/v) acrylamide 
resolving gel 

Rotiphorese® Gel 30 3.35 mL 0.5 mL 
SDS PAGE Stacking gel buffer - 1.5 mL 

SDS PAGE Resolving gel buffer 2.5 mL - 
H2O 4.15 mL 1.0 mL 

10 % (w/v) APS 100 μL 60 μL 
TEMED 6 μL 3.0 μL 

 

The samples for the SDS-PAGE were mixed with 1x SDS-PAGE sample buffer and heated at 100°C for 

5 min. Typically, 5 to 30 μL samples were loaded per lane and the protein molecular weight was 

estimated by comparing with the Color Prestained Protein Standard, Broad Range (New England 

Biolabs, Ipswich, USA). The electrophoretic separation was then conducted with SDS-PAGE running 

buffer at 200 V until the migration front reached the end of the gel. Afterwards, the gel was stained 

(SDS-PAGE gel stain) over night and migrated proteins were detected after destaining with 10 % (v/v) 

acetic acid.  
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3.2.4 Enzymatic Stewartan Hydrolysis 

Stewartan solutions with the indicated concentrations were incubated with 1.2 μM WceF or 

0.141 μM ΦEa1h TSP. The storage buffer was used as standard buffer throughout all kinetic 

experiments. Other buffer systems (50 mM of each buffer) with varying NaCl concentration 

(50-500 μM) were used in the pH and NaCl dependent activity tests: sodium phosphate-HCl buffer 

(pH 2), citrate-NaOH buffer (pH 3.5), acetate-NaOH buffer (pH 5), MES-NaOH (pH 6.5), Tris-HCl (pH 8), 

CHES-NaOH (pH 9.5), CHAPS-NaOH (pH 11). 

3.2.5 Reducing End Quantification with the 3-Methyl-2-benzothiazolinon-hydrazon 

Hydrochlorid-Test 

70 μL samples were taken from stewartan hydrolysis experiments at different time points and 

inactivated with 70 µL 0.5 M NaOH. The amount of reducing ends was measured using the 3-Methyl-2-

benzothiazolinon-hydrazon Hydrochlorid (MBTH)-test as described by Anthon and Barrett, 2002. 

Briefly, 70 μL of 3 mg ∙ mL MBTH were added to inactivated samples and heated for 15 min at 80°C. 

Afterwards, the samples were incubated with 140 μL of MBTH oxidizing solution and allowed to cool. 

100 μL of each reaction was pipetted into 96-well plates and the absorbance at 655 nm was 

determined using a microplate reader (Epoch, BioTek, Winooski, USA). The concentration of reducing 

ends was calculated from a D-(+)-glucose calibration curve (Figure S4). 

3.2.6 Kinetic Analysis of the Stewartan Degradation Process 

The maximal enzymatic velocity Vmax,app of the stewartan hydrolysis was determined from the slope of 

the initial phase of the hydrolysis reaction with (Rigouin et al., 2009; Zakariassen et al., 2010): 

Vmax,app = 
cRE
t

              (1) 

where cRE is the concentration of reducing ends and t the reaction time. The apparent turnover 

number kcat,app of the reaction is then calculated with: 

kcat,app = 
Vmax, app

nE
                           (2) 

with nE the number of molecules of enzyme. To note, the turnover, measured as the production of 

reducing ends, is given in units (μmol ∙ min-1). 

In addition, the random degradation of polymers by acids and glycosyl-hydrolases has been described 

with zeroth order kinetics (Hjerde et al., 1996; Tayal et al., 1999; Tømmeraas and Melander, 2008): 
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-
dp
dt

= k0                     (3) 

p = p0 - k0 ∙ t                                    (4) 

with k0 to be the zeroth order rate constant of the stewartan degradation. The ExoPS is considered 

here as a polymer of N0 repeating units. When no hydrolysis has occurred yet, the polymer contains 

N0-1 bonds. Consequently, the total number of bonds is expressed in terms of the fraction of bonds p0 

at the time point zero (Gaylord and Gibbs, 1962). At the beginning of the reaction, the number of 

substrates, represented by the number of hydrolysable stewartan bonds, exceeds the number of 

molecules of the catalyzing agent. Hence, the reaction velocity is independent of the substrate 

concentration, which served as the explanation of the choice of a zeroth order reaction law (Tayal et 

al., 1999; Li et al., 2004). In addition, it is here assumed, that all bonds in stewartan are equally 

susceptible to hydrolysis and the ExoPS is cleaved at random position (random scission) (Gaylord and 

Gibbs, 1962; Tayal et al., 1999; Staggs, 2002). As the degradation reaction proceeds, the fraction of 

intact bonds in equation 4 is expressed with p. The portion of hydrolyzed bonds q can then be 

calculated with: 

q = p0 - p                   (5) 

Substituting equation 5 with 3 yields: 

q = k0 ∙ t                (6) 

The concentration of reducing ends cRE formed during the reaction is proportional to q (Hjerde et al., 

1996). Hence, the apparent rate constants k0,app can be determined from the slope of: 

cRE = k0,app ∙ t                 (7) 

 

3.2.7 Preparation of Fluorophore-Labeled Proteins 

Proteins were dialyzed in PBS and labeled with ATTO 488 NHS-Ester according to manufacturer 

protocols (ATTO-Tec, Siegen, Germany). Briefly, 1820 µL protein was mixed with 131 μL NaHCO3 to 

obtain a final pH of 8.4. Incubation of the protein with 2 μg ∙ μL ATTO 488 NHS-Ester (dissolved in 

DMSO) was carried out for 1h at room temperature in the dark. The labeling reaction was stopped by 

subjecting the sample to size-exclusion chromatography with 1 mL ∙ min-1 flow (eluent: PBS) using the 
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SuperdexTM S200 10/300 (GE Healthcare, Chicago, USA) on a HPLC system equipped with SPD-10A 

absorption detector (Shimadzu, Kyoto, Japan) (Figure S2, A). The concentration of purified 

fluorescently labeled proteins was determined by comparing the absorption at 280 and 550 nm and 

an average labeling ratio of 1.59 and 1.67 dye molecules per protein for WceF and ΦEa1h TSP, 

respectively, was calculated (Figure S2, B). 

3.2.8 Fluorescent Labeling of P22 Salmonella Phages 

P22 phages were purified as described in (Andres et al., 2010b). 2.15 ∙ 1012 P22 phage particles ∙ mL-1 

were incubated with 1 µM YO-PRO-1 iodide (491/509) (Thermo Fisher Scientific, Waltham, USA) in 

phage buffer for 2 h at room temperature. Labeled phages were purified using Sephadex G-25 in 

prepacked PD-10 Desalting Columns (GE Healthcare, Chicaco, USA). The material was equilibrated 

with 20 mL phage buffer and the solution of labeled phages was diluted to 100 μL with phage buffer 

prior to loading on the Sephadex G-25. 1 mL phage buffer was added in 200 μL steps on top of the 

column. The absorbance at 260 nm was used to determine elution fractions which contained labeled 

phage particles (Figure S1). The latter were afterwards concentrated to 1.63 ∙ 1012 particles ∙ mL-1 

(Amicon® Ultra-15, MW: 10 kDa, Merck, Darmstadt, Germany).  

3.3 Carbohydrate Methods 

3.3.1 Monosaccharide Quantification by the Phenol-Sulfuric Acid Method 

A P. stewartii biofilm, resuspended in 2 mL H2O, was centrifuged for 1 h at 17,000 xg and the 

supernatant was analyzed by the phenol-sulfuric acid method described by Masuko et al., 2005 to 

determine the overall stewartan concentration. Here, different dilutions of 50 µL sample were mixed 

with 150 µL concentrated sulfuric acid and 30 µL of 5 % (v/v) phenol. The reaction was incubated at 

90°C for 5 min. 100 μL of the mixtures were pipetted in 96 well plate and the absorbance at 490 nm 

read with a microplate reader (Epoch, BioTek, Winooski, USA). Stewartan concentrations were 

obtained using a stewartan calibration curve (0 - 1 mg ∙ mL-1) (Figure S3). Additionally, the linearity of 

the phenol-sulfuric acid method was confirmed by glucose and sucrose calibrations (Figure S3). 

3.3.2 Capillary Electrophoresis 

The analysis of oligosaccharide fragments with capillary electrophoresis was done in the group of Prof. 

apl. Dr. habil Jörg Fettke (Biopolymer Analytics, University of Potsdam) with the support of Shadha 

Abduljaleel Al-Rawi. At different time points during a stewartan hydrolysis reaction 50 μL samples 

were taken and stopped with the addition of 200 μL absolute ethanol. This reaction mixture was then 
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centrifuged (14,000 xg, 10 min), the supernatant dried in a rotation vacuum concentrator (RVC 2-18, 

Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) for 1 h at 50°C and 

resuspended in 1.5 µL of a 200 mM APTS solution in 15 % (v/v) acetic acid. Finally, 1.5 µL NaBH3CN in 

1 M THF was added and the whole mixture incubated over night at 37 °C. Afterwards, the samples 

were diluted to 100 µL with H2O and subjected to capillary electrophoresis (N-CHO coated capillary) 

with CE buffer as eluent on a PA-800 (Beckman Coulter, Brea, USA) equipped with a laser-induced 

fluorescence detector as described in (Malinova et al., 2014).  

3.3.3 Size-Exclusion Chromatography of Glycan Samples 

Size-exclusion chromatography has been used to evaluate the purity of stewartan preparations or to 

resolve stewartan oligosaccharides which were produced in a stewartan hydrolysis reaction. In each 

case the glycan species was loaded on a SuperdexTM peptide 10/300 with 100 mM acetic acid and the 

changes in refractive indices were recorded (HPLC system with RID-10A refractive index and SPD-10A 

absorption detector, Shimadzu, Tokyo, Japan). Oligosaccharide fragments from a 4 mL stewartan 

hydrolysis reaction (0.14 μM ΦEa1h TSP and 12.5 mg ∙ mL-1 stewartan in 50 mM acetic acid) were 

loaded on a SuperdexTM 30 26/60. One RU and two RU fragments were pooled, lyophilized and used as 

standards in capillary electrophoresis.  

3.3.4 MALDI-TOF Analysis of Glycan Samples 

The mass spectrometric analysis of oligosaccharide fragments was done in the group and with the 

support of Prof. apl. Dr. habil Jörg Fettke (Biopolymer Analytics, University of Potsdam). 2 µL of 

oligosaccharide samples, supplemented with calibration substances (0.4 mg ∙ mL-1 mannohexaose, 

0.46 mg ∙ mL-1 hexaacetyl-chitohexaose and 23 µM ACTH Fragment 18-39), where mixed with 0.2 µL 

50 mg ∙ mL-1 dihydroxybenzoic acid in 1:1:0.1 (v/v/v) H2O/acetonitrile/TFA (Ropartz et al., 2011) on a 

matrix-assisted laser desorption/ ionization (MALDI) target plate and allowed to crystallize. MALDI 

time-of-flight (TOF) mass spectra were acquired in the positive ion mode on a MicroflexTM (Bruker, 

Billerica, USA) and analyzed with the mMass software (Strohalm et al., 2010). 

3.3.5 Stewartan Bulk Viscometric Analysis 

The bulk viscosity measurements were done by Valentin Dunsing (Physical Cellular Biochemistry, 

University of Potsdam) in the group of Dr. Ryan Guterman (Ionic Liquids as Reagents and Polymers 

Laboratory, Max-Planck-Institute for Colloids and Interfaces) with the help of Antje Völkel. Bulk 

viscosimetric analysis of differently concentrated stewartan was performed on a falling ball 
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viscosimeter (AMVn Automated Micro Viscometer, Anton Paar, Graz, Austria) with a 70° angle. The 

specific viscosity ηspec was determined from six replicates with: 

ηspec = 
η − ηbufferηbuffer              (8)   

where η is the bulk viscosity determined for the stewartan solution and ηbuffer the viscosity of the 

buffer. 

 

3.4 Biophysical Methods 

3.4.1 Crystallization of WceF 

The crystallization of WceF was performed by Dr. Yvette Roske (Crystallography group, Max-Delbrück 

Center for Molecular Medicine, Berlin). Conditions for the crystallization of WceF were found using 

the JCSG crystallization screening matrix (Jena Bioscience, Jena, Germany). 200 nL of 

selenomethionine (SeMet)-substituted WceF or native WceF were mixed in a 1:1 ratio with the 

reservoir solution containing 18% PEG 2000 MME, 100 mM ammonium sulfate, 100 mM Na-acetate 

buffer (pH 4.6) or 20 % PEG3350, 200 mM di-ammonium-hydrogen citrate (pH 5.0), respectively, using 

a Gryphon pipetting robot (Art Robbins Instruments, Sunnyvale, USA). Protein crystals were grown in 

sitting drops at 20 °C and images were taken with the Rock Imager storage system (Formulatrix®, 

Bedford, USA). Crystals appeared within one week and were flash-cooled in liquid nitrogen, prior the 

transfer of the protein crystals in cryo-solution which contained the reservoir solution supplemented 

with 20 % ethylene glycol.  

3.4.2 Diffraction Data Collection and Structure Refinement  

Data collection and structure refinement of WceF was done by Dr. Yvette Roske (Crystallography 

group, Max-Delbrück Center for Molecular Medicine, Berlin). The refraction datasets were collected at 

BL14.1 and 2 at BESSY II, Berlin, Germany at  a wavelength of 0.9798 Å and 0.9184 Å for the SeMet-

substituted and native WceF, respectively. Both data sets were recorded at a temperature of 100 K 

from a single crystal, processed and scaled using the XDS program suite (Sparta et al., 2016). Three 

molecules in the asymmetric unit were identified with 18 out of 24 Se sites with a 54 % solvent 

content, as detected by Autosol/PHENIX (Terwilliger et al., 2009). The peptide backbone was identified 

from the electron density providing a partially continuous trace. Positions of the selenomethionine 

side chains were seen from clear anomalous signals. The manual model building was performed in 

COOT (Emsley and Cowtan, 2004) and iteratively refined with Refmac including non-crystallographic 
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symmetries (Murshudov et al., 2011). Phases of the improved model were obtained by molecular 

replacement with Phaser (McCoy et al., 2007) from the native 2.55 Å dataset with a final Rwork and Rfree 

of 22.42 % and 26.93 %, respectively. Several ethylene glycol molecules are built into remaining 

difference density at the end of the refinement. After refinement, the structure quality was assessed 

using MolProbity (Chen et al., 2010). 1,916 residues out of 2,041 refined residues (94%) are in the 

most favoured regions of the Ramachandran plot and 3 residues were in the disallowed regions 

(0.15%).  

3.4.3 Denaturation Studies with Guanidine Hydrochloride 

WceF was dialyzed in 50 mM sodium phosphate buffer, pH 7, over night at 4°C. The denaturation 

experiments were conducted by mixing WceF with different amounts of denaturation buffer. For the 

renaturation experiments 500 µg · mL-1 WceF was fully denatured at 6 M Gdm-HCl and afterwards 

diluted in 50 mM sodium phosphate buffer, pH 7, to different Gdm-HCl concentrations. Finally, two 

sets of solutions with WceF mixed with increasing Gdm-HCl concentration were obtained with a final 

WceF concentration of 10 μg ∙ mL-1. The samples were always excited after 24 h of preparation at 

280 nm and fluorescence recorded at 328 nm using the Fluorolog®-3 spectrofluorimeter (HORIBA 

Jobin Yvon, Bensheim, Germany).   

3.4.4 Confocal Laser Scanning Microscopy 

All fluorescent microscopy studies were performed by Valentin Dunsing (Physical Cellular 

Biochemistry, University of Potsdam) on a Zeiss LSM780 system (Carl Zeiss, Oberkochen, Germany) 

using a 40x, 1.2NA water immersion objective. Samples were excited with a 488 nm Argon laser which 

was reflected by a 488 nm dichroic mirror. Fluorescence was detected at a sample depth of 10 μm 

between 500 and 600 nm and filtered by the pinhole (set on one Airy Unit). The GaAsP detector was 

set in photon counting mode. The laser power was kept at a count rate below 2 MHz which avoided 

photobleaching of the sample and detector saturation. The confocal volume was determined by 

calibration with Alexa Fluor® 488 (Petrásek and Schwille, 2008). In addition the collar ring was 

adjusted before every measurement to maximize the signal of Alexa Fluor® 488.  
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3.4.4.1 Fluorescence Correlations Spectroscopy 

Fluorescence Correlation Spectroscopy (FCS) studies were conducted with using AlexaFlour® 488, 

polystyrene (PS) microspheres and fluorescently labeled WceF and ΦEa1h TSP to determine the 

particle diffusion dynamics. The acquisition of the dynamic confocal fluctuations and data processing 

is described by Dunsing et al., 2019. Briefly, the autocorrelation function was calculated based on the 

fluctuations δF(t) of the fluorescence signal F(t) around the mean 〈F(t)〉:       
G(τ) = 〈δF(t)δF(t+τ)〉t〈F(t)〉t

2                                                                                   (9) 

with τ the lag time. A model describing anomalous diffusion and a Gaussian focal volume geometry 

was then fitted to the autocorrelation curves (Weiss et al., 2004): 

G(τ) = 1
N

(1 + T
1-T

 ∙ e
-

τ
τb)  ∙ (1 + ( τ

τd
)α)-1

∙ (1 + 1
S2  ∙ ( τ

τd
)α)-1/2

                                   (10) 

Here, the number of particles N, the structure parameter S and the exponential term, which accounts 

for photophysical transitions, is given. The anomalous exponent α describes the power law scaling of 

the diffusion process (Saxton and Jacobson, 1997; Metzler et al., 2014). In case for α<1 the process is 

referred as subdiffusion whereas diffusion in normal fluids is characterized by α=1. The diffusion time 

τD was used to obtain the diffusion coefficient: 

D = 
ω0

2

4 ∙ τd
                                                                                    (11)   

where ω0 is the lateral extension of the confocal volume. Equation 3 is strictly valid only for normal 

Brownian diffusion. In cases where α<1 the apparent diffusion coefficient Dapp is calculated as an 

approximation of D.  

Furthermore, to characterize the experienced confinement to the diffusion of particles, the hindrance 

factor τhind is introduced with:  

τhind = 
τd 

τd, buffer
                                                           (12)   

where τd, buffer denotes the diffusion time in buffer. 

In analogy to equation 1, the specific hindrance τd,spec is expressed by:  

τd,spec = 
τd - τd,buffer

τd, buffer
                                                (13)   
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3.4.4.2 Single-Particle Tracking 

Single-Particle Tracking (SPT) was done as described in (Dunsing et al., 2019). Briefly, typically 1000-

2000 images of an area of 180 μm2 were recorded. The SPT data was analyzed using the TrackMate 

v3.8.0 plugin (Tinevez et al., 2017) for Fiji (Schindelin et al., 2012). Every individual time-averaged 

mean square displacements (taMSD) was calculated with: 

taMSD = 〈r2(τ)〉t = 1
N-k

 ∙ ∑ {r((i + k) ∙ Δt) - r ∙ (i∙Δt)}2N-k
i=1                                   (14) 

where N is the number of particle positions in the track, t the frame time and τ = k ∙ Δt the lag time 

between the positions in frames i and i + k. The two-dimensional vector r(t) describes the  position of 

a particle at time point t, r(t) = (x(t),y(t)). Ensemble averaged taMSDs were obtained by averaging the 

individual trajectories and Dapp was determined from the first 10 points by fitting (Metzler et al., 2014): 

taMSD(τ) = 4 ∙ Dapp ∙ τ + c                                                                   (15) 

with c as a free fit parameter which accounted for static and dynamic errors. The anomaly exponent α 

was determined from 

taMSD(τ) = 4 ∙ D ∙ τα + d                                                                      (16) 

in which d is a free fit parameter to compensate for localization errors. The anomalous transport 

coefficient is denoted with Dα. 

