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Abstract 

Glycosaminoglycans (GAGs) are linear anionic polymers built of repeating 

heterogeneously modified disaccharide units. As GAGs have a massive impact on 

various biological processes, including cell differentiation and cancer progression, 

there is a significant interest in developing GAG-based biomarkers. Some bacteria 

synthesize GAGs. For instance, E. coli K5 produces heparosan, a nonimmunogenic 

and biocompatible GAG against which antibody production is challenging. 

Consequently, reagents specifically recognizing heparosan are limited.  

Work in the course of my PhD thesis addresses the development of tools 

detection of heparosan and other GAGs in biological samples and, secondly, the study 

of heparosan biosynthesis.  

The development of analytical tools started with engineering the heparosan-

specific tailspike protein (KflB). Using a structure-guided mutational approach, the 

enzymatic function of KflB was inactivated and the protein transformed into a 

heparosan-binding protein (an artificial lectin). To fully characterize the functional 

mechanism of KflB, we designed two HPLC-based assays: (i) Heparosan was digested 

with KflB, and the products were visualized at λ = 250 nm. (ii) Fluorescently labeled 

heparosan nonamers (see Chapter 2) were used as KflB substrates. Our results suggest 

that KflB is a lyase and breaks glycosidic bonds with the formation of a double bond 

in the uronic acid residue. Moreover, product profiles reveal an endolytic, processive 

mode of action. Notably, a C-terminal chaperone domain (CTD), present in KflB, was 

shown to be essential for proper folding but autocatalytically released from the mature 

protein. Using homology modeling on the highly related KflA and site-directed 

mutagenesis, the amino acids F202 and E206 were identified as critical for catalytic 

activity. A mutant with alanine in these positions was inactive but retained heparosan 

binding function, thus turning into a new heparosan detection tool. 

Next (Chapter 3), we focused on developing an analysis technology suited to all 

GAGs. Therefore, we adapted multiplexed capillary gel electrophoresis with laser-

induced fluorescence detection (xCGE-LIF) for GAGs analysis. The prerequisite for 

this type of analysis was establishing a reference database (migration time database). 

We used commercially available GAG-disaccharides (diGAGs), labeled them with 

AMAC (2-aminoacridone), and applied the established xCGE-LIF analysis. We show 
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that diGAG-isomers can be detected with great sensitivity and reliability. For the 

measurement of GAGs isolated from biological samples, we used GAG-specific lyases 

to generate diGAGs, labeled them with AMAC, and recorded migration times in 

electropherograms. Peak assignment was achieved using the established migration 

time database. After the proof-of-concept studies, we examined GAGs expression 

during cell differentiation. Preliminary results with hESCs indicate that the diGAGs 

composition alters during cell differentiation. Our protocol revealed the promising 

potential to be a powerful tool in GAGs analytics. 

The E. coli K5 capsule gene cluster contains four genes, kfiA-D. While KfiA and 

KfiC are confirmed heparosan synthases, the role of KfiB is unknown. Identifying 

KfiB isoforms with varying numbers of a spatially defined sequence, designated as 

KfiB-repeat, prompted the third study (Chapter 4). To explore the role of the KfiB-

repeat, we generated KfiB isoforms with one, two, and four repeats (KfiB1r, KfiB2r, 

and KfiB4r). Synthetic genes were expressed in E. coli BL21-kfiCAD derivative and 

we evaluated their impact on heparosan synthesis and distribution. Although a 

tendency towards longer chains was visible if KfiB1r and KfiB4r were co-expressed, 

the impact of KfiB could only partially be determined.  
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Résumé  

Les glycosaminoglycannes (GAGs) sont des polymères linéaires constitués 

d’une répétition d’unités disaccharidiques (diGAGs) présentant une forme 

hétérogénéité. Ils sont impliqués dans un grand nombre de processus biologiques, tels 

que la différentiation cellulaire et la cancérisation, où ils peuvent faire office de bio-

marqueurs spécifiques de ces états physiologiques. Certaines bactéries synthétisent des 

GAGs. Par exemple, E. coli K5 produit de l’héparosan, un GAG non immunogène et 

biocompatible contre lequel la production d'anticorps est difficile. Par conséquent, les 

réactifs reconnaissant spécifiquement l'héparosan sont limités.  

Dans cette thèse, nous décrivons d’une partle développement d’outils de 

détection de l’héparosan et autres GAGs dans des extraits biologiques; et d’autre part 

une étude de la biosynthèse bactérienne de l’héparosan. 

Le développement d'outils analytiques a commencé par l'ingénierie de la protéine 

tailspike spécifique à l'héparosan (KflB). A l’aide d’une approche de mutagénèse 

dirigée basée sur une analyse structurale, l’activité enzymatique de KflB est neutralisée 

tout en conservant ses propriétés de fixation à l’héparosan (lectine artificielle). Afin 

de caractériser le mécanisme catalytique de KflB, deux approches basées sur l’analyse 

HPLC sont mises en œuvre: (i) la digestion de l’héparosan par KflB et la détection des 

produits de dégradation à λ = 250 nm; (ii) Des nonamères d’héparosan marqués à la 

fluorescence (chapitre 2) sont utilisés comme substrats de KflB. Nos résultats 

montrent que KflB est une lyase qui génère une double liaison au niveau des résidus 

glucuronyles. Cette activité est de nature endolytique et processive. Un domaine C-

terminal chaperone (CTD) est nécessaire au repliement correct de l’enzyme; celui-ci 

est détaché de façon autolytique pour libérer l’enzyme mature. Par alignement avec la 

protéine homologue KflA et mutagénèse dirigée, les acides aminés F202 et E206 sont 

identifiés comme essentiels à la catalyse. Un mutant alanine au niveau de ces positions 

se révèle inactif mais garde ses propriétés de liaison ce qui en fait un agent de détection 

de l’héparosan. 

Ensuite (chapitre 3), nous développons une technique d’analyse applicable aux 

GAGs en général. Pour cela, nous adaptons une analyse multiplexe en gel 

d’électrophorèse capillaire avec détection de fluorescence laser (xCGE-LIF). 
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Ceci nécessite la construction d’une bibliothèque de référence basée sur les temps de 

rétention, réalisée à partir de diGAGs commerciaux marqués à l’AMAC et analysés 

par xCGE-LIF. Nous montrons que les isomères diGAGs peuvent être détectés avec 

une grande fiabilité et sensibilité. Afin d’analyser les GAGs dans des extraits 

biologiques, nous utilisons des lyases spécifiques afin de générer des diGAGs, 

marqués à l’AMAC puis analysés en comparaison des différents standards. Nous 

appliquons ensuite cet étalonnage à l’étude des variations de la composition en GAGs 

au cours de la différentiation cellulaire. Les résultats préliminaires obtenus avec des 

hESCs indiquent que la composition en diGAGs est altérée. Il s’en dégage que notre 

protocole d’analyse s’avère particulièrement intéressant comme outil d’analyse des 

GAGs. 

Le cluster des gènes de