Additionally the angle θ was defined as:  

θ = cos-1( [r ∙ (t + δt) - r(t)]
*
[r ∙ (t + δt + τ) - r ∙ (t + τ)]

|r(t + δt) - r(t)|∙|r(t + δt + τ) - r(t + τ)|
 )                                                      (17) 

which is the angle between successive steps of the particle in an interval δt and separated by a lag 

time τ. To note, * denotes the dot product of the vectors.  

3.4.5 Dynamic Light Scattering and Zeta Potential Analysis 

The diameter and Zeta potential of polystyrene microspheres was analyzed by dynamic light scattering 

and laser Doppler micro-electrophoresis using a Zetasizer Nano ZS (Malvern Pananalytical Ltd, 

Malvern, UK).    
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3.5 Computational Methods 

3.5.1 Atomistic Molecular Dynamics Simulations 

Four stewartan systems with all-atom resolution were simulated:  

1. 27 chains of stewartan with a length of 3 RU for developing the coarse-grain model (reference 

system),   

2. 40 chains of 20 RU lengths to investigate the structural properties of the coarse-grained ExoPS 

network,  

3. One chain of 3 RU stewartan and 

4. One chain of 20 RU stewartan  

System 1 was used as a reference system to develop the coarse-grain (CG) model which was 

transferred to system 2. The purpose of system 3 and 4 was to compare the end-to-end distances with 

system 1 and 2, respectively. Initial stewartan structures were constructed with the Carbohydrate 

Builder from the GLYCAM-Web (http://glycam.org) and the topology and coordinate files converted 

using the glycam2gmx script (Sorin and Pande, 2005; Wehle et al., 2012). Solvation of the structures 

was carried out with 25 TIP5P water molecules per monosaccharide. One sodium ion per stewartan 

RU was added to neutralize the negative charge of the β-D-GlcAIV residue. The atomistic Molecular 

Dynamics (MD) Simulations were performed using the GROMACS 5.1.6 package 

(van der Spoel et al., 2005) and periodic boundary conditions. The GlycamOSMOr14
TIP5P  force field (Kirschner 

et al., 2008; Sauter and Grafmüller, 2016)  was used throughout the simulations and interactions 

parameters for the sodium ions were taken from (Cordomí et al., 2009). A cut-off of 1.4 nm was used 

for Lennard-Jones and electrostatic interactions and long-range electrostatics were evaluated with the 

Particle Mesh Ewald method (Darden et al., 1993). Constraints have been introduced for bonds 

containing hydrogen atoms with the LINCS algorithm (Hess et al., 1997), and water molecules were 

kept rigid with Settle (Miyamoto and Kollman, 1992). The Leap-Frog integrator was used throughout 

all atomistic simulations (Birdsall and Langdon, 2005). The configurations were stored every 100 ps. 

System 1 and 2 were equilibrated with an initial energy-minimization with steepest decent (Hess et al., 

2008), a short 1 ns simulation run in the NVT ensemble (Noseé-Hoover thermostat 

(Nosé and Klein, 1983; Hoover, 1985), reference temperature 300 K) and a 50 ns run in the NPT 

ensemble (Parinello-Rahmann barostat (Parrinello and Rahman, 1981; Nosé and Klein, 1983), 

reference pressure 0.1 MPa). Additionally, the system with short stewartan chains (system 1) was 

further equilibrated for 400 ns in the NVT ensemble using the optimal box size obtained from the 

previous NPT run followed by a final 100 ns productive MD run (Figure S5). The trajectory of system 2 
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was used to obtain the optimal box size for the large polymer chains and to derive initial 

conformations for 20 RU stewartan CG model. System 3 and 4 were simulated to compare the end-to-

end distances with system 1 and 2, respectively. 

3.5.2 Coarse-Grain Mapping and Assignment of Bonded Potentials 

The CG stewartan monosaccharides were mapped onto the three CG beads A, B and C (Figure 9). In 

case of the charged β-D-GlcAIV the CG C bead, comprising the negative charge, was replaced with an 

additional CG bead type D. The interaction potentials between the CG sites were generated following 

the procedure as described by Sauter and Grafmüller, 2017, using VOTCA 1.4.1 (Rühle et al., 2009; 

Mashayak  et al., 2015). Briefly, non-bonded interactions between the CG beads were obtained from 

the Force Matching method using a cutoff of 1.8 nm. Specific bonded interactions were derived using 

Boltzmann inversion. Here, a CG monosaccharide was defined by three bonds. An additionally bond 

described the connections between two CG monosaccharides. In case of 1-3 and 1-4 linkages the 

angles Ci-Bi-Ai+1 and Bi-Ai+1-Ci+1 and dihedrals Ai-Ci-Bi-Ai+1, Bi-Ai+1-Ci+1-Bi+1 and Ci-Bi-Ai+1-Ci+1 were used. 

For 1-6 linkages the angles Bi-Ci-Ai+1 and Ci-Ai+1-Bi+1 and dihedrals Ai-Bi-Ci-Ai+1, Ci-Ai+1-Bi+1-Ci+1 and 

Bi-Ci-Ai+1-Bi+1 were chosen. The angular A5-B3-A1 and dihedral potential A5-B3-A1-B1 (Figure 9) were 

additionally added to prevent collapsing of CG A beads and to correct the dihedral distribution 

function which otherwise would not resemble the atomistic behavior (Figure 13). A final set of explicit 

short range intramolecular 1-3 and 1-4 interactions (virtual bonds) was implemented which improved 

the overall reproduction of the atomistic configuration. These were: A1-A2, A2-A3, A3-A4, A3-A5, A5-

A6, A6-A7, A3-A1, C2-C3 and D-C6 (Figure 9). CG systems were simulated with the solute-solute 

interactions obtained from the MD trajectory which were beforehand separated from solute-solvent 

and solvent-solvent potentials with the Reaction Field method using the rerun option 

(Tironi et al., 1995). Water molecules are not explicitly represented in the CG simulations. 

3.5.3 Solvent-Free Coarse-Grained Molecular Dynamics Simulations 

Gromacs 4.6.4 were used in the following coarse-grained (CG) MD simulations. The cut-off for 

calculating non-bonded interactions was set to 1.8 nm. All CG MD Simulations were done in NVT 

ensemble using the Leap-Frog integrator. The Noseé-Hoover thermostat was set to T = 300 and bead 

types were separately coupled. A time step of 1 fs was used and calculations stored every 500 ps. 

Crashed systems were restarted at the previous time frame. In this way, system 2 was modeled at 

different RU concentrations of 86, 50, 20 and 10 mM (box edge lengths of 25, 30, 40 and 50 nm, 

respectively) for 100 ns. In addition, a single CG simulation of system 2 was performed using the Leap-
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Frog Stochastic Dynamics Integrator (van Gunsteren and Berendsen, 1988) to correct for the 

occurrences of stewartan chains with low kinetic temperature (see section 4.1.5). Systems 3 and 4 

were simulated for 1 μs.  

3.5.4 Coarse-grain model validation and Stewartan Network Analysis 

For model validation the radial distribution functions (RDF, calculated with the VMD programme) and 

distribution functions (obtained from VOTCA) were compared to the atomistic and CG simulations. For 

the comparison of RDFs of stewartan systems with 3 RU and 20 RU length the RDFs were area 

normalized.  

Pore size distributions were calculated as described by Bhattacharya and Gubbins, 2006. Here, the 

pore size distribution is defined from the largest sphere which can be fitted at random positions in a 

pore cavity.  

Diffusion coefficients were determined from linear least squares fitting of the MSD over a simulation 

time of the first 40 ns using: 

MSD(t) = 4 ∙ D ∙ t + c                                                                               (18) 
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4. Results 

4.1 Short Chain-Length Stewartan Forms a Hydrogel with Transient Contacts 

Exopolysaccharides (ExoPSs) serve as structural scaffolds forming tight supramolecular structures thus 

being highly implicated in the stability of the biofilm architecture. In addition, ExoPSs account for 

viscoelastic gel-like solutions (Maalej et al., 2016; Rederstorff et al., 2017). To analyze the structure of 

a pure polymeric stewartan network at the micrometer to nanometer scale, Molecular Dynamics (MD) 

simulations of short stewartan chains and different water content were carried out. Equilibration of 

long polysaccharide chains takes place on time and length scales that are highly challenging for all-

atom MD simulations. Therefore a coarse-grained (CG) model of stewartan was derived, which 

enables the simulation of large stewartan polysaccharide networks with reasonable computational 

effort.   

4.1.1 All-Atomistic Simulation of Stewartan  

The CG stewartan model needs to be able to reproduce the atomistic properties of the ExoPS. Here, 

system 1 was used for coarse-graining the ExoPS. It comprises stewartan with 3 RU length which is a 

highly feasible chain length for developing a CG model of stewartan. In addition, this system served as 

the reference structure from which a CG model can be derived and transferred to different stewartan 

lengths and concentrations (see section 4.1.2 and 4.1.4). The stewartan chains were solvated with 

25 TIP5P water molecules per monosaccharide and simulated in atomistic resolution. System 1 was 

equilibrated in isothermal–isobaric (NPT) and canonical (NVT) ensembles to acquire a constant 

pressure and minimized potential energy (Figure S5).  

Bacterial polysaccharides display a high conformational diversity (Pol-Fachin et al., 2010; 

Kang et al., 2014; Tsereteli and Grafmüller, 2017). Indeed, in case of stewartan, this is emphasized by 

multiple combinations of the stereochemical configurations and linkage patterns of the glycosidic 

bonds. Consequently, in the atomistic stewartan simulations, the conformational preferences of the 

dihedrals psi and phi are dependent on the glycosidic linkage types (Figure 8). Over a simulation time 

of 100 ns, one main maximum was sampled for β 1-3 linkages in the ψ and φ heatmap. In addition, 

stewartan exhibits 1-4 linkages with either α or β configuration. Here, the location of the maximum in 

the ψ and φ distribution, was depend on the stereochemistry, with opposite values for the ψ torsion 

angle. The ψ and φ map of 1-6 linkages displayed a different topology with one main maximum and a 

less populated state of ψ and φ. In addition, the dihedral omega ω also contributed significantly to the 
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flexibility of 1-6 glycosidic linkages (Figure S6). Hence, the flexibility of stewartan has to be considered 

in the derivation of the CG stewartan model. 

 
Figure 8: Heat maps of the glycosidic torsion angles psi ψ and phi φ for the different linkage types of 3 RU stewartan  

Conformations of the stewartan glycosidic bonds were taken from the 100 ns MD run of the atomistic stewartan reference 

system.  
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4.1.2 Development of a Coarse-Grained Stewartan Model 

The stewartan chains were mapped on the four different CG bead types A, B, C and D (Figure 9), as 

described in section 3.5.2. 

 
Figure 9: Coarse-Grain mapping scheme of stewartan 

The atomistic stewartan was coarse-grained using the four bead types A, B, C and D. (A) The coarse-grain mapping scheme is 

shown for one RU with labels describing the monosaccharide unit and linkage type. The beginning of the next RU is 

suggested by a shaded structure. (B) The structure of 3 RU stewartan is shown in atomistic and coarse-grain representation. 

The atomistic carbons, oxygens and hydrogens are displayed in bond representation in cyan, red and white, respectively. 

coarse-grained beads A, B, C and D are shown in CPK depiction in light red, grey, cyan and purple, respectively. The glycosidic 

bonds which connect the RUs are marked with an asterisk.  

 

The interaction potentials between the CG beads were obtained from the atomistic reference system 

(System 1). The non-covalent interactions were calculated using the force matching method. The 

resulting potentials are therefore not predefined analytical functions. Nonetheless, the nonbonded 

interactions between the CG beads resembled Lennard-Jones potentials and are characterized by 

strong short range repulsion (Figure 10 and Figure S7). The CG interactions exhibited one (A-A) or two 

attractive wells (B-D) at distances around 0.5 nm. The interaction between CG D atoms appeared 

purely repulsive as a consequence of their net charges.  
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Figure 10: Representative examples of nonbonded potentials used in the coarse-grained simulation of stewartan 

The nonbonded potentials between the coarse-grained beads of the stewartan model were obtained from the atomistic 

reference structure using the force matching method. The coarse-grained mapping of the stewartan structure is shown in 

Figure 9. 

 

Specific covalent interactions (including potentials for bonds, angles and dihedrals) were derived from 

the atomistic simulation using Boltzmann Inversion. The bonds within all monosaccharides were 

described by the same bonded potentials A-B*, A-C* and B-C*. In case of the GlcAIV monomer the A-D* 

and B-D*potential was used instead of A-C* and B-C, respectively. However, as the position of the CG 

beads are highly dependent on the stereochemistry of the glycosidic linkage type, different potentials 

were used to describe each glycosidic link in the 3 RU stewartan molecules. Afterwards, the 

performance of the CG model with its ability to reproduce the atomistic stewartan behaviour was 

analyzed. For this purpose, first the distribution functions of the bonded potentials were compared 

(Figure 11 and Figure S8-S9). For example the atomistic bond distributions of A-C*, B-D* and B3-A8, 

which connects GalIII and the GalI subunit from the next RU, are very well captured in the CG 
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simulation. For some inter-monomer bonds, as for example the C2-A3 bond between GluII and GalIII, 

the distance distribution, sampled in the all-atomistic system, displayed two maxima. However, 

throughout the bonded distributions from the CG simulations a slight overestimation of the main 

maximum was observed in the CG simulations whereas the second peak is usually underrepresented. 

This behavior has been similarly observed in other studies and is typically associated with Inverse 

Boltzmann (see section 5) (Hynninen et al., 2011; Sauter and Grafmüller, 2017).  

 
Figure 11: Representative examples of bonded distribution functions of the atomistic and coarse-grained stewartan 

simulations 

The reproduction of the atomistic configurations by the coarse-grained model was analyzed by comparing the bond 

distribution functions of the atomistic (black) and coarse-grained simulations (red). Bonded potentials were derived from the 

atomistic reference structure using Boltzmann inversion. Here, the bonds within all monosaccharides are described by the 

same bonded potentials A-B*, A-C*, B-C* and B-D* (the latter potential in case of the GlcAIV monomer). Different potentials, 

as shown in Figure 9, were used to describe the linkages between the monosaccharide subunits.  
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Similarly, angular and dihedral potentials are well captured by the CG model (Figure 12 and 

Figure S10-S13). Typically, the number of peaks as well as their locations is very well reproduced.  

Often, dihedrals which account for rotations around bonds within a monosaccharide, e.g. the dihedral 

B3-A8-C8-B8, showed maxima in the range of 150 to 180° or -150 to -180°. Hence, the glycosidic bonds 

(in the latter case: B3-A8) lie approximately in the plane of the monomer. In contrast, rotations 

around bonds which connect the monomers, are much more flexible and posse several local maxima. 

For example, the B6-C6-A7-B7 dihedral has a main maximum of around 100° and several local maxima 

at -150°, -80° and 25°. Hence, folding of the stewartan polysaccharide depends on these 

intermonosaccharide bond rotations and thus typically reflects the behaviour of polysaccharide chains 

at the atomistic scale. However, similar to the bonded distributions, the main maxima of the angular 

and dihedral distribution functions are sometimes slightly overrepresented, while other parts of the 

distribution are somewhat or underrepresented.   
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Figure 12: Representative examples of angular and dihedral distribution functions of the atomistic and coarse-grained 

stewartan simulations  

The reproduction of the atomistic configurations by the coarse-grained stewartan model was analyzed by comparing the 

angular and dihedral distribution functions of the atomistic (black) and coarse-grained simulations (red). Bonded potentials 

were derived from the atomistic reference structure using Boltzmann inversion. The coarse-grained mapping of the 

stewartan structure is shown in Figure 9. 

 

The set of bonded potentials used in this work was previously defined from CG cellulose 

(see section 3.5.2) (Sauter and Grafmüller, 2017). In contrast, stewartan exhibit a more branched 

structure. This set of specific bonded interactions did not sufficiently reproduced the atomistic 

configurations in the branched region around the CG GalIII residue which result in unphysical 

conformations. Therefore, to adapt the CG model to the branched geometry, an additional angular 

potential (A5-B3-A1) was implemented to prevent collapsing of CG A beads onto each other 

(Figure 13, A). Moreover, an extra dihedral potential (A5-B3-A1-B1) in the same region was needed to 

properly describe the rotation of the stewartan branches (Figure 13, B). In the latter case, the CG 
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beads A5, B3, A1 and B1 form a dihedral with a minimum centered at around 80° in the atomistic 

simulation.  

 
Figure 13: Examples of improvements of the coarse-grained stewartan model 

A model for the coarse-graining of atomistic (black) 3 RU stewartan was developed. The initial coarse-grained model (without 

the addition of the A5-B3-A1 angular and A5-B3-A8-B8 dihedral potential, red, dashed) was further modified (with addition of 

these two potentials, red, line) to improve (A) the coarse-grained A-A radial distribution function and (B) the rotation of the 

A5-B3-A8-B8 dihedral, respectively. The coarse-grained mapping of the stewartan structure is shown in Figure 9. 

 

Finally, potentials accounting for explicit short range intra-molecular 1-3 and 1-4 interactions (virtual 

bonds) were added to improve the reproduction of the atomistic structure.  

The local structure and aggregation behaviour of the final CG model of stewartan revealed good 

agreement with the atomistic system as judged by comparing the radial distribution functions (RDFs) 

of the respective CG and atomistic systems (Figure 14 and Figure S14). The short range structure seen 

in the RDFS often display many peaks which originate from the different monosaccharide types in 

stewartan. Here, for example the short range structural features in the A-A and A-B RDF are 

excellently captured by the CG simulation. Throughout all RDFs shown the behaviour in the range of 

0.5-1.5 nm is very well reproduced. Positions of the peaks in the CG B-B, C-C and C-D RDFs agree with 

their atomistic counterpart but showed in some cases a slight over- (e.g. in C-D at 0.3 nm) or 

underrepresentation (e.g. in B-B and C-C from 0.5-1.2 nm). One general exception for which the 

location of short range peaks are not captured as well are the interactions between the CG D atoms. 

Here, in the CG simulation the D-D RDF shifted considerable by around 0.5 nm in comparison to the 

analogues atomistic RDF.  
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Figure 14: Representative examples of radial distribution functions of the simulation of atomistic and coarse-grained 3 RU 

stewartan  

The reproduction of the atomistic configurations by the coarse-grained model was analyzed by comparing the radial 

distribution functions of the atomistic simulation (black) and coarse-grained simulations (red). The coarse-grained mapping 

of the stewartan structure is shown in Figure 9. 
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However, in preliminary experiments, in which the CG stewartan structure was mapped on eight 

different bead types (Figure S15), the short-range interaction of the D-D interactions improved and 

the D-D RDF exhibited no shift in comparison to the atomistic simulation (Figure 15). Hence, the latter 

mapping scheme provided a better description of the D-D interactions. 

Figure 15: Radial distribution function of the D-D 

interaction for the atomistic and differently-mapped 

coarse-grained 3 RU stewartan simulations. 

The D-D radial distribution function is shown for the 

atomistic stewartan simulation (black) and for 

coarse-grained stewartan systems with a four (red) or 

eight (blue) bead type mapping scheme. Each simulation 

was carried out for 100 ns. 

 

 

 

 

To note, the CG simulation of stewartan showed a high tendency to crash (around every nanosecond). 

Here, CG beads typically moved to close to each other and consequently gained a high potential 

energy. As a result in the next step the bonded interaction between the both CG atoms increased in a 

unphysical manner above 1.8 nm where no tabulated potentials were available. Nevertheless, 

simulations were continued from previous frames and complete 100 ns simulations were obtained. It 

is here assumed, that the stewartan simulation crashed due to an imbalance in the CG force field. 

Hence, a more careful evaluation of the choice of explicit non- and bonded potentials has to be 

undertaken to check if certain potentials are in conflict with each other. 

4.1.3 Conformation of 3 RU Coarse-Grained Stewartan Chains 

A CG model of 3RU stewartan was developed in the previous section in which each monosaccharide 

was mapped on three different beady types. Here, an overrepresentation of the bonded potentials 

was seen. This overdetermination is likely to impose a higher rigidity to the stewartan chains, 

especially in case of those bonded potential which determine the conformations of the glycosidic 

links, and the overall structure of 3 RU stewartan can be affected. Hence, to evaluate how strongly the 

overall polymer conformations are influenced, a single CG stewartan was simulated for 1 μs and 

revealed an end-to-end distances distribution with a maximum at 4 nm (Figure 16, A and C). The CG 
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end-to-end distance distributions highly overlap with the atomistic one with a maximum at 3 nm. 

However, the lower end of the end-to-end distance distribution is not captured by the CG simulation 

which reflects more restricted angular conformations in the CG stewartan model. The conformational 

space of the stewartan chains in both, the atomistic and CG simulations, are highly confined when an 

ensemble of chains (27 chains of the same length) are simulated for 100 ns (Figure 16, B and D). Here, 

the end-to-end distance distributions are narrowed to widths of 0.7 nm. Again, the CG distribution 

shows slightly more extended chains with a maximum around 3.6 nm whereas in comparison the 

maximal end-to-end distance from the atomistic counterpart were found to be 3.2 nm. Overall, the CG 

stewartan polymers highly resemble the atomistic chain conformations in despite the slight 

overrepresentation of bonded potentials. 
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Figure 16: End-to-end distance distributions of atomistic and coarse-grained 3 RU stewartan 

The 3 RU stewartan system was used for the development of a coarse-grained model. (A), (B) To verify that the coarse-

grained stewartan chains exhibit similar conformations, the end-to-end distances of the atomistic reference (black) were 

compared to the coarse-grained simulations (red). Here, the distributions are shown for (A) a single stewartan chain and for 

(B) an ensemble of 27 chains. (C), (D) Simulation snapshots are shown for (C) a single coarse-grained stewartan chain with an 

end-to-end distance of 3 nm and for (D) the simulation of 27 coarse-grained stewartan chains. The ExoPS polymers are 

shown in surface depiction with the backbone coarse-grained atoms in grey and the coarse-grained representations of the 

[(4→1)-β-D-GlcAIV(4→1)-α-D-GalV(6→1)-β-D-GlcVI and (6→1)-β-D-GlcVII branch residues in red and blue, respectively. 
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4.1.4 Coarse-Grained Simulation of 20 RU Stewartan 

CG simulations of 3 RU stewartan revealed that the CG model highly agrees with the atomistic 

properties as verified by comparing the RDFs and bonded distribution functions. However, stewartan 

chains with a higher degree of polymerization are required to elucidate a potential stewartan network 

assembly. In previous studies it was shown, that the potentials from a reference system are 

transferable to longer chains and other concentrations (Hynninen et al., 2011; Sauter and Grafmüller, 

2017; Schneible et al., 2019). Therefore, the 3 RU stewartan CG model, with a concentration of 

313 mM, was transferred to a stewartan system with a length of 20 RUs. In the following, the RDFs for 

the stewartan system with a RU concentration of 86 mM is exemplary analyzed (Figure 17 and 

Figure S16). Overall, the neighbours in the RDFs highly agree with those for the reference CG and 

atomistic simulation. In almost all cases, short range structures of 0.2 to 1.2 nm were captured with an 

excellent agreement. However, the magnitude of the peaks for the longer polymers is higher, as the 

absolute amount of nearest neighbours is higher in the 20 RU stewartan system. To note, because of 

the high number of atoms, the simulation of an atomistic stewartan system with the same 

concentration and polymer length of the CG 20 RU stewartan was not simulated. Therefore, it was not 

possible to compare the RDFs of CG 20 RU stewartan system to an atomistic reference system.   

The RDF of the D-D interaction revealed a peak around 2.0 nm which is in agreement with the RDF 

from the reference system. Although, close range interactions between 0.8 to 1.5 nm are further 

reduced in the 20 RU stewartan system. Furthermore, the D-D RDF of the 20 RU stewartan simulation 

is noisy and consequently reflects the poor sampling of D-D interactions as the number of D beads is 

lower compared to other CG bead types. Prolonged simulations are proposed to increase the sampling 

of D-D interactions.  
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Figure 17: Representative examples of radial distribution functions of the simulation of coarse-grained 20 RU stewartan  

The radial distribution functions of coarse-grained 20 RU stewartan system (green) were compared to the 3 RU stewartan 

systems (atomistic - black, coarse-grained - red). The coarse-grained mapping of the stewartan structure is shown in Figure 9. 
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4.1.5 The Structure of the Coarse-Grained 20 RU Stewartan Network  

Four different concentrations of 20 RU stewartan (with RU concentrations of 86, 50, 20 and 10 mM) 

were simulated by increasing the box size and keeping the number of molecules constant. Snapshots 

of the simulation box already reveal a dense arrangement with evenly distributed 20 RU stewartan 

chains at the highest RU concentrations (86 and 50 mM) (Figure 18). In contrast, gaps between the 

stewartan chains increase with the dilution of the system (RU concentration of 20 and 10 mM). 
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Figure 18: Snapshots of different concentrated coarse-grained 20 RU stewartan systems 

Coarse-grained stewartan system with RU concentrations of (A) 86, (B) 50, (C) 20 and (D) 10 mM were obtained by increasing 

the box size to 15,625, 27,000, 64,000 and 125,000 nm3, respectively, and keeping the number of stewartan molecules 

constant. The edge length of the box is shown below each depiction. Snapshots were taken at the end of the 100 ns 

simulations. The ExoPS polymers are shown in surface depiction with the backbone coarse-grained atoms in grey and the 

coarse-grained representations of the [(4→1)-β-D-GlcAIV(4→1)-α-D-GalV(6→1)-β-D-GlcVI and (6→1)-β-D-GlcVII branch residues 

in red and blue, respectively. 
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The end-to-end distances of the 20 RU stewartan chains reached a constant value of approximately 

19.5 nm in the first 20 ns of the simulation independent of the RU concentrations (Figure 19, A). In a 

typical conformation, the backbone of the stewartan polymer had a snake-like form with the branches 

pointing away with nearly 90° angles as seen in Figure 19, B.   

 
Figure 19: Conformation of the coarse-grained 20 RU stewartan chains 

(A) The end-to-end distances over the 100 ns of the coarse-grained simulation of 20 RU stewartan is shown. Stewartan 

systems with a RU concentration of 86, 50, 20 and 10 mM are depicted in green, blue, cyan and purple. (B) Additionally a 

snapshot of a single stewartan chain from the 86 mM RU system is provided. The ExoPS polymer is shown in CPK depiction 

with the backbone coarse-grained atoms in grey and the coarse-grained representations of the [(4→1)-β-D-GlcAIV(4→1)-α-D-

GalV(6→1)-β-D-GlcVI and (6→1)-β-D-GlcVII branch residues in red and blue, respectively. The other stewartan chains are found 

in the background of the snapshot and are indicated in grey. 

 

To quantitatively analyze the morphology of the stewartan network at different concentrations the 

number of interchain contacts and pore size distribution in the network were calculated (Table 3). At 

high RU concentrations (86 and 50 mM) the number of contacts per stewartan molecule within 1 nm 

remained in the same range. Four to ten-fold less contacts were determined at RU concentrations of 

20 and 10 mM. For example 389 ± 86 average contacts per residue were formed during the CG 

simulation of 86 mM RU whereas the number of contacts decreased to 38 ± 25 in the most diluted 

system with a RU concentration of 10 mM.  

 

 

 



4. Results 

55 
 

Table 3: Average number of contacts between 20 RU coarse-grained stewartan chains  

The number of contacts per stewartan chain was averaged over the 100 ns of the 20 RU stewartan simulation. 

RU concentration / mM Average number of contacts per chain  Error* 

86 389.1 ± 85.7 

50 411.7 ± 80.3 

20 114.6 ± 42.1 

10 38.2 ± 24.5 
* the standard deviation is shown as errors 

 

A similar picture emerges from the analysis of the distribution of pore sizes within the stewartan 

networks (Figure 20). The pore diameters are of the same size for the two higher concentrations of 

86 and 50 mM RU (around 3 nm) and increase at lower RU concentration to 7 and 11 nm for 20 and 

10 mM RUs, respectively. Hence, the swelling of the polymer solution with increasing water content is 

reflected. 

Figure 20: Pore diameter distribution of the coarse-

grained 20 RU stewartan systems 

20 RU stewartan was simulated at different RU 

concentrations: 86 (green), 50 (blue), 20 (cyan) and 10 

mM (purple) for 100 ns and the pore diameter 

distribution of the stewartan networks were calculated 

as described by Bhattacharya and Gubbins, 2006. The 

errors shown represent the standard deviation of the 

pore diameter calculation at 90, 95 and 100 ns. 

 

 

 

 

Next, it was examined whether the stewartan solutions formed rigid polysaccharide networks in which 

the interchain contacts influence the diffusion dynamics of the stewartan molecules. On one hand, 

independent of the dilution of the 20 RU stewartan systems, the number of contacts between the 

stewartan molecules varied throughout the simulation time (Figure 21, A). Hence, interchain contacts 

were only transiently formed. On the other hand, although more contacts are formed in high 

concentrated stewartan systems (RU concentrations of 86 and 50 mM), their mean square 

displacements (MSDs) overlay with that from the more diluted systems (Figure 21, B). This is 

emphasized by the ExoPS diffusion coefficients determined from the MSD plots which are almost 

similar for all investigated systems (31, 28, 29 and 33 ∙ 10-6 cm2 ∙ s-1 for RU concentration of 86, 50, 20 
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and 10 mM, respectively). Hence, the contacts between stewartan chains did not account for a strong 

long-term association of ExoPSs molecules.   

 
Figure 21: Network dynamics of the coarse-grained 20 RU stewartan system 

Coarse-grained 20 RU stewartan was simulated at different RU concentrations: 86 (green), 50 (blue), 20 (cyan) and 10 mM 

(purple) for 100 ns. (A) The number of interchain contacts of an example stewartan molecule within 1 nm and (B) the average 

mean square displacement of the stewartan chains were analyzed over the first 60 ns trajectory.    

 

Lastly, inspection of the CG simulation of 20 RU stewartan revealed a portion of stewartan chains 

which stopped fluctuating and effectively freezed during the 100 ns simulation time (Figure S17). This 

phenomenon occurred with around 15-18 % (6-7 molecules) of the chains at different time points 

during the simulations for all analyzed concentrations. This was confirmed by the root mean square 

deviation (RMSD) of an example chain which showed a fluctuation around its mean position until 

60 ns at which the kinetic temperature suddenly dropped (to around 0.8 K). Freezing of individual 

stewartan chains was not detected in the reference stewartan simulation. Stewartan chains did not 

freeze when the leap-frog stochastic dynamics integrator was used. At the moment the latter 

integrator has only been applied for the CG 20 RU stewartan system with a RU concentration of 

86 mM and the average properties of the stewartan solution were found to be similar regarding the 

analysis of the MSDs, interchain contacts and pore size distributions. It is therefore proposed that the 

freezing of chains result as an artefact of the thermostat parameters used in the CG simulations of 

stewartan. Still, the first chains were found to freeze after a simulation time around 30 ns. In this 

regime, the stewartan network was already formed and hence the results here shown are still 

representative for the physicochemical properties of the stewartan solution.  
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4.2 Reconstituted Stewartan Forms a Diffusion-Limited Network 

The biofilm is a thick multilayered bacterial assembly in which biochemical properties and its 

composition vary in time and space. These properties govern a tight control of the diffusion of 

biomolecules and prevent access of toxins and antibiotics. As shown in section 4.1.5, stewartan chains 

with a length of 20 RU formed hydrogels with transient interchain contacts. Next, the influence of the 

stewartan matrix on the mobility of fluorescent particles was investigated. Therefore stewartan 

ExoPSs were isolated from Pantoea stewartii (P. stewartii) biofilms.  

4.2.1 Purification of the Exopolysaccharide Stewartan 

P. stewartii colonies were grown at 30°C where the highest proliferation rate can be expected. Biofilm 

formation was initiated by the addition of glucose to the growth medium. After 24 h slimy, yellowish 

colonies were visible which enlarged after additional 48 h incubation (Figure 22). P. stewartii biofilms 

showed a mucoid and ropy character as found for other biofilm-forming bacteria 

(Ruas-Madiedo and de los Reyes-Gavilán, 2005). Likewise colonies exhibited a high viscosity when 

pipetted up and down.  

Figure 22: Pantoea stewartii colonies  

Pantoea stewartii cells were plated on membrane filters 

on top of the casamino acid-peptone-glucose agar 

medium. After 72 h incubation at 30°C an image of the 

colonies was taken. 

 

 

 

 

 

 

Afterwards the biofilm was centrifuged to remove bacterial cells/ debris and the ExoPS was 

precipitated with 80 % (v/v) ethanol. This crude stewartan preparation showed contaminations in the 

absorbance around 260 nm (Figure 23, A). Biofilms usually contain a high amount of extracellular DNA 

which originates from dead bacterial cells (Okshevsky et al., 2015; Okshevsky and Meyer, 2015). 

Therefore, DNA contaminations from the stewartan preparation were removed by treatment with 
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Benzonase® Nuclease and subsequent dialysis against water. Afterwards the stewartan preparation 

showed reduced nucleic acid contaminations. Additionally, homogeneity was also judged from size-

exclusion chromatography (SuperdexTM peptide 10/300) in which other contaminations eluted around 

a retention volume of 15 mL (Figure 23, B). These contaminations did not arise from nucleic acids as 

they remained in the stewartan preparation even after Benzonase® Nuclease digestion. Nevertheless, 

contaminations were removed by dialyzing stewartan twice against 100 mM and 50 mM acetic acid, 

respectively. Presumably, positively charged contaminations bound to the negative charges of the 

stewartan polymer but were competitively removed by the high concentration of H+ ions at low pH. 

Consequently both purification steps were combined (Benzonase® Nuclease treatment with 

subsequent dialysis in acetic acid) to purify homogenous stewartan ExoPSs from P. stewartii biofilms. 

 
Figure 23: Purification of stewartan exopolysaccharide 

Stewartan was purified from Pantoea stewartii colonies. The homogeneity of the stewartan preparation was judged from 

(A) absorbance spectra and from (B) size-exclusion chromatography runs (SuperdexTM peptide 10/300). The crude stewartan 

preparation (black) was either treated with Benzonase® Nuclease (red) or dialyzed against acetic acid (blue).  

 

To estimate the concentration of stewartan in a P. stewartii biofilm, the ExoPS concentration was 

determined using the phenol sulfuric acid method (Table 4). The amount of secreted stewartan 

increased with the age of biofilm from 13.5 mg ∙ mL-1 to 15.3 mg ∙ mL-1 for 24 h and 72 h old biofilms, 

respectively. Nevertheless, as the biofilm grows more bacterial cells proliferate and the amount of 

ExoPS produced by each cell remained the same.  
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Table 4: Stewartan concentration in Pantoea stewartii biofilms 

Pantoea stewartii biofilms were grown on CPG medium for 20.5 or 65 h. The overall stewartan concentration was 

determined with the phenol sulfuric acid method. 

Biofilm Age / h 20.5 65 

Stewartan Concentration / g · L-1 13.5 15.3 

OD600 0.93 1.04 

Stewartan Secreted Per Cell* / g · L-1 14.5 14.6 
 

* determined as the ratio of the concentration of stewartan and the OD600 

 

4.2.2 Diffusion Studies of Nanoparticles in the Stewartan Network  

The size of the analyzed fluorescent particles ranged from a Stokes diameter of 1.1 nm to 190 nm to 

cover a broad size distribution. Polystyrene microspheres (PS) with 42 and 190 nm diameter were 

bought from Polysciences, Inc. (Hirschberg an der Bergstrasse, Germany). They were chosen as they 

didn't contain reactive chemical groups on their surface which presumably reflects chemical inertness. 

However, their size was checked in light scattering studies (Table 5). It was found that 42 nm 

microsphere actually differed in their size and showed a larger diameter of around 64 nm. Similarly, 

190 nm beads were found to be slightly larger (193 nm diameter). Consequently, throughout this work 

they will be referred to as 64 and 193 nm PS microspheres. In addition, PS microspheres were found 

to have a negative zeta potential in the analyzed buffers (Table 5).   

Table 5: Overview of fluorescent tracer molecules used in this study and their characterization by light-scattering 
experiments 

Fluorescent tracer 
molecule 

Buffer 
Zeta 

potential 
Error 

Diameter / 
nm 

Error 

Alexa Fluor® 488 water n.d.* / 1.1** / 
42 nm PS Microsphere MES, pH 5 -19,9  ± 0.5 64.1  ± 0.5 

Tris, pH 8 -33.4  ± 1.1 64.1  ± 0.1 
190 nm PS Microsphere MES, pH 5 -12.1  ± 2.2 192.7  ± 2.6 

Tris, pH 8 -25.3  ± 2.7 193.1  ±1.3 
P22 bacteriophages MES, pH 5 -7.5  ± 0.3 70.9 ±1.0 

Tris, pH 8 -13.6  ± 1.8 72.9  ± 0.7 
 

*n.d.: not determined 

**the diameter of Alexa Fluor® 488 was determined from fluorescence correlation spectroscopy measurements 

(Petrášek and Schwille, 2008) 

 

The diffusion of fluorescent particles was analyzed using fluorescence correlation spectroscopy. In 

polymer solutions, the diffusivity of nanoparticles with a size smaller or similar than that of the 

polymer is often insufficiently described by the Stokes-Einstein law (Cai et al., 2011; Nath et al., 2018). 
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Hence, to characterize the particle's mobility, the diffusion time in stewartan τd is normalized with the 

diffusion time of the same particle in buffer τbuffer. This hindrance factor τhind = 
τdτd,buffer enables the 

determination of the relative diffusion times and magnitude of confinement instead using the 

viscosity term from the Stokes-Einstein relation. 

Indeed, the fluorescent particles are hindered in their mobility as they diffuse through a 10 mg ∙ mL-1 

stewartan solution (Table 6). The hindrance for the smallest particle analyzed, Alexa Fluor®488, was 

characterized by a hindrance factor of 1.1, but the confinement increased for 64 and 193 nm PS 

microspheres (hindrance factor of 11.9 and 23.3, respectively). Apparently, the nano- and 

microviscosity experienced by these particles differed with particle size and consequently rose from 

the diffusion of Alexa Fluor®488 to 193 nm PS beads. As a result Alexa Fluor®488 was almost not 

confined by the stewartan matrix whereas 64 and 193 nm PS microspheres experienced the most 

hindrance.  

In comparison, diffusion in 40 % (w/v) sucrose revealed similar values for the diffusion hindrance of 

the same set of tracer molecules (hindrance factors ranged from 5.0 to 6.1s). Consequently, in 

40 % (w/v) sucrose the diffusion of all particles was almost evenly confined. Sucrose was chosen as a 

non-polymer model system, which still produces viscous solutions. In conclusion, a size dependent 

hindrance on the diffusion of molecules is an inherent feature of the polymeric stewartan matrix.  

Table 6: Hindrance factors determined from the diffusion of different-sized fluorescent tracer particles 

The hindrance factor was used as a description of the experienced confinement to the diffusion of fluorescent tracer 

molecules in 10 mg ∙ mL-1 stewartan. The diffusion time τ in stewartan or buffer was determined from fluorescence 

correlation spectroscopy experiments. 

Fluorescent tracer molecule Hindrance factor τhind 

10 mg ∙ mL-1 stewartan 40 % (w/v) sucrose 
Alexa Fluor® 488 1.1 6.1 

64 nm bead 11.9 5.0 
193 nm bead 23.3 5.2 

 

The confinement of the diffusion of fluorescent particle became more apparent with increasing 

stewartan concentrations (Figure 24, A). Hence, 193 nm PS beads were not confined in a 1 mg ∙ mL-1 

stewartan solution (hindrance factor of 1) whereas the mobility was greatly slowed down in 

10 mg ∙ mL-1 stewartan by a factor of 20. Similarly, 64 nm microspheres decrease in their mobility up 

to a hindrance factor of 40 in 1 and 20 mg ∙ mL-1 stewartan. This diffusion behavior is reflected by the 

anomaly exponents that characterizes the anomalous diffusion behavior (Figure 24, C). Here, the 

PS microspheres showed free and unhindered Brownian diffusion in buffer (0 mg ∙ mL-1 stewartan, 
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α = 1), but their mobility decreased with increasing stewartan concentrations (up to an anomaly factor 

of 0.6 in 20 mg ∙ mL-1 stewartan). In contrast, Alexa Fluor®488 was only slightly confined by highly 

concentrated stewartan solutions (a hindrance factor of around 1.5 in 20 mg ∙ mL-1 stewartan) with 

only a minor increase of α (Figure 24, B and D).   

To investigate, if size is the only variable which affects the mobility, diffusion studies were extended to 

a pH of 8. Indeed, the diffusion of 64 nm PS beads at a pH of 8 was less subdiffusive as shown by lower 

hindrance factors and higher anomaly exponents as compared to the diffusion at pH 5 

(Figure 24, A and C). Minor differences were seen for the mobility of 193 nm PS particles at these two 

pH values over all investigated stewartan concentrations. The diffusion of Alexa Fluor®488 was 

unaffected by the change in pH (Figure 24, B and D).  

 
Figure 24: Diffusion of fluorescent particles at different concentrations of stewartan  

The diffusion of Alexa Fluor®488 (grey) and PS beads (64 nm, green, and 193 nm, blue) was conducted at pH 5 (dark color) or 

pH 8 (light color). Diffusion of these particles in different stewartan concentrations was analyzed with (A), (B) the hindrance 

factor and (C), (D) the anomaly exponent α.  
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Analysis of the specific viscosities has been used to elucidate the polymeric properties of 

polysaccharides (Krause et al., 2001; Ganesan et al., 2016). In analogy, the specific hindrance factor, 

determined from the diffusion times, as a measure for the confinement experienced by the 

fluorescent PS beads in a stewartan solution was plotted against the stewartan concentration 

(Figure 25). For every PS microsphere type, this analysis revealed two distinct diffusion regimes in 

which the data points scale with different exponents. Consequently, a transition point ct was 

determined as the intersection of two power-law fits (6.9 and 6.9 mg ∙ ml-1 for 64 and 193 nm beads). 

A similar behavior was seen for the specific viscosity of stewartan which were obtained from the 

falling ball viscosimeter measurements (ct = 7.1 mg ∙ ml-1). The first regimes are characterized by an 

almost linear dependence with exponents of 1.0, 0.9 and 1.0 for the dynamic viscosity, 64 nm and 

193 nm PS beads, respectively. Accordingly, the high concentration regimes scaled with c3.6, c2.0 and 

c3.7. 

Figure 25: Power-law scaling of the specific viscosity/ 

specific hindrance in dependence to the stewartan 

concentration 

The specific viscosities of stewartan were determined 
from the diffusion of 64 (green), 193 nm polystyrene 
microspheres (blue) and from the falling ball 
viscosimetric measurements. The different regimes were 
separately fitted by a power-law function and the 
transition point ct was obtained at the intersection. 

 

 

 

 

To gain a deeper understanding into the slow diffusion dynamics of 193 nm PS microspheres above 

10 mg ∙ mL-1 stewartan, the time-averaged mean square displacements (taMSD) of 193 nm PS particles 

were analyzed (Figure 26, A). Here, the values for the taMSD decreased with increasing stewartan 

concentrations. The anomaly exponent α ranged from 0.8 to 0.6 for 5 to 20 mg ∙ mL-1 stewartan, 

respectively (Figure 26, B). Apparently, the diffusion of 193 nm PS beads is marked by a subdiffusive 

behavior which increased with the stewartan concentration. The diffusion of 193 nm PS beads in 

40 % (w/v) sucrose showed no subdiffusion with α around 1. In comparison the diffusion in simple 

fluids is also described with α=1 but showed higher taMSD values than compared to the diffusion in 
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40 % (w/v) sucrose. To note, the taMSD for the diffusion in sucrose deviates from a linear slope (above 

0.5 s) which presumably originates from poor statistics at large lag times.  

 

 
Figure 26: Single-particle tracking of 193 nm polystyrene microspheres at different stewartan concentrations 

The diffusion of 193 nm beads in 40 % (w/v) sucrose (green), 5 (orange), 10 (black), 15 (dark yellow) and 

20 mg ∙ mL-1 stewartan (red) was analyzed in (A) time-averaged mean square displacement plots and (B) by determination of 

the anomaly exponent α of fits from the individual time-averaged mean square displacement curves. As comparison a 

simulation of a diffusion in a simple fluid (0 mg ∙ mL-1 stewartan, Dapp=2.5 μm2 ∙ s-1, α=1) is shown in cyan.  

 

4.2.3 Characterization of the Bacteriophage Particle Diffusivity in the Stewartan Matrix 

The investigations of the diffusion dynamics of small-sized particles in the stewartan network were 

extended on bacteriophages as they are of high clinical relevance used as antibiotic alternatives 

(Harper et al., 2014). P22 bacteriophages were chosen as a model system. These phages are not 

infective for P. stewartii and lack an enzymatic activity towards stewartan (Andres et al., 2012; 

Andres et al., 2013). P22 bacteriophages showed a negative zeta potential with a diameter of 71 to 

73 nm and are therefore of comparable size to the 64 nm PS microspheres (Table 5). Similar to the 

64 nm PS beads, P22 bacteriophages are confined by the stewartan matrix in dependence of the 

concentration of the ExoPS (Figure 27, A). Diffusion in 10 and 20 mg ∙ mL-1 stewartan solutions was 

characterized by hindrance factors of around 3 and 20, respectively. The anomaly exponent indicated 

subdiffusion with 0.9 and 0.8 (Figure 27, B). Consequently, the mobility of P22 phages was higher and 

less confined compared to the diffusion of 64 nm PS beads. In contrast, diffusion of bacteriophages in 

40 % (w/v) sucrose showed no subdiffusion (α ~ 1) and a confinement around 4.   
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Figure 27: Diffusion of P22 bacteriophage particles at different stewartan concentrations and 40 % (w/v) sucrose 

Diffusion of P22 bacteriophages (yellow) was compared to the mobility of 64 nm beads (green). Diffusion was characterized 

by (A) the hindrance experienced and (B) the anomaly exponent α. 

 

Single-particle tracking (SPT) experiments with bacteriophages revealed two populations of P22 

particles which differed in their mobility (Figure 28, A and B). One population randomly diffuses 

through a 20 mg ∙ mL-1 stewartan matrix with diffusion coefficients around 1 μm2 ∙ s-1 whereas the 

mobility of a second population was found to be confined to a small area (Dapp = 0.001 to 

0.01 μm2 ∙ s-1). The latter was not present in 10 mg ∙ mL-1 stewartan or in 40 % (v/v) sucrose. Again the 

diffusion of P22 bacteriophages was moderate subdiffusive with α values of 0.8 in 10 and 20 mg ∙ mL-1 

stewartan whereas the confined population showed highly subdiffusive diffusion dynamics with an 

anomaly exponent of 0.3 (Figure 28, C and D). Free Brownian motion was seen for the mobility of the 

phage particles in 40 % (w/v) sucrose.  
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Figure 28: Single-particle tracking of P22 bacteriophages at different stewartan concentrations and 40 % (w/v) sucrose 

(A) Snapshot of P22 bacteriophage trajectories in 20 mg ∙ mL-1 stewartan. The mobility of a population of P22 particles was 

confined to a small area and examples are indicated with arrows. (B), (C) and (D) The diffusion of P22 phages was analyzed in 

40 % (w/v) sucrose (green), 10 (black) and 20 mg ∙ mL-1 stewartan (mobile population, red, confined population, purple). (B) 

The distribution of the apparent diffusion coefficients are shown. (C) Mean square displacement plots for the mobility of P22 

bacteriophages were plotted and (D) the anomaly exponent α derived. (C), (D) As comparison a simulated diffusion in a 

simple fluid (0 mg ∙ mL-1 stewartan, Dapp=1.1 μm2 ∙ s-1, α=1) is shown in cyan.  

 

 

The analysis of the distribution of the angle θ between successive steps calculated from the P22 phage 

SPT trajectories was used to further characterize the diffusion behavior of P22 particles (Figure 29). 

Here the motion of the phages in 40 % (v/v) sucrose and 10 mg ∙ mL-1 stewartan can be described by a 

stochastically random distribution of θ from 0 to 180°. However, in 20 mg ∙ mL-1 stewartan the 

distribution is shifted towards large angles with a maximum at 180°. Apparently, the diffusion of the 

bacteriophages in the latter stewartan solution is more prone to be described by a complete 
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turnaround of the direction between two successive steps. This maximum is even more pronounced 

for the confined population of P22 particles.  

Figure 29: Probability distribution of the angle theta in 

single-particle tracks of P22 bacteriophages 

The probability distribution for the diffusion of P22 

particles was analyzed in 40 % (v/v) sucrose (green), 

10 (black) and 20 mg ∙ mL-1 stewartan (mobile 

population, red, confined population, purple).  

 

 

 

 

 

4.3 Biophysical Characterization of Biofilm Remodeling Enzymes 

Stewartan polymers formed a diffusion-limited network. The structural features of the ExoPS three 

dimensional structure are intrinsically coded in the monosaccharide sequence of stewartan 

(Bernhard, 1996; Carlier et al., 2009). Mutations in the P. stewartii wce I-III gene cluster resulted in 

alterations of the final stewartan monosaccharide composition (Langlotz et al., 2011; 

Wang et al., 2012). Likewise, any modifications of the stewartan chains will influence the three-

dimensional arrangement and the associated physicochemical properties. In the following, protein 

candidates were found which enzymatically modify the stewartan chains and the structural impact on 

the ExoPS matrix was analyzed.  

4.3.1 Structural Analysis of WceF – A Bacterial Tailspike-Like Protein  

The structure and function of the gene product of wceF from the wceI gene cluster in P. stewartii has 

yet not been elucidated. P. stewartii mutants, in which wceF was deleted, produced stewartan chains 

of higher size compared to the wildtype (Schollmeyer et al., 2012). Consequently, the gene product of 

wceF might be involved in the stewartan biosynthesis. WceF is a 80.4 kDa protein (UniProt: H3REJ8). 

The first 27 amino acids comprise a twin-arginine translocation signal peptide which is commonly 

found in bacteria in proteins which are translocated across the inner membrane (DeLisa et al., 2003; 

Palmer and Berks, 2012). To elucidate the function of WceF the latter was first analyzed in a Blast 
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search and homologs were found in more than 20 P. stewartii related species such as Pantoea 

ananatis, Pantoea agglomerand or Erwinia amylovora (Figure 30). Here, the sequence identity ranged 

from 96 to 61 %. Additionally, further homologs, which are mainly polygalacturonases and thus 

implicated in polysaccharide degradation, were found in other species such as the Yersinia 

enterocolitica exopolygalacturonase (38 %), Thermotoga maritima exopolygalacturonase (38 %), 

Asperigillus flavus putative rhamnogalacturonase (33 %) and Prunus persica polygalacturonase (31 %). 

The sequences which were covered by the homology analysis rather lie between the amino acids 200-

400 of WceF. Other sequence similarities of WceF have been found with the tailspike proteins (TSPs) 

from the Salmonella Phage P22 (26 %) and Shighella Phage Sf6 (25 % sequence identity). In the latter 

homologs, the sequence identities were found at the N-terminus of WceF (between amino acids 

1-300). Hence, these results therefore point to a putative polysaccharide degradation function of 

WceF in P. stewartii.  

 
Figure 30: Overview of representative examples of WceF homologs  

Homologs and the respective sequence identities to full-length WceF (UniProt: H3REJ8) were found with BlastP in a) a non-

redundant sequence database, b) UniProtKN/Swiss-Prot and c) Protein Data Bank. Proteins are depicted in bold and hosts in 

italic. The sequence identities of the homologs to WceF are given. 

  

To further elucidate the structural and functional context of the protein, WceF was purified and 

crystallized. For this purpose, a WceF variant was used in which the N-terminal twin-arginine signal 
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peptide was deleted to ensure a feasible recombinant expression in E. coli. A crystal structure of WceF 

was then refined of 2.9 Å resolution. As confirmed by size exclusion chromatography WceF crystallized 

as a trimer in the asymmetric unit (Figure 31 and Figure S19).  

The overall structure of the trimer revealed an elongated molecule with an overall length of 165 Å 

(Figure 31, A). The subunits arranged themselves around a threefold axis with intertwined monomers. 

Especially at the C-terminus the molecule was more tightly packed resulting in a funnel-like structure 

which narrowed from top (funnel diameter ca. 74 Å) to bottom (ca. 38 Å) (Figure 31, B and C). The 

interior space of the funnel was mainly dominated by hydrophilic interactions solvated with 42 crystal 

water molecules. Two adjacent monomeric subunits buried an 5086 Å2 interface including 75 

hydrogen bonds and 22 salt bridges.  

 
Figure 31: Overall structure of trimeric WceF 

WceF crystallized as a trimer and the monomeric subunits (depicted in red, blue and green in cartoon representation) are 

arranged around a threefold axis with view (A) from the side (B) from top and (C) from bottom.  

 

The monomeric structure of WceF comprised separate distinguishable motifs which are partitioned by 

loop regions (Figure 32, A and B). The N-terminal domain of WceF (amino acids: 38-147) consisted of 

two β-strands connected by three α-helices and a three stranded antiparallel β-sheet. This domain is 

succeeded by a four stranded Greek key motif formed by the amino acids 148-234. The most central 

part of the monomer folded into a right handed parallel β-helix (amino acids: 269-527). It rises up to 
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49 Å with nine coils in total. Every coil was composed of the β-strands B1, B2 and B3 connected by the 

loops L1, L2 and L3. The cross-sections showed L-shaped coils (Figure 32, C). An α-helix lied orthogonal 

on top of the β-helical motif and capped the hydrophobic interior. The latter is dominated by stacking 

interactions of cysteins, isoleucins, leucins, phenylalanins, valins and mixed amino acids residues 

(Figure 32, D and Table S1). Apparently, water molecules are excluded from that area. 

Finally, the proceeding polypeptide chain adopted a concave shape with a four stranded antiparallel 

jelly roll (amino acids: 528-674) and ended with two additional antiparallel β-sheets (amino acids: 

675-699 and 700-736). The latter domain, being the most intertwined segment in the trimeric 

structure and thus were tightly packed, resulted in the final trimeric orientation in which each 

monomer is tilted away from the common axis in a funnel-like manner.  

Figure 32: Structure of monomeric WceF  

(A) A WceF monomer consists of an N-terminal domain 

(red, amino acids: 38-147), a Greek key motif (orange, 

amino acids: 148-234), a capping α-helix (blue, amino 

acids 235-268), a β-helix (green, amino acids 269-527), a 

jelly roll (purple, amino acids 528-674) and additional 

β-sheets (wheat, amino acids 675-736) at the end of the 

polypeptide chain. (B) The WceF monomeric structure is 

shown in cartoon representation with (C) a cross-section 

of the central β-helix and (D) the hydrophobic interior of 

the β-helix which is dominated by hydrophobic stacking 

amino acids, here displayed with a selection of residues.  

 

 

 

 

 

 

The β-solenoid architecture of WceF is highly characteristic for many bacterial proteins implicated in 

degradation and modification of polysaccharides (Larsson et al., 2003; Jenkins et al., 2004; 

Czerwinski et al., 2005). Especially triple-stranded β-helices has been shown for the bacteriophage P22 

and Sf6 TSPs (Steinbacher et al., 1994; Müller et al., 2008; Seul et al., 2014) with the latter proteins 
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already shown to share a homologous N-terminal domain with WceF. The N-terminal domains of P22 

TSP and WceF superimposed with a RMSD of 5.5 Å (Figure 33, B). In P22 TSP this domain is known as 

the particle-binding domain connecting the TSP to the bacteriophage forming a dome-like structure in 

the trimer (Steinbacher et al., 1994). In contrast, the β-helices of both proteins were more similar in 

their structure which superimposed with a RMSD of 1.3 Å in despite of the poor sequence identity in 

that region (Figure 33, A and Figure 30, respectively). Apparently, the overall fold is highly conserved 

throughout both protein species. As a distinguishing feature, WceF displayed a shorter β-helix and the 

β-helical loops lacked integrated α-helical elements. 

 
Figure 33: WceF superimposition with P22 TSP (pdb: 2XC1) 

The sequences of (A) the β-helices of WceF (green), amino acids 269-527, and P22 TSP (blue), amino acids 141-543, and (B) of 

the N-terminal domains (WceF amino acids: 38-147, P22 TSP amino acids: 7-124) were superimposed with an root mean 

square deviation of 1.3 and 5.5 respectively. Protein structures are shown in cartoon representation. 

 

4.3.2 WceF lacks the high Protein Stability  

The three dimensional structure of WceF and bacteriophage TSPs showed a high similarity. The latter 

were found to be thermostable enzymes which ensure the infectivity of the bacteriophage even under 

extreme extracellular conditions. But TSPs slowly denature in the presence of detergents above 

temperatures of 70°C (Barbirz et al., 2009). However, in spite of the trimeric β-solenoid structure, 

WceF denatured when incubated with 2 % (w/v) SDS at room temperature and migrated as a 
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monomer in an SDS-PAGE (Figure 34). In comparison, P22 TSP is SDS resistant under these conditions 

and the trimer was detected (apparent molecular mass of 190 kDa), in agreement with previous 

results (Manning and Colón, 2004; Mishra et al., 2007). Eventually, when heated to 100°C in 2 % SDS 

prior to electrophoresis the P22 TSP denatured to monomers.  

Figure 34: SDS-Resistance test of TSPs and WceF  

Prior to the SDS-PAGE protein samples were incubated 

with SDS-PAGE sample buffer, including 2 % (w/v) SDS, at 

room temperature (-) or heated for 5 min at 100°C 

(+).The amount loaded for each protein species, P22 TSP, 

WceF and ΦEa1h TSP, was 2.3 μg. 

 

 

Next, the stability of the trimeric interfaces of WceF was analyzed and compared to TSPs, in order to 

reveal potential structural differences which might explain the sensitivity of WceF towards SDS. 

Previous studies showed, that the C-terminal fragments of TSPs, constructs which lack the N-terminal 

phage-binding domain, account for the thermostability, protease and SDS resistance 

(Miller et al., 1998a, 1998b; Kreisberg et al., 2002; Freiberg et al., 2003). Hence, the interfaces of the 

C-terminal parts of WceF and TSPs were compared (Table 7). WceF exhibits an interface area of 

4998 Å which is higher than the interface area of P22 and ΦAB6 TSP. Similarly, WceF comprises more 

residues in the interface. Here, the C-terminal trimer is stabilized by 86 hydrogen bonds and 25 salt 

bridges. In contrast, the P22 TSP and ΦAB6 TSP interfaces exhibit around 65 hydrogen bonds and 11 

salt interactions. Finally, the trimer association of WceF is more stable with a G of -42.1 kcal ∙ mol-1 

than compared to the P22 TSP and ΦAB6 TSP interfaces with -36.2 kcal ∙ mol-1 and -40.1 kcal ∙ mol-1, 

respectively. Hence, the stabilization of the trimeric oligomerization of WceF is similar to those of 

other TSP and thus do not account for differences in the resistance against SDS.  

In addition, the comparison of the full-length proteins showed that the N-terminal domain of WceF 

and ΦAB6 TSP did not contribute to the stabilization of the trimeric associations (Table S2).   
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Table 7: Biophysical characterization of the interfaces of WceF and TSPs  

The interface between the amino acid sequences of the C-terminal fragment (polypeptide chain from the β-helix to the 

C-terminus) for P22 (pdb: 2XC1) and φAB6 (pdb: 5JS4) were compared to WceF. Here the interface is defined as the area 

between two adjacent subunits. 

 Interface of C-terminal 
fragments 

WceF P22 TSP φAB6 TSP 
amino acids 232-735 126-666 98-565 

Chains forming the interface E-F A-B A-C 
Interface area / Å 4998 4170 4241 

Number of residues in interface 140 115 118 
Number of hydrogen bonds 86 65 64 

Number of salt bridges 25 11 11 

Solvation free energy G -42.1 -36.2 -40.1 

 

4.3.3 Structure Prediction of the ΦEa1h Bacteriophage Tailspike Protein  

The ΦEa1h bacteriophage is used in biocontrol agents against Erwinia and Pantoea species 

(Boulé et al., 2011; Müller et al., 2011; Schwarczinger et al., 2017). It expresses a TSP 

(UniProt: Q9G072) which cleaves stewartan polysaccharide chains and consequently has been used in 

the elucidation of the stewartan monosaccharide structure (Nimtz et al., 1996). No crystals could be 

obtained in crystallization attempts of the ΦEa1h TSP. Hence, the native three dimensional structure 

was predicted using the Phyre2 server (Figure 35). With the full sequence of the ΦEa1h TSP, twenty 

structures were modeled based on sequence alignments with proteins from the Protein Data Bank. 

The results covered the first 339 amino acids of ΦEa1h TSP. The first three models (templates: 

rhamnogalacturonase from aspergillus aculeatus (Petersen et al., 1997), exopolygalacturonase from 

thermotoga maritima (Pijning et al., 2009) and bacteriophage Φ29 gp 12 (Xiang and Rossmann, 2011) 

revealed a central parallel three stranded β-helix which differed in the number of coils and 

consequently in the length of the β-helix. Similar to the previous described structures of WceF and P22 

TSP an α-helix lies on top of the β-helical structures to seal the helical interior.  
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Figure 35: Phyre2 structure prediction of the ΦEa1h TSP β-helix  

Three models predicted a central β-helix for the amino acids 82-323 (grey), 75-316 (cyan) and 83-318 (purple) with 

confidences of 98.9 %. Predictions are shown in cartoon representation. 

 

At the N-Terminus a four stranded Greek key motif was predicted (confidence 99.3 %) based on the 

template structure of TSP 2 from bacteriophage cba120 (Plattner et al., 2018). The order of β-strands 

was found to be highly identical to the Greek key motif of WceF and both structural motifs highly 

superimposed with a RMSD of 0.62 Å (Figure 36, A and B). Additionally, the β-helical structures of both 

proteins overlap with a RMSD of 1.80 Å (Figure 36, C). Nevertheless no particle-binding domain was 

predicted as seen in WceF and other TSP (Seul et al., 2014; Lee et al., 2017). 

Figure 36: Superimposition of the Phyre2 predicted 

structure of ΦEa1h TSP with WceF 

The protein structures are shown in cartoon 

representation of (A) the Greek key motif of WceF 

(green, amino acids 148-234) and a model of the 

N-terminus of ΦEa1h TSP (grey, amino acids 14-106, 

Phyre2 confidence: 99.3) sharing (B) the same Greek key 

topology. (C) Superimposition of the β-helices of WceF 

(green, amino acids: 269-527) and the model of ΦEa1h 

TSP (grey, amino acids: 82-323, Phyre2 confidence: 98.9 

%) with root mean square deviations of (A) 0.62 Å and 

(C) 1.80 Å respectively. 
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Hence, the fold of the ΦEa1h TSP is highly similar to the three dimensional structure of WceF and 

other TSPs. Additionally, it oligomerized into trimers as confirmed by size exclusion chromatography 

(Figure S19). Nevertheless, in agreement with WceF the ΦEa1h TSP showed no SDS resistance at room 

temperature (Figure 34). 

4.3.4 WceF and the ΦEa1h TSP are Stewartan-Specific Glycosidases 

TSPs have been shown to cleave bacterial surface exposed glycan structures which results in small 

oligosaccharide fragments as products of the digestion (Barbirz et al., 2008; Schulz et al., 2010; 

Lee et al., 2017). In case of a biofilm forming bacterial culture this enzymatic activity can be beneficial 

for the bacteriophage in order to pass the biofilm barrier in fulfillment of the infection process. WceF 

shares the domain architecture as found for TSPs (see section 4.3.1). Consequently, in analogy to TSPs, 

WceF was incubated with isolated stewartan, which is the most abundant component in P. stewartii 

biofilms (Roper, 2011), at 10°C (Figure 37). Indeed, WceF accepted the ExoPS as a substrate and 

furthermore cleavage of stewartan was seen in an increase in reducing ends over time. Here, an initial 

moderate rise in cleavage of stewartan took place, but after around 225 h the reaction accelerated 

and a higher number of reducing ends up to 0.4 mM were produced. Reactions without stewartan or 

WceF showed no increase in reducing ends which therefore ruled out any unspecific cleavage of the 

stewartan ExoPSs. As supposed, WceF binds and cleaves stewartan over a time period of 300 h 

(12.5 days). These results were compared to a stewartan digestion by the Erwinia Phage ΦEa1h TSP. 

Here, the ΦEa1h TSP cleaved stewartan at significantly higher velocity than WceF. The number of 

reducing ends immediately increased with the addition of TSP and rose up to 0.3 mM in 0.5 h, at 

which the reaction slowly saturated.  

Figure 37: Stewartan digestion by WceF and ΦEa1h TSP 

1 mg ∙ mL-1 stewartan was incubated with 1.2 μM WceF 
(black) or 141 nM ΦEa1h TSP (red) at 10°C. Reducing 

ends were analyzed over the reaction time using the 

MBTH-test. Reactions without WceF (green) or without 

stewartan (blue) served as controls.  
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4.3.5 Enzymatic Stewartan Degradation at Different Temperatures 

The hydrolysis of stewartan by WceF at 10°C was shown to be a slow process (Figure 37). The activity 

of WceF towards stewartan was increased by rising the temperature to 30°C (Figure 38). Here, 

reducing ends were formed roughly after 75 h. It was further noticed, that the reducing end kinetic 

followed an exponential increase. No saturation in the formation of reducing ends was seen on this 

time scale and most likely, an even longer time period need to be investigated to see the completion 

of the reaction. It became apparent, that at low temperatures the stewartan degradation is 

sufficiently slowed down to reveal separate kinetic regimes. To derive an estimation about the 

reaction velocity at different temperatures the slope of these isolated kinetic regimes were analyzed. 

Consequently, the reducing end formation in the time interval of 225 h to 300 h is characterized with a 

kcat,app of 0.044 U ∙ μmol-1. As expected for the stewartan degradation at higher temperatures, the 

turnover number at 30°C increases to kcat,app = 0.085 U ∙ μmol-1.  

In addition, the degradation of polymers has also been described by zeroth order kinetics 

(see section 3.2.6) (Hjerde et al., 1996; Tayal et al., 1999; Tømmeraas and Melander, 2008). A physical 

explanation has been given as at the beginning of the reaction, sufficient substrate is available to form 

an enzyme-substrate complex (Tayal et al., 1999; Li et al., 2004). Increasing the number of substrate 

will not result in an increase of substrate-bound enzyme complexes and thus an increase in the 

reaction velocity. Supportingly, it is here assumed that stewartan has a weight-average molecular 

weight of 3 MDa (Schollmeyer et al., 2012). This would yield a polymer of roughly 3000 RUs or 

hydrolysable bonds. Indeed, a stewartan concentration of 1 mg ∙ mL-1 would then equal approximately 

3 mM substrate bonds, which is in contrast to 1200 mM WceF. Hence, the initial stewartan hydrolysis 

kinetic is presumably independent of the substrate concentration and was consequently fitted with a 

zeroth order kinetic rate law. With this, the apparent rate constants k0,app of 6.15 mM ∙ h-1 and 

3.18 mM ∙ h-1 for the stewartan hydrolysis at 30°C and 10°C, respectively, were obtained. The latter, 

when normalized to the enzyme concentration and expressed in Units, are similar to the turnover 

numbers kcat,app obtained by the classical Michaelis-Menten kinetic analysis.  
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Figure 38: Stewartan digestion by WceF at different 

temperatures 

1 mg ∙ mL-1 stewartan was digested by WceF at 10°C 

(black) or 30°C (purple). Reducing ends were analyzed 

over the reaction time using the MBTH-test. The 

apparent turnover number or rate constants were 

determined from the slopes of separate kinetic regimes. 

 

 

 

 

 

 

In contrast to the hydrolysis kinetics of WceF, the ΦEa1h TSP is a very efficient stewartan 

depolymerase at 10°C (Figure 39, A). The apparent turnover number kcat,app, as determined from the 

slope of the plot of reducing end concentration against the time, was 149 U ∙ μmol-1. The same 

analysis was applied to the stewartan degradation by the ΦEa1h TSP at 30°C (Figure 39, B) and kcat,app 

with a value of 307 U ∙ μmol-1 was determined. Hence, the stewartan hydrolysis of the ΦEa1h TSP is 

approximately 3300 to 3600-fold faster at 10°C and 30°C, respectively, than compared to WceF.   

In addition, the stewartan hydrolysis by the ΦEa1h TSP at 30°C saturated approximately after 0.5 h 

(Figure 39, B). However, after the reaction resided for about 50 h in saturation, an additional increase 

in the enzymatic activity was seen. This additional increase is characterized with an apparent turnover 

of 0.27 U ∙ μmol-1. Consequently, the cleavage of stewartan by the ΦEa1h TSP at 30° is marked by a 

first fast hydrolysis of the ExoPS which precedes a second slower stewartan degradation.  
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Figure 39: Kinetic analysis of the stewartan digestion by the ΦEa1h TSP  
1 mg ∙ mL-1 stewartan was digested by ΦEa1h TSP at (A) 10°C and (B) 30°C. Reducing ends were analyzed over the reaction 

time using the MBTH-test. The apparent turnover number or rate constants were determined from the slopes of the increase 

in reducing ends. 

 

4.3.6 WceF and ΦEa1h TSP Produce Similar Oligosaccharide Fragments  

Cleavage of glycan structures by TSPs produced oligosaccharide fragments which were analyzed by 

means of SDS-PAGE, size-exclusion chromatography or capillary electrophoresis (Andres et al., 2013; 

Broeker et al., 2018; Kunstmann et al., 2018b). In agreement, the reaction products of the stewartan 

degradation at 30°C were analyzed using size-exclusion chromatography (Figure 40). In case of the 

degradation reaction of WceF an increase in reducing ends was already visible from 30 h (up to 80 h). 

At specific time points, samples of the reaction were stopped by 0.5 M NaOH and applied to size-

exclusion chromatography. The large excess of NaOH caused large changes of the refractive index at 

the migration front (around 18-20 mL) (Figure S21). In rare cases, the NaOH also accounted for signals 

around an elution time of 17 mL. However, the signals which originated from the stewartan 

oligofragments were detected at retention volumina of 10 - 16 mL and were not disturbed by the 

NaOH signal (Figure 40). Throughout the reaction single RUs (as verified by mass spectrometry, Figure 

S23), which eluted at 15 mL in size-exclusion chromatography, as well as oligosaccharide fragments of 

larger size (around 10 mL) were produced. The actual amount of each species increased during the 

reaction time. Reactions without WceF showed no products formed during the incubation 

(Figure S21). Stewartan digestion by the ΦEa1h TSP at 30°C over a time of 150 h was found to be 

biphasic (Figure 39, B). In the first 30 min the production of reducing ends saturated and in 
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agreement, as confirmed with mass spectrometry (Figure S20), one and two RUs with a retention 

volume of 15 and 14 mL, respectively, were produced in this time period (Figure 40, B). Larger 

fragments were also seen at retention volumina of 10-12 mL. The respective signals of the latter 

consisted of different oligosaccharide species which were not completely baseline separated in these 

experiments. These signals disappeared before the hydrolysis reaction completely saturated and thus 

more one and two RUs were produced. As soon as after 50 h the additional increase in reducing ends 

took place, more one and two RU species were formed (Figure 40, B). Hence in this time period, long 

stewartan chains, which were not resolved by size-exclusion chromatography, were digested to the 

latter two species.  

 
Figure 40: Size-Exclusion Chromatography analysis of stewartan degradation by WceF and ΦEa1h TSP  

1 mg ∙ mL-1 stewartan was digested at 30°C by (A) WceF or (B) the ΦEa1h TSP. The curves for the reducing end formation 

over time are shown in Figure 38 and Figure 39. Samples from the hydrolysis reaction were stopped at different time points 

with NaOH. Afterwards, the inactivated samples were loaded on a SuperdexTM peptide 10/300 and the stewartan 

oligosaccharide products formed during the reaction analyzed. Time points in the stewartan degradation by WceF were 24 h, 

44 h and 49 h, 68 h, 73 h, 94 h, 118, 144, 168, 193 h, 215 h (Figure 38). In case of the stewartan cleavage by the ΦEa1h TSP 
the time points 0.04 h, 0.08 h, 0.1 h, 0.3 h, 0.7 h, 3.1 h and 21 h, 27 h, 48 h and 70 h, 92 h, 117 h, 145 h were chosen 

(Figure 39). Each reaction is marked by different phases in the reducing end (cRE) formation which are indicated.  

 

During the stewartan digestion, WceF as well as ΦEa1h TSP produced different lengths of RU 

oligosaccharides. These fragments were further analyzed by capillary electrophoresis to provide a 

better resolution (Figure 41). Due to the different cleaving velocities of WceF and ΦEa1h TSP the 

oligosaccharide products were compared after different reaction times, 197 h and 6 min for WceF and 

ΦEa1h TSP, respectively. At 30°C, WceF produced oligosaccharides species at 5.4, 6.0, 6.3, 6.6 and 

6.9 mL (Figure 41, A). The first two species were assigned to one and two RU, respectively, using 

purified standards of each oligosaccharide (Figure S20). The separation of different sized 
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oligosaccharides with identical mass-to-charge ratio in capillary electrophoresis follows a linear 

dependence of the retention time to the logarithm of the molecular mass (Werner et al., 1993; 

Guttman et al., 1994). Assuming the other signals originate from three, four and five RU fragments, 

this dependency is given (Figure 41, B and Figure S22). The same products were found for stewartan 

digestion by the ΦEa1h TSP already after 6 min, again reflecting the high activity of the TSP against 

stewartan. Consequently, the capillary electrophoresis profile of stewartan digestion by WceF to the 

electropherogramm of ΦEa1h TSP-stewartan-cleavage and (one and two) RUs standards were highly 

similar. Therefore, WceF is likely to by an endogalactosidase and cleaves the β-D-GalIII(1→3)-α-D-GalI  

linkage between the stewartan repeating units.  

 
Figure 41: Capillary electrophoresis analysis of the stewartan digestion by WceF or ΦEa1h TSP 

(A) 1 mg ∙ mL-1 stewartan was digested with WceF for 197 h (black) or ΦEa1h TSP for 0.5 h (red) and oligosaccharide 

fragments were fluorescently labeled to enable capillary electrophoresis. Purified one RU (cyan) and two RU (purple) were 

loaded as standards. (B) The retention volumes of each oligosaccharide species was determined and plotted against the 

logarithm of its molecular weight (one and two RU, circles) or the molecular weight was assumed to be three, four and five 

RU (squares).  

 

4.3.7 Activity Profiles of WceF and ΦEa1h TSP at Different Conditions  

Finally, beside the difference in the hydrolysis velocity (Figure 37), the activity of both enzymes under 

different conditions was investigated. The stewartan digestion by WceF is highly dependent on the 

NaCl concentration (Figure 42, B). The highest activity is reached at a moderate concentration of 

50 µM NaCl and consequently dropped with increasing NaCl concentrations. Furthermore, WceF 

showed an activity only at a pH of 5 and did not cleave stewartan at other pH values (Figure 42, A). In 
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contrast, the ΦEa1h TSP showed enzymatic activity throughout a broad range of NaCl concentrations 

(50-500 µM) and pH values (5 – 9.5) (Figure 42).    

 
Figure 42: Stewartan degradation under different conditions 

1 mg ∙ mL-1 stewartan was digested at 30°C by WceF for 120 h (grey) or ΦEa1h TSP for 72 h (red) at different (A) pH and 

(B) NaCl concentrations. Reducing ends were analyzed over the reaction time using the MBTH-test. Measurements were 

done in triplicates and errors are shown as standard deviation. 

 

Next, the influence of the confinement of the stewartan matrix on the diffusion of WceF and ΦEa1h 

TSP was investigated. Again, the stewartan degradation activity of both proteins was analyzed after 

different incubation times (WceF: 120 h, ΦEa1h TSP: 24 h). WceF produced reducing ends up to 0.3 

and 0.4 mM at 1 and 5 mg ∙ mL-1 of the ExoPS, respectively, but showed a reduced activity at 

10 mg ∙ mL-1 stewartan (Figure 43). In contrast, the ΦEa1h TSP already cleaved stewartan to RU 

concentration of around 0.4 mM when incubated with 1 mg ∙ mL-1 stewartan or 10 mg ∙ mL-1 

stewartan. Still, the ΦEa1h TSP has the highest activity in 5 mg ∙ mL-1 stewartan.  

Figure 43: Stewartan degradation at different stewartan 

concentrations 

Stewartan with different concentrations was digested at 

30°C by WceF for 120 h (grey) or with the ΦEa1h TSP for 

72 h (red). Reducing ends were analyzed over the 

reaction time using the MBTH-test 
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4.3.8 Characterization of Enzymatic Remodeling of the Stewartan Matrix 

FCS experiments with fluorescently labeled WceF were conducted to clarify if the reduced activity of 

WceF in highly concentrated stewartan solutions arose from a reduced diffusion. Indeed, in 

10 mg ∙ mL-1 stewartan, WceF immediately associated into spherical protein aggregates (Figure 44, B). 

The fluorescently labeled WceF formed clusters or even clumps as seen by intense fluorescent spots. 

The sizes of these cluster ranged from around 5 μm (low dense clumps) to 1.5 μm (tightly packed 

aggregates). A similar picture emerges from the analysis of the aggregation behaviour of WceF in 

1 mg ∙ mL-1 stewartan (Figure 44, A). Here, the number of spots of fluorescent crosslinked WceF 

populations is lower than compared to the WceF clusters in 10 mg ∙ mL-1 stewartan but in contrast 

they exhibit larger sizes. The latter ranged from approximately 3 μm to 10 μm. Presumably, less 

stewartan interaction sites for WceF are provided in stewartan solutions with a low ExoPS density 

which results in a decreased number of clusters. However, to a much lower extent, aggregation of 

WceF was also seen in pure buffer solutions. Hence, WceF is slightly prone to undergo aggregation 

under these conditions which is enhanced by the presence of the ExoPS stewartan. It is to note here, 

that the images of fluorescently labeled WceF were taken with different magnifications. 

 
Figure 44: Characterization of the diffusion of WceF molecules in the stewartan network 

WceF was fluorescently labeled and incubated with (A) 1 mg ∙ mL-1 or (B) 10 mg ∙ mL-1 stewartan. Examples of WceF clusters 

are denoted by yellow (low density clumps) or white (high density aggregates) arrows.  
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When ΦEa1h TSP was added to stewartan solutions of high concentration (10 mg ∙ mL-1), the 

stewartan ExoPSs were cleaved in an exponential manner and the reaction saturated after 30 min at 

around 400 mM RUs (Figure 45, B). The standard deviations, compared to stewartan digestions at 

lower ExoPS concentrations, were considerably higher. The latter might result from errors due to 

pipetting with highly viscous stewartan solutions. The apparent rate constant k0,app was determined 

with 102 U ∙ h-1 (Figure 45, B). Hence, the degradation of 10 mg ∙ mL-1 stewartan was slightly slower 

than the hydrolysis of the ExoPS in 1 mg ∙ mL-1 stewartan solutions which was caused due to an 

increased diffusional restriction of the reaction. In contrast to WceF, no aggregates of ΦEa1h TSP 

proteins were seen (Figure 45, A). Instead, the confinement to the diffusion experienced by the ΦEa1h 

TSP proteins and 64 nm PS microspheres was already released after 0.1 h (6 min) and 0.8 h (48 min), 

respectively (Figure 45, C). The anomaly exponent for the diffusion of 64 nm beads increased from 

sub- to normal Brownian diffusion (α from 0.75 to around 1) (Figure 45, D). Hence, ΦEa1h TSP 

enzymatically cleaved the stewartan polymers and eliminated the associated ExoPS matrix 

confinements. To note, the fluorescent label did not influence the enzymatic activity of the ΦEa1h TSP 

as confirmed by a comparison of a stewartan hydrolysis with the native enzyme (Figure S24). 
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Figure 45: Elimination of the stewartan matrix confinement by the ΦEa1h TSP  
10 mg ∙ mL-1 stewartan were incubated with the ΦEa1h TSP. (A) Snapshot of the diffusion of fluorescently labeled 

ΦEa1h TSPs in the stewartan lattice. (B) The production of reducing ends was followed over time using the MBTH-test (red) 

and a reaction without ΦEa1h TSP (blue) served as control. (C) The hindrance factor and (D) anomaly exponent α were 
analyzed for the diffusion of ΦEa1h TSP (red) or 64 nm PS microspheres (green). 

 

The loss of the intrinsic confinements of the stewartan matrix due to the ExoPS digestion of ΦEa1h 

TSP was investigated for 64 and 193 nm PS microspheres over a broad range of stewartan 

concentrations (Figure 46). As expected, after 1 h incubation with the ΦEa1h TSP the hindrance factor 

was reduced to almost no hindrance (τhind ~ 1) (Figure 46, A). In the same way, the anomaly exponent 

increased to unity (Figure 46, B). Consequently, the ΦEa1h TSP effectively reduces diffusion 

hindrances independent of the density of the stewartan hydrogel network. 
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Figure 46: Diffusion of fluorescent particles at different stewartan concentrations after the addition of ΦEa1h TSP 

The diffusion of PS beads was analyzed with (A) the hindrance factor and (B) the anomaly exponent α before 
(PS beads: 64 nm, green, and 193 nm, blue) or after 1 h (PS beads: 64 nm, light red, and 193 nm, red) incubation with the 

ΦEa1h TSP. 
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5. Discussion  

5.1 Physicochemical Characterization of the Stewartan Network 

Bacterial ExoPSs are highly soluble polymeric entities (Sutherland, 2001a; Miao et al., 2015; 

Insulkar et al., 2018; Yang et al., 2018), which can form large networks (Ganesan et al., 2013; 

Chalykh et al., 2017; Schneible et al., 2019) or even crystalline supracellular structures 

(Fang and Catchmark, 2015; Giese et al., 2015). In this work, stewartan was purified from P. stewartii 

biofilms and the ExoPS formed networks which impeded the diffusion of fluorescent particles up to a 

factor of 60 (compared to free diffusion in buffer). This impaired diffusion was shown to be dependent 

on the size of the tracer molecule and pH of the buffer solution. A detailed discussion on the diffusion 

behaviour can be read below (see section 5.4). In this work, the flow behaviour of purified long-

chained stewartan was investigated. Two separate regimes were found in a plot of the specific 

viscosity/ specific hindrance against the stewartan concentrations. These crossovers in the flow 

behaviour of polysaccharides were used as a mechanical description of the association of the 

polymers (Arvidson et al., 2006; Poinot et al., 2014; Ganesan et al., 2016). A transition point ct was 

determined at a concentration of 7 mg ∙ mL stewartan. As found for other ExoPSs the commonly 

observed transition from c1 to c2-3.7 scaling regimes is indicative for a crossover from semidilute 

nonentangled to semidilute entangled solutions (ct = ce with ce = critical entanglement concentration) 

(Heo and Larson, 2005; Mitsumata et al., 2013; Ganesan et al., 2016). ExoPSs, which exhibit charged or 

hydrophobic modifications, undergo a transition of flow behaviour at similar ct's due to increased 

interchain associations (Akiyama et al., 2007; Nyström et al., 2009; Ganesan et al., 2013). Additionally, 

rheological investigations of ExoPSs described a critical coil overlap concentrations c* (the point of 

interpenetration of polymers) which is usually found roughly at the point where the viscosity is half till 

twice the solvent viscosity (Krause et al., 2001; Desbrieres, 2002; Wyatt and Liberatore, 2009). 

However, due to a small resolution of data points in the range of 0 to 0.5 mg ∙ mL-1 stewartan, the 

c* for polymeric stewartan solutions was not determined in this work.  

The here reported magnitude of the scaling regimes and position of the transition points imply rather 

disordered and flexible stewartan solutions (Arvidson et al., 2006) which is supported by multiple 

combinations of stereochemical configurations and linkage patterns in stewartan. In contrast the 

solution regimes of highly stabilized supramolecular structures or dense hydrogels of polysaccharides 

showed early overlap transitions and semidilute regimes with steep slopes (up to exponents of c9) 

(Desbrieres, 2002; Arvidson et al., 2006). Typically, these types of polysaccharides lack a highly 
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branched molecular structure (e.g. chitosan, levan). Here, oligosaccharide side-chains were generally 

shown to promote conformational flexibility and negatively influence the tight packing of 

polysaccharide chains into higher three dimensional assemblies (Tako and Nakamura, 1985, 1986; 

Christensen et al., 1995; Tuinier et al., 2001; Schuster et al., 2012). In addition, the negative repulsion 

from the carboxyl groups as found for stewartan need to be overcome in order to tightly associate. 

These negative charges are prone to be bridged by polyvalent ions or display nonspecific binding sites 

for proteins which may lead to crosslinked polysaccharide gels with increased mechanical stability 

(Seviour et al., 2012; Tielen et al., 2013; Azeredo and Waldron, 2016; Chalykh et al., 2017; Nakauma et 

al., 2017). Hence, the intrinsic stewartan monosaccharide sequence governs the physical parameter of 

its own solutions and due to the branched flexible structure prevents the formation of tightly packed 

networks. This might display an advantageous characteristic in the early steps of the P. stewartii 

biofilm formation. Herrera et al showed that the surface motility of P. stewartii cells is critical for 

microcolony formation and pathogenicity (Herrera et al., 2008). Consequently, a strong confining 

ExoPS network and thus a highly viscous extracellular medium would therefore probably impede with 

the intercolony migration which is linked to biofilm-specific cell aggregation.   

Stewartan from P. stewartii was shown to consist of chains with a high degree of polymerization with 

a molecular weight around 1-4 MDa (~ 1000-4000 RUs) (Schollmeyer et al., 2012). Additionally, 20 RU 

stewartan was simulated in CG MD simulations for 100 ns. The final three dimensional structure 

contained stewartan chains which transiently formed weak interchain contacts. Hence, this system 

represents a stewartan solution in the dilute regime. Likewise, the stewartan hydrogel swelled with 

increasing water content, resulting in a more diluted polymer solution. However, the chain length of 

polysaccharides is an important factor which governs the properties of an exopolysaccharide network 

(Arvidson et al., 2006; Galván et al., 2013; Ganesan et al., 2013). Hence, differences in the 

physiochemical characteristics between 20 RU (CG MD simulation) and 4000 RU stewartan solutions 

are expected. In addition, the likelihood of entanglements increases with the chain length 

(Heo and Larson, 2005; Ganesan et al., 2016) and thus is unlikely to be seen in CG 20 RU stewartan 

simulations.  

5.2 The Stewartan Network in Pantoea stewartii Biofilms 

The physicochemical analysis of stewartan solutions was done with the isolated stewartan from 

P. stewartii biofilms. However, the extracellular matrix contains several other biomolecules, which will 

additionally influence the mechanical response of the surrounding medium. For example, the protein 

and polysaccharide components of the extracellular matrix of E. coli AR3110 form a dense composite 
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material (Serra et al., 2013a; Serra et al., 2015). Here, cellulose provided filamentous connections 

between the cells, whereas curli protein fibers formed cell surrounding "baskets" (Serra et al., 2013a). 

Consequently, brittle biofilm cryosection were obtained from bacterial mutants, which were deficient 

in the cellulose production. Hence, the here presented results have to be considered as an estimate of 

the whole biofilm properties, but as a very close approximation, as stewartan is the most abundant 

component and major virulence factor in P. stewartii biofilms (Nimtz et al., 1996; Herrera et al., 2008; 

Roper, 2011). Additionally, it is to note here, that the diffusion experiments in this work were not 

conducted at conditions similar to those provided by the lumen of the xylem, which is a rich pool of 

different salts (van Ieperen, 2007; Nardini et al., 2011). For example, the ionic strength was found to 

be important in modulating the physicochemical properties (e.g. viscosity) of the ExoPS solution 

(Orgad et al., 2011; Morrow et al., 2015; Torres et al., 2015; Yu et al., 2017). Consequently, more work 

has to be done in characterizing the influence of ions on the viscoelastic properties of stewartan. 

The average stewartan concentration of around 15 mg · mL-1 was calculated in this work for 65 h old 

biofilms, a concentration which is above the critical entanglement concentration. Nevertheless, in 

these experiments, the ExoPS concentration is averaged over the entire biofilm and did not consider 

biofilms as rather heterogeneous structures with respect to the density of the extracellular matrix 

(Lawrence et al., 2007; Xiao and Koo, 2010; Chew et al., 2014; Mosquera-Fernández et al., 2016). The 

lowest concentration of the extracellular material is usually found at the periphery of the biofilm 

assembly (Abedon, 2016; Vidakovic et al., 2018). Therefore, P. stewartii biofilms may exhibit regions of 

high stewartan concentrations (close to the bacterial cells) which are characterized by a non-

Newtonian fluid with entangled polysaccharide polymers whereas other areas might display a rather 

dilute flow behaviour of stewartan below the transition concentration of 7 mg · mL-1.  

5.3 Limitations and improvements of the coarse-grained stewartan model 

In this work, a stewartan CG model was derived from an all-atomistic MD simulation in a hybrid 

approach by obtaining bonded and nonbonded potentials using the force matching method and 

Boltzmann inversion, respectively. This strategy was shown to successfully reproduce the atomistic 

configurations in cellulose and chitosan systems (Sauter and Grafmüller, 2017; Schneible et al., 2019). 

In agreement, the RDFs of the CG stewartan system highly overlay with those of the atomistic 

reference system. However, the simulations of CG stewartan often crashed which might be a result of 

an overdetermination of the interactions in the CG stewartan model. Hence, too many bonded 

potentials were used to coarse-grain stewartan which most likely overconstrained the flexible nature 

of the ExoPS. For that reason, it is proposed here, to adopt the choice of bonded potentials to the 
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stereochemistry of each specific glycosidic linkage types. The overdetermination of bonded potentials 

was also seen, when the distribution functions of the CG model were compared to the atomistic 

analogue. Here, the calculation of bonded potentials by Boltzmann inversion sometimes 

overestimated the main maximum in the angular or dihedral distributions whereas secondary maxima 

were poorly represented. This behaviour was also recognized in other studies when using Boltzmann 

inversion (Hynninen et al., 2011; Sauter and Grafmüller, 2017). However, it is important to mention, 

that the distribution functions of the atomistic and CG stewartan systems in this work are generally in 

excellent agreement. Particular distributions could be improved by an iterative refinement of the 

Boltzmann inversion derived potentials (iterative Boltzmann inversion) (Moore et al., 2014; 

Choudhury et al., 2016; Li et al., 2016) where the limitations of Boltzmann inversion, such as the 

sensitivity to environmental parameters (density, temperature or neighbour CG sites), are overcome 

(Markutsya et al., 2013; Moore et al., 2014; Fan and Maranas, 2015).    

Furthermore, the charged interactions between the CG glucoronic acid residues were less well 

sampled in CG stewartan in agreement with the all-atomistic model. The extension of the CG model to 

an eight bead mapping scheme further improved the charged interactions. Although, other 

suggestions might additionally refine the force matching of the charged potentials. First, the mapping 

of the CG sites on the center of charge (instead of center of mass) of the underlying group of atoms 

resulted in a better description of the coulomb interactions (Cao and Voth, 2015; Dannenhoffer-

Lafage et al., 2019; Jin et al., 2019). Secondly, the potential of mean force provides a description of the 

atomistic model and in CG simulations intra- and intermolecular potentials are added pairwise to give 

an approximation of the potential of mean force (Das and Andersen, 2009; Dunn et al., 2016). The 

calculation of separate CG potentials derived from the atomistic Lennard-Jones or Coulomb 

interaction, which can be further modified, might also contribute to an additional improvement of the 

charged interactions (Dannenhoffer-Lafage et al., 2019). Thirdly, electrostatic interactions are 

screened by the surrounding solvent and ions (Wu et al., 2010; Ingólfsson et al., 2014; Lafond and 

Izvekov, 2018). Therefore, many-body CG interactions have been introduced which recover the 

potential of mean force with increased accuracy (Das and Andersen, 2012; John and Csányi, 2017).  

5.4 Stewartan Chain Dynamics and Consequences for the Diffusion of Biomolecules 

Many studies focused on the description of the diffusion dynamics of particles in polymer solvents 

(Holyst et al., 2009; Guo et al., 2012; Grabowski and Mukhopadhyay, 2014; Kort et al., 2015; 

Banks et al., 2016). The mobility of particles depend on separate time and length scales and within 

these certain regimes the Stokes-Einstein relation does not apply (Cai et al., 2011; Nath et al., 2018). 
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In this work, one important parameter which determined the particles diffusivity was the probe's 

diameter. As shown, the hindrance experienced by the fluorescent tracer molecules increased with 

particle size. Depending on the stewartan concentration, the diffusion of large PS microspheres 

(193 nm) scaled in the same order than the macroviscosity determined with the falling ball 

viscosimeter. It appears that these large PS beads experience the full macroviscosity of the stewartan 

solution beyond the continuum limit which makes the description with the Stokes-Einstein relation 

valid. Higher diffusion dynamics were obtained as the size of the PS microspheres decreased, thus the 

local viscosity was probed (Holyst et al., 2009; Kohli and Mukhopadhyay, 2012). The latter varies with 

the particle diameter in relation to the correlation length (average mesh size ξ) and radius of gyration 

of the polysaccharide polymers (Cai et al., 2011; Nath et al., 2018). Lastly, a third regime was 

described in which the particle diameter is much smaller than ξ and the probe will exhibit diffusion 

coefficients very close to the ones in pure solvent (Cai et al., 2011; Nath et al., 2018). This is in 

agreement with the diffusion dynamics of Alexa Fluor® 488 which yielded diffusion times similar to 

those in buffer alone (hindrance factor close to unity). Hence, the pore diameter of the stewartan 

network must be small enough (below 193 nm) to prevent the penetration of the interstitial space by 

the largest PS beads (Cai et al., 2015), but in the range of 64 nm to partially hinder the diffusion of 

64 nm PS microspheres. In agreement, pore formation between the stewartan chains were seen in CG 

MD Simulations. The pore diameter varied with the stewartan concentration from 3 to 11 nm for the 

RU concentrations of 86 and 10 mM, respectively. However, simulations with increased stewartan 

chain lengths might be able to reproduce the pore dimensions as seen in the diffusion experiments. 

In addition, differences in the hindrance experienced by the florescent tracer molecules in stewartan 

were also observed in dependence to the pH. This suggests that the mobility is additionally affected by 

electrostatic interactions of the probes with the stewartan polymer. As one obvious explanation, the 

stewartan carboxylic groups (pKa ~ 3, Wang et al., 1991) are more negatively charged at pH 8 which 

will influence the interaction with PS beads, which exhibit negative zeta potentials, by electrostatic 

repulsion. Indeed, interactions of biomolecules or nano-sized objects with the extracellular matrix of 

the biofilm have been reported (Dengler et al., 2015; Ikuma et al., 2015; Harper et al., 2019). 

Furthermore, the biofilm permeability of antibiotics depends on the overall charge and may render 

them ineffective in cases where they adsorb to biofilm components (Stewart et al., 2009; Tseng et al., 

2013; Singh et al., 2016). In addition, the negative charges of the glucuoronic acids subunits account 

for a strong water association thus increasing the particle's local viscous drag (Nockemann et al., 2008; 

Yang et al., 2009; Besbes et al., 2011). Further evidence from this work, that interactions with the 

stewartan matrix resulted in a reduced mobility, comes from diffusion experiments with P22 
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bacteriophage particles. Here, the mobility of the phages was found to be three to four times faster 

than the diffusion of 64 nm PS beads. As the phage particle diameter is larger (71-73 nm) than that of 

these microspheres, the individual experienced confinement cannot sufficiently be explained with the 

differences in size of the particles. Indeed, the P22 phages exhibited lower negative Zeta potentials 

than the PS microspheres and likely are therefore less repelled from the stewartan polymer material. 

Other types of interactions, such as hydrophobic interactions, are also expected to influence the 

diffusion behaviour of PS beads and P22 phages in stewartan solutions due to differences in their 

surface properties (Asensio et al., 2013; Janczarek et al., 2015; Kuttel et al., 2015; Chin et al., 2017). 

These results suggest that the stewartan polymers are prone to form a three dimensional network 

which is sufficient to display characteristics from intact biofilms, such as the selective transport of 

particles. Here, biofilms were described as molecular sieves (Flemming and Wingender, 2010).  

5.5 Phage Particle Diffusion in Biofilm  

During the stewartan diffusion experiments one population of phages was highly confined by the 

ExoPS matrix with diffusion coefficients 100 to 1000 fold lower than freely diffusing P22 

bacteriophages (at a stewartan concentration of 10 mg ∙ mL-1). This might prove an effective 

entanglement of stewartan polysaccharides in which the meshes of the entangled stewartan network 

are transiently formed in dependence to the entanglement length (Cai et al., 2011; Nath et al., 2018). 

These length scales account for heterogeneities in the stewartan mesh-like network and eventually 

phages became trapped in pores. In support of this finding, a population of 64 nm PS microspheres 

were also found to be trapped in pores in preliminary experiments, resulting in low diffusion 

coefficients. Indeed, in contrast to the freely diffusing agents, the diffusion behaviour of trapped 

bacteriophage particles deviate from a classical random walk and showed a biased towards successive 

steps in opposite direction (θ = 180°). Here, it is proposed that bacteriophages reside within the 

interstitial space where they often collide with the stewartan material. In agreement, trapping of 

phages in biofilms was seen even for bacteriophages which exhibited a respective enzymatic activity 

toward the ExoPS (Hu et al., 2012; Vidakovic et al., 2018). As a result phages accumulated at the low-

dense periphery of the biofilm and the infection rate decreased with the deepness of biofilm 

penetration. Additionally, bacteria associate into mixed-biofilm species which further impair with the 

bacteriophages infectivity (Kay et al., 2011; Chew et al., 2014). Consequently, there is a big demand 

for engineered phages with flexible host specificity and additional hydrolytic functions to overcome 

dense biofilm architectures with different compositions of the extracellular matrix 

(Lu and Collins, 2007; Alcaine et al., 2016; Cao et al., 2016; Lin et al., 2017).     
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5.6 Interactions of WceF and ΦEa1h TSP with the Stewartan Matrix 

The TSP from the ΦEa1h bacteriophage is a very fast and efficient stewartan hydrolase compared to 

WceF. Incubations of the TSP with 10 mg ∙ mL-1 stewartan results in an almost complete loss of the 

diffusion-limiting properties of the ExoPS network within 45 min at room temperature. The mobility of 

64 nm PS microspheres underwent a transition from anomalous subdiffusion to normal Brownian 

diffusion (anomaly exponent α ~ 1). This findings are in agreement with TSPs being highly efficient 

polysaccharide depolymerases (Schwarzer et al., 2009; Cornelissen et al., 2012; Gutiérrez et al., 2015; 

Kunstmann et al.,  2018a). Additionally, TSPs comprise highly stable three dimensional folds which 

ensure enzymatic activities at different environmental conditions (Barbirz et al., 2009). Consequently, 

the ΦEa1h TSP is active over a broad range of pH values and NaCl concentrations. 

Here, it was shown that the ΦEa1h TSP cleaves stewartan to oligosaccharides of different sizes. During 

the stewartan hydrolysis a distribution of stewartan oligosaccharides was produced which presumably 

spans the whole length from one RU to uncleaved stewartan polysaccharide. Analysis of the hydrolysis 

products by capillary electrophoresis resolved oligosaccharide fragments up to 5 RU lengths. The 

depolymerisation of stewartan by the ΦEa1h TSP at 30°C was shown to be biphasic. Reducing ends 

were immediately produced in the beginning of the reaction. Here, large oligosaccharide fragments 

were detected in size-exclusion chromatography which were further digested to one and two RUs. 

After a saturation of the hydrolysis activity of 30 h and additional second increase in reducing ends 

was detected and more 1 and 2 RUs were produced. Several studies revealed, that ExoPS solutions 

contained a mixture of ordered and unordered polysaccharide regions (Christensen et al., 1993; 

Christensen et al., 1996). Indeed, the depolymerisation of these ExoPS solutions by acid hydrolysis was 

dependent on the conformational state of the polysaccharide (Hjerde et al., 1996). Comparable 

enzymatic degradation studies showed that the cleavage of polysaccharides is characterized by 

distinct kinetic regimes (Tayal et al., 1999; Li et al., 2004), in agreement with the biphasic stewartan 

hydrolysis of the ΦEa1h TSP. Hence, the fast stewartan hydrolysis kinetic at the beginning of the 

reaction could be explained by the degradation of more accessible stewartan populations whereas 

less accessible polymers are cleaved in a slower second degradation step. In addition, in this second 

kinetic regime long stewartan precursor molecules, which were not resolved by size-exclusion 

chromatography, are further digested to small-sized RUs oligomers instead of the hydrolysis of two 

RUs to one RUs. This emphasize that the ΦEa1h TSP might favour polysaccharide chains with a high 

degree of polymerization. In support of this hypothesis, enzymes, which degrade high molecular 

weight polysaccharides, usually bind the large polymer chains in a set of binding subsites 
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(Highsmith et al., 1975; Michel et al., 2003; Nielsen et al., 2009; Kang et al., 2016). Here, a critical 

number of binding sites must be occupied to position the polysaccharide chain in a more favourable 

conformation for the succeeding hydrolysis step (Highsmith et al., 1975; Cramer et al., 1994; Nielsen 

et al., 2009). Consequently, lower KM value are obtained for the binding of long polysaccharide chains 

and thus the enzymatic efficiency increases (Cramer et al., 1994). Hence, the biphasic stewartan 

degradation by the ΦEa1h TSP might also be a result of the early cleavage of long stewartan chains 

and a delayed hydrolysis of shorter ExoPS. However, these two kinetic regimes were separated by a 

50 h long saturation of long chained stewartan degradation. It is here proposed, that the cleaved 

fragments still reside in the active site by nonproductive binding (Varrot et al., 2003; 

Yamasaki et al., 2005). As soon, as the oligosaccharide products are displaced from the active site, 

new substrate can be bound.  

Nevertheless, studies which concentrated on the interactions of TSPs with high-molecular weight 

polysaccharide fragments (above several RU) are rare but are highly needed to understand the 

influence of chain length and polysaccharide network formation on the enzymes hydrolysis activity 

(Cramer et al., 1994; Fennouri et al., 2012; Fennouri et al., 2013; Kang et al., 2016). The active site of 

TSPs are composed of elongated shallow binding grooves on the surface of the β-helix 

(Barbirz et al., 2008; Andres et al., 2013; Schwarzer et al., 2015; Lee et al., 2017). The interaction with 

their ligands is mainly mediated by electrostatic interactions, such as hydrogen bonds, with a strong 

negative enthalpic contribution (Baxa et al., 2001; Andres et al., 2013; Kang et al., 2016; 

Kunstmann et al., 2018a). Binding of P22 TSP to a Shigella flexneri O-antigen dodecasaccharide 

requires a flexible polysaccharide chain and partially unconstrained protein backbone to avoid steric 

clashes (Kang et al., 2016). In agreement with the stewartan digestion by the ΦEa1h TSP, enzymatic 

degradation of high molecular weight hyaluronan resulted in an oligosaccharide size distribution 

which shifted towards smaller fragments depending on to the incubation time (Fennouri et al., 2012; 

Fennouri et al., 2013).   

The fast stewartan hydrolysis kinetic of the ΦEa1h TSP is in contrast to the ExoPS degradation by 

WceF which is much more slower process. Here, the increase in reducing ends is characterized by a 

pronounced lag phase. To best of knowledge, this is the first description of a bacterial tailspike-like 

protein. It was noticed that WceF formed aggregates with stewartan. The size of these highly dense 

protein clusters correspond to roughly 500 to 1000 WceF molecules in 10 and 1 mg ∙ mL-1 stewartan, 

respectively, as deduced from the analysis of the hydrodynamic radius from WceF size-exclusion 

chromatography experiments. In the previous chapter (section 5.4) the model of a molecular sieve 
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was derived, describing the influence of non covalent interactions on the diffusion of difference sized 

probes in the polymeric stewartan network. As a consequence, it is here assumed that WceF clusters 

are formed in association with the ExoPS which provide interfaces for electrostatic and hydrophobic 

interactions (Tielen et al., 2013). A similar behaviour has been found for lectins which are multivalent 

carbohydrate binding proteins (Sharon, 2007; Kumar et al., 2012). They provide several glycan 

epitopes which give rise to the cross-linking activities of lectins (Dam and Brewer, 2010). For example, 

the lectin Con A formed aggregates with mannose-modified polymers of 300 to 500 nm 

(Kim et al., 2005). Hence, it is here proposed that the trimeric WceF provide three independent 

stewartan binding sites which results in a lectin-like cluster formation. These protein-ExoPS 

interactions might then account for a hindered diffusion of WceF and consequently result in the 

observed lag phase in the production of reducing ends.  

Furthermore the long-lasting attachment of WceF with its substrate might be indicative for a 

processive mode of stewartan hydrolysis. Here, the processivity of enzymes is defined as the strong 

attachment of the protein to the substrate where it performs a series of catalytic events before it 

dissociates (Breyer and Matthews, 2001; Horn et al., 2006). Indeed, mainly one RU fragments were 

produced in incubations of WceF with stewartan. In agreement, the processivity of the chitinase B 

hydrolysis of chitosan was roughly measured by studying the ratio between the production of 

oligosaccharide dimers and monomers (Sørbotten et al., 2005; Horn et al., 2006). Hence, WceF might 

remain bound to the stewartan polymer and moves along the chain while enzymatically releasing 

single RUs. As a result, the long chains of stewartan would be degraded in a stepwise fashion. In 

agreement with what was observed in this work, as soon as the stewartan substrate polymers are 

small enough, they would be detected a later time points in the hydrolysis kinetic in the size-exclusion 

chromatography experiments. Still, although to a lesser extent, fragments with other sizes were 

produced, which proves that WceF is an endo-acting stewartan-specific depolymerase. Furthermore, a 

high processivity usually comes with a trade-off between a high affinity of the enzyme towards the 

substrate and a low hydrolysis velocity (Cramer et al., 1994; Breyer and Matthews, 2001; 

Nakamura et al., 2014) which is in agreement with the low hydrolytic activity seen for WceF. In 

contrast, the ΦEa1h TSP hydrolysis of stewartan is marked by less processivity and a more even 

distribution of produced oligosaccharide lengths. Indeed, large oligosaccharides were immediately 

seen in the size-exclusion chromatography experiments. Hence, the ΦEa1h bacteriophage cleaves 

stewartan and more deeply penetrates the biofilm in order to reach the bacterial cell due to a fast 

dissociation of the TSP from the initial ExoPS substrates. In contrast, other TSPs were shown to cleave 
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the capsular polysaccharide in a highly processive manner which helps in guiding the bacteriophage 

along the covalently attached polysaccharide towards the bacterium (Schwarzer et al., 2009).     

5.7 Putative Function of WceF in Pantoea stewartii biofilms 

The wildtype WceF exhibits an N-terminal twin-arginine translocation signal peptide thus in 

P. stewartii WceF is translocated across the inner membrane (DeLisa et al., 2003; 

Palmer and Berks, 2012). In this work, it was not investigated, if WceF is secreted to the periplasm or 

the extracellular medium but this information would be highly relevant in the discussion of the 

putative function of WceF in P. stewartii biofilms. For this reason, antibodies against WceF were raised 

in the group of Prof. Dr. Katja Hanack (Immunotechnology, University Potsdam) which are currently 

tested for their sensitivity and cross-reactivity. These antibodies would allow the detection of WceF in 

subcellular fractionations of P. stewartii by enzyme-linked immunosorbent assay or western blots 

(Mansell et al., 2010; Blair et al., 2018). The latter could be complemented with real-time polymerase 

chain reaction to detect the WceF mRNA which might be linked to stage-specific biofilm phenotypes. 

Hence, in the following, the putative function of WceF is discussed for both cases in which the enzyme 

is secreted to either the extracellular medium or the periplasm.  

In the diffusion experiment it was seen that WceF formed aggregates with the stewartan matrix. Such 

clustering of colloidal particles with components of the extracellular matrix is a common feature which 

has been recognized in many other bacterial biofilms (Duran-Pinedo et al., 2011; Stewart et al., 2013; 

Vidakovic et al., 2018). Likewise, clumping of bacterial cells co-localizes with dense regions in the 

extracellular matrix of S. epidermidis (Stewart et al., 2013). Furthermore, when fluorescent beads are 

incubated with purified protein curli fibers, one component of the extracellular matrix of E. coli, they 

spontaneously formed clusters (Vidakovic et al., 2018). All the here mentioned clusters of cells or 

beads had a size (1 to 5 μm) similar to the WceF clusters seen in this work. Although, the 

physicochemical properties of stewartan, S. epidermidis extracellular matrix and curli fibers differ, this 

points to an important function of the extracellular matrix to specifically accumulate proteins with 

beneficial functions (Tielen et al., 2013). Indeed, as a proof of principle, Tielen et al showed that 

proteins can interact with the extracellular matrix components thereby preventing their degradation 

by extracellular proteases (Tielen et al., 2013). Flemming et al introduced the concept of the 

extracellular matrix as an external digestion system (Flemming et al., 2016). As a consequence 

proteins can reside in the extracellular matrix and provide the enzymatic degradation activity of the 

extracellular material as nutrient source (Flemming, 2016). For these reasons a slow digestion of 

stewartan, as seen by WceF, might be useful in times of starvation to provide a long-lasting energy 
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source. In agreement, other endoglycanases have been described in the extracellular medium which 

trim the chain length of already secreted ExoPSs (York and Walker, 1997; Jones et al., 2007).   

As WceF is part of the wce gene cluster WceF might also be involved in the biosynthesis of stewartan 

in the periplasm. Here, stewartan is synthesized by the Wzx/Wzy-dependent pathway. This route of 

polysaccharide biosynthesis is highly conserved throughout bacterial species and ExoPSs 

(Whitfield, 2006; Islam and Lam, 2014; Schmid et al., 2015). Likewise, the Wzx/Wzy-dependent 

pathway comprises glycosyltransferase and enzymes for the modification of oligosaccharides. 

Biosynthesis is commonly initiated with the transfer of the first monosaccharide onto a 

phosphorylated lipid linker which serves as an anchor for stepwise ExoPS synthesis. Polysaccharides 

are secreted by wzx and outer membrane polysaccharide export (OPX) proteins. Polymerization of the 

single building blocks is accomplished by the wzy protein. Additionally, the respective operons contain 

polysaccharide co-polymerases (POP). POP and OPX proteins form an contiguous scaffold which spans 

the cell envelope (Collins et al., 2007). These complexes are believed to be involved in periplasmic 

chain length control of the final polymer (Marolda et al., 2006; Galván et al., 2013; Bianco et al., 2014). 

In the ExoPS synthesis pathway of Rhizobium leguminosarum bv. trifolii disruption of the PCP gene 

results in the production of ExoPS chains with a higher molecular weight than compared to the 

wildtype (Marczak et al., 2014). In contrast, another study showed that loss of the function of PCP 

proteins reduced the chain length distributions of the ExoPSs (Galván et al., 2013). This raised the 

concept of PCP proteins which adjust the balance between chain extension and termination 

(Cuthbertson et al., 2009). In contrast, no PCP proteins are expressed from the wce gene cluster in 

P. stewartii. However, Schollmeyer at al observed a connection between the wceF deletion on the 

P. stewartii genome and an increase of the ExoPS size distribution profile by a factor of around four 

(Schollmeyer et al., 2012). Presumably, this shift in the size distribution of stewartan will dramatically 

influence the viscous properties of the biofilm. Hence, WceF therefore might still be involved in 

stewartan chain length determination in the periplasm and compensates for the non-existing PCP 

homolog. Indeed, this hypothesis is supported by a case where the glycoside hydrolase Sph3 has been 

reported to be encoded in the glucosamingalactan biosynthesis cluster (Bamford et al., 2015). Similar 

to WceF, Sph3 showed no homology to known glycoside hydrolase families. Targeting of 

polysaccharide chains in the periplasm is a common feature to regulate the ExoPS chain length 

(Galván et al., 2013; Marczak et al., 2014) or to degrade ExoPS which failed to become exported 

(Bakkevig et al., 2005). Within these types of enzymes is the periplasmic lyase VexL from Salmonella 

enterica serovar typhi which showed a narrow maximum of K-antigen cleavage at pH 5.5 

(Liston et al., 2018). It was proposed that the protein has evolved structural and catalytic advantages 
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which facilitated the cleavage of the Vi-antigen at a low periplasmic pH. Indeed, a similar sharp activity 

profile was seen for the stewartan hydrolysis of WceF at different pH and NaCl concentrations.  

5.8 Structural Analysis of WceF and ΦEa1h TSP 

The three dimensional structure of WceF displayed a β-solenoidal fold which resembled the domain 

architecture of bacteriophage TSPs. This is emphasized by a central compact β-helix and an N-terminal 

domain which superimposed with the phage particle-binding domain of P22 TSP. The C-terminus 

showed a rich composition of β-sheet elements in agreement with other TSPs (Barbirz et al., 2008; 

Müller et al., 2008; Lee et al., 2017). The central β-helix was also predicted for the ΦEa1h TSP. In 

contrast, the N-terminus of φEa1h TSP lacked a comparable particle-binding domain. In these cases, 

adapter proteins are encoded on the genome of the phage which attach the TSP to the bacteriophage 

particle (Stummeyer et al., 2006; Leiman et al., 2007; Tu et al., 2017). Additionally, a Greek key motif 

was predicted for the ΦEa1h TSP N-terminus. The latter was also found on WceF and shares the same 

topology of β-sheets. Due to the high structural similarity of the Greek key motif between both 

proteins, it is tempting to speculate, that both proteins originate from a same ancestor template. 

Indeed, a similar conclusion was made, when the structure of three bacterial pectate lyases were 

compared to the P22 TSP (Jenkins et al., 1998). In support of this hypothesis, the integration of phage 

genes into the bacterial genome by horizontal gene transfer is a frequently observed process which 

enhances the bacterial fitness (Obeng et al., 2016; Touchon et al., 2017).  

It has been observed in this work, that neither WceF nor the ΦEa1h TSP showed a SDS-resistance at 

ambient temperatures as typically seen for TSPs (Barbirz et al., 2009; Lee et al., 2017). No difference in 

the stability of the trimeric interface of WceF was observed when compared to other TSPs. However, 

in thermal unfolding experiments of TSPs it was shown, that the slow trimeric dissociation is rate-

limiting and is followed by a more rapid unfolding of the less stable subunits (Chen and King, 1991; 

Miller et al., 1998b). Barbirz et al proposed that hydrogen bonds of the β-helix extend into connecting 

arches and turns which thus account for the high stability of the TSP structures 

(Manning and Colón, 2004; Barbirz et al., 2009). To overcome the high activation enthalpy, these 

interactions need to be broken in a cooperative process (Truhlar et al., 2004; Barbirz et al., 2009). The 

latter results in a kinetic stabilization of the TSPs which is emphasized by long equilibration times and 

hysteresis between the denaturation and renaturation states (Fuchs et al., 1991; Lai et al., 1997; 

Barbirz et al., 2009). In preliminary guanidine hydrochloride fluorescence titration experiments of 

WceF no significant hysteresis was seen between the unfolding and refolding of WceF thus ruling out 
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a high kinetic barrier. It is therefore proposed, that although the β-helix overall architecture does not 

differ from that of the TSPs, it does not result in a similar kinetically stabilized hydrogen bond 

network. This might be due to the overall funnel structure of WceF, in which the C-terminus of the 

trimer is the most intertwined region and the preceding trimeric fold rather opens up instead of 

forming a tightly packed assembly. In agreement with further studies on TSPs, the design and 

biophysical characterization of truncated WceF constructs would further contribute to the 

understanding of WceF trimer folding and stabilization processes (Schuler et al., 2000; 

Freiberg et al., 2003; Reich et al., 2009). 
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6. Summary and Outlook 

Biofilms are dense and complex arrangements of bacterial cells and extracellular polymeric 

substances. In this work a bottom up approach was chosen to effectively describe the structural 

properties of the extracellular stewartan matrix which is ultimately linked to the infectivity of glycan-

based biofilms such as the one from P. stewartii. Here, the physicochemical characteristics of 

stewartan solutions were analyzed in an interdisciplinary work which relates the structural aspects of 

stewartan polymers to the functional implications in biofilms.  

This work provided a detailed description of the physicochemical properties of the ExoPS species 

stewartan from P. stewartii. It was found that purified stewartan polymers alone are sufficient to form 

three dimensional networks which resemble characteristics of whole biofilms, such as the 

viscoelasticity and diffusion-limiting properties. Analysis of the diffusion dynamics of fluorescent 

tracer molecules in reconstituted stewartan solutions showed that the mobility of these particles 

depend on the size of the nanoparticle and charge of the stewartan polymer. Furthermore, the 

diffusion of fluorescent molecules became more anomalous as a result of an increased density of 

stewartan polymers and the appearance of stewartan chain entanglements. The pores between the 

stewartan chains were heterogeneous regarding their size and a fraction of bacteriophage particles 

was trapped within small-sized network meshes.  

In agreement with other biological hydrogels, stewartan acts as a molecular sieve and selectively 

controls the transport of molecules within the stewartan network (Witten and Ribbeck, 2017). From 

these findings, this work gave a description of the material properties of glycan-based biofilms such as 

P. stewartii. Furthermore, the structure of the exopolysaccharide, including branches, monosaccharide 

composition and modifications, ultimately determines the arrangement of polysaccharide chains in 

the respective network. This work therefore proposes, that this approach might be generalized for 

other ExoPSs from biofilms of different bacterial species. The increased knowledge about the fine-

tuning of the strength of polysaccharide network assemblies is highly important towards the design of 

polysaccharide-based drug delivery agents (Di Meo et al., 2007; Hu et al., 2013; García-González et al., 

2015; Nayak et al., 2016; Schneible et al., 2019) or for bioremediation approaches in which heavy 

metal contaminations are removed from the environment (Prado Acosta et al., 2005; Mota et al., 

2016; Sajayan et al., 2017).   

Further diffusion and bulk rheology studies should extend the reduced systems from this work by 

adding additional components from the extracellular matrix until a whole biofilm-like setup has been 
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generated. The thorough analysis of these systems would then lead to a comprehensive 

understanding of the contribution of each extracellular species to the overall biofilm architecture. 

These whole systems can thus be exploited to design drugs with superior physicochemical properties 

which permit the facilitated penetration of the biofilm and effective killing of bacterial cells.  

In this work a coarse-grained computational stewartan model was developed with stewartan polymers 

which exhibited a degree of polymerization of 20 RU. This system constitutes a first initial CG 

description of stewartan and further modifications on the CG model development have been 

suggested to enable MD Simulations with microsecond time scales. Additionally, increasing the size of 

the CG stewartan polymers could elucidate the influence of chain length and entanglements on 

stewartan network properties accessible from experiments like its microviscosity. Furthermore, in 

equilibrated ExoPS networks, simulations could mimic the diffusion of probes with different properties 

(size, charge, hydrophobic interactions) and thus allow a more detailed study of the interaction of 

nano-sized objects with the network (Schneible et al., 2019).   

Currently, there is just a scarce body of literature available that might describe how mechanical 

properties of biofilms relate to biochemical control and dynamic changes within a bacterial 

community. Especially, enzymatic remodeling processes take place which might be the driving forces 

that control pathogenicity. In this work, the hydrolysis of stewartan polymers by the enzymes WceF 

and ΦE1h TSP was analyzed. Surprisingly, WceF, which is expressed from the P. stewartii stewartan 

biosynthesis gene cluster, exhibited a highly similar three dimensional structure to TSPs. Hence, a 

common ancestor of WceF and the ΦEa1h TSP was proposed. Still, despite the structural similarity, 

WceF lacked the high stability seen in many other TSP. Additionally, the hydrolysis of stewartan 

polymers by the ΦEa1h TSP is a highly fast process which reflects the ability of the bacteriophage to 

efficiently pass the biofilm barrier in order to infect the bacterial cells. Cleavage of stewartan by the 

ΦE1h TSP resulted in a complete loss of the intrinsic diffusion-limiting properties of the stewartan 

network and hence the mobility of bacteriophages would therefore not be confined anymore. Finally, 

WceF formed tight interactions with the stewartan network and micrometer clusters were formed 

which are might be the reason for the slow stewartan hydrolysis kinetic. Furthermore, stewartan is 

degraded by WceF in a processive manner, in contrast to the ΦEa1h TSP.  

Differences in the stewartan degradation activities of ΦEa1h TSP and WceF might be encoded in the 

structural properties of the active sites. Binding of oligosaccharide fragments to the TSP have been 

analyzed by soaking experiments or MD simulations (Barbirz et al., 2008; Müller et al., 2008; 

Schulz et al., 2010; Kang et al., 2016; Lee et al., 2017). The association of oligosaccharides was further 
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characterized in surface plasmon resonance, isothermal titration calorimetry or fluorescence titration 

(Singh et al., 2010; Andres et al., 2013; Broeker et al., 2013; Kunstmann et al., 2018a). Consequently 

all the latter methods might be used to further investigate the difference in stewartan binding sites 

between ΦEa1h TSP and WceF. It is of crucial interest to understand the driving forces of protein 

interactions with the components of the extracellular matrix to pave the way for treatments of biofilm 

infections which involve the hydrolase-mediated biofilm degradation (Fleming et al., 2017; 

Olsen et al., 2018b; Patel et al., 2019).        
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Figure S1: Purification of labeled P22 bacteriophages 

The absorbance spectra of P22 phages are shown after 

incubation with Yo-Pro (black) or after purification over a PD-

10 Desalting Column (red). 

 

 
Figure S2: Purification of fluorescently labeled proteins 

(A) WceF (black) or ΦEa1h TSP (red) were fluorescently labeled with ATTO 488 and separated from free dye by size-exclusion 

chromatography (SuperdexTM S200 10/300). (B) The protein concentration was determined from each absorbance spectra by 

comparing the absorption at 280 and 550 nm. 
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Figure S3: Phenol sulfuric acid calibration curves 

The linearity of the phenol sulfuric acid method was tested at 

different glucose (black), sucrose (red) and stewartan 

concentrations (green).  

 

 
Figure S4: MBTH-Test calibration curve  

The linearity of the MBTH-Test was tested at different glucose 

concentrations. 
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Figure S5: MD run of the atomistic simulation of 3 RU 

stewartan 

An atomistic system of stewartan was equilibrated in NPT and 

NVT ensembles. Here, the potential energy  (black) and the 

pressure (red) of the final 100 ns MD run is shown. 
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Figure S6: Heat maps of the torsion angle omega ω in dependence to psi ψ and phi φ of 1-6 linkages in 3 RU stewartan  

Conformations of the stewartan torsion angles were taken from the 100 ns MD run of the atomistic stewartan reference 

system.  
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Figure S7: All nonbonded interactions used in the coarse-grained stewartan systems 

The nonbonded potentials between the coarse-grained beads of the stewartan model were obtained from the atomistic 

reference structure using the force matching method. The coarse-grained mapping of the stewartan structure is shown in 

Figure 9. 
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Figure S8: Bonded distribution functions of the atomistic and coarse-grained stewartan simulations 

The reproduction of the atomistic configurations by the coarse-grained model was analyzed by comparing the bond 

distribution functions of the atomistic (black) and coarse-grained simulations (red). Bonded potentials were derived from the 

atomistic reference structure using Boltzmann inversion. The coarse-grained mapping of the stewartan structure is shown in 

Figure 9. 
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Figure S9: Distribution functions of virtual bonds functions of the atomistic and coarse-grained stewartan simulations (I) 

The reproduction of the atomistic configurations by the coarse-grained model was analyzed by comparing the bond 

distribution functions of the atomistic (black) and coarse-grained simulations (red). Bonded potentials were derived from the 

atomistic reference structure using Boltzmann inversion. Virtual bonds, either 1-3 or 1-4, are indicated. The coarse-grained 

mapping of the stewartan structure is shown in Figure 9. 
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Figure S10: Angular distribution functions of the atomistic and coarse-grained stewartan simulations (I) 

The reproduction of the atomistic configurations by the coarse-grained model was analyzed by comparing the bond 

distribution functions of the atomistic (black) and coarse-grained simulations (red). Angular potentials were derived from the 

atomistic reference structure using Boltzmann inversion. The coarse-grained mapping of the stewartan structure is shown in 

Figure 9. 
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Figure S11: Angular distribution functions of the atomistic and coarse-grained stewartan simulations (II) 

The reproduction of the atomistic configurations by the coarse-grained model was analyzed by comparing the bond 

distribution functions of the atomistic (black) and coarse-grained simulations (red). Angular potentials were derived from the 

atomistic reference structure using Boltzmann inversion. The coarse-grained mapping of the stewartan structure is shown in 

Figure 9. 
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Figure S12: Dihedral distribution functions of the atomistic and coarse-grained stewartan simulations (I) 

The reproduction of the atomistic configurations by the coarse-grained model was analyzed by comparing the bond 

distribution functions of the atomistic (black) and coarse-grained simulations (red). Dihedral potentials were derived from 

the atomistic reference structure using Boltzmann inversion. The coarse-grained mapping of the stewartan structure is 

shown in Figure 9. 
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Figure S13: Dihedral distribution functions of the atomistic and coarse-grained stewartan simulations (II) 

The reproduction of the atomistic configurations by the coarse-grained model was analyzed by comparing the bond 

distribution functions of the atomistic (black) and coarse-grained simulations (red). Dihedral potentials were derived from 

the atomistic reference structure using Boltzmann inversion. The coarse-grained mapping of the stewartan structure is 

shown in Figure 9. 
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Figure S14: Radial distribution functions of the simulation of atomistic and coarse-grained 3 RU stewartan  

The reproduction of the atomistic configurations by the coarse-grained model was analyzed by comparing the radial 

distribution functions of the atomistic simulation (black) and coarse-grained simulations (red). The coarse-grained mapping 

of the stewartan structure is shown in Figure 9. 
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Figure S15: Eight bead coarse-grain mapping scheme for stewartan  

The atomistic stewartan was coarse-grained using the eight bead types A, B, C, D, E, F and G. Here, the coarse-grain mapping 

scheme is shown for one RU with labels describing the monosaccharide unit and linkage type. The beginning of the next RU is 

suggested by a shaded structure. 
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Figure S16: Radial distribution functions of the simulation of coarse-grained 20 RU stewartan  

The radial distribution functions of coarse-grained 20 RU stewartan system (green) were compared to the 3 RU stewartan 

systems (atomistic -black, coarse-grained -red). The coarse-grained mapping of the stewartan structure is shown in Figure 9. 
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Figure S17: Coarse-grained 20 RU stewartan chains effectively freeze during the coarse-grained simulations   

A population of stewartan molecules (15 %) stopped vibrating during the 100 ns simulation of coarse-grained 20 RU 

stewartan. This effect is here exemplified with a stewartan system with a RU concentration of 86 mM. The root mean square 

deviation of an (A) example chain which froze and (B) of one chain of the other 85 % is shown.  

 

 
Figure S18: Examples of normalized autocorrelation 

functions from fluorescence correlation spectroscopy 

measurements 

The diffusion time τD and anomaly exponent α for the 
diffusion of Alexa Fluor® 488 (gray), 46 nm microspheres 

(green) and 194 nm microspheres (blue) were determined 

from fitting the normalized autocorrelation functions obtained 

from fluorescence correlation spectroscopy measurements. 

Diffusion studies were done in buffer (light colors) or in 

10 mg ∙ mL-1 stewartan (dark colors). 
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Figure S19: Oligomeric state analysis of WceF and ΦEa1h TSP 

(A) The oligomeric states of WceF (black) and ΦEa1h TSP (red) were obtained by size-exclusion chromatography 

(SuperdexTM 200 10/30). (B) The apparent molecular mass was determined from a linear fit of the calibration data points. 

Here, the used standards were: Ferritin (Horse, 480 kDa), Aldolase (Rabbit, 147 kDa), Albumin (Bovine, 67 kDa), Albumin 

(chicken, 45 kDa) and Cytochrom C (Horse, 12.4 kDa).  

 

Table S1: Types of inward oriented amino acid stacks in the WceF 
β-helix (amino acids: 250-522)  

stacking type amino acid number 

Cystein C365, C398, C422, C443 

Isoleucin I269, I303 

Phenylalanine F308, F339 

Valin V369, V403 

Mixed F267, V301, F332, C355, I388 

F294, L321 

L322, L347, I370, L404 

L337, W360, F393 

I357, L390, I414, I435 

L406, I428 
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Table S2: Biophysical characterization of the interfaces of WceF and TSPs  

The interface between the amino acid sequences of the C-terminal fragment (polypeptide chain from the β-helix to the 

C-terminus) or full-length protein for P22 (pdb: 2XC1) and φAB6 (pdb:5JS4) were compared to WceF. Here the interface is 
defined as the area between two adjacent subunits. 

 Interface of C-terminal 
fragments 

Full-length 

WceF P22 TSP φAB6 TSP WceF P22 TSP φAB6 TSP 
amino acids 250-735 126-666 98-565 38-527 7-546 19-405 

Chains forming the interface E-F A-B A-C E-F A-B A-C 
Interface area / Å 4998 4170 4241 5147 5747 5429 

Number of residues in 
interface 

140 115 118 148 155 164 

Number of hydrogen bonds 86 65 64 88 84 85 
Number of salt bridges 25 11 11 25 18 13 

Solvation free energy G -42.1 -36.2 -40.1 -40.5 -52.1 -49.1 
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Figure S20: Characterization of the oligosaccharide fragments which were used as standards in capillary electrophoresis 

12.5 mg ∙ mL-1 stewartan was digested with ΦEa1h TSP for 24 h at 37°C. (A) Two oligosaccharide fragments were purified in 

size-exclusion chromatography which eluted at (B) 210 mL and (C) 180 mL retention volume. (B), (C) Mass spectrometric 

analysis of the oligosaccharide fragments. 
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Figure S21: Size-exclusion chromatography analysis of a stewartan hydrolysis by WceF 

1 mg ∙ ml-1 stewartan was digested with WceF at 30°C (black) or incubated without WceF (cyan). (A) NaOH stopped reactions 

at the indicated time points were subjected to size-exclusion chromatography (SuperdexTM peptide 10/300). (B) Stacked 

chromatograms in the retention volume regime of 6-18 mL are shown.       

 

 
Figure S22: Capillary electrophoresis analysis of a stewartan 

digestion by Ea1h TSP 

1 mg ∙ mL-1 stewartan was digested with ΦEa1h TSP for 0.5 h 

and oligosaccharide fragments were fluorescently labeled to 

enable the analysis of the oligosaccharide hydrolysis products 

using capillary electrophoresis. The retention volumes of each 

oligosaccharide species in the capillary electrophoresis was 

determined and plotted against the logarithm of its molecular 

weight (one and two RU, circles) or the molecular weight was 

assumed to be three, four and five RU (squares). Finally, all 

oligosaccharide species were fitted linearly. 
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Figure S23: Mass spectrometric analysis of the 

oligosaccharide fragment produced during the stewartan 

digestion by WceF 

1 mg ∙ mL-1 stewartan was digested with WceF for 197 h at 

30°C and an oligosaccharide fragment eluting around 15 mL 

retention time was purified in size-exclusion chromatography 

and analyzed in mass spectrometry. 

 

 
Figure S24: Comparison of stewartan glycosidase activity of 

labeled and unlabeled ΦEa1h TSP 

10 mg ∙ mL-1 stewartan was digested with the fluorescent 

labeled ΦEa1h TSP (ΦEa1h TSP-Atto 488) or with the 

unlabeled ΦEa1h TSP. The concentration of reducing ends was 

determined after 30 min using the MBTH-test. 
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Figure S25: Aggregation behavior of WceF in pure buffer 

An image of fluorescently labeled WceF in the buffer solution 

is shown (50 mM MES, pH 5, 50 mM NaCl). Examples of WceF 

aggregates are denoted with white arrows. 
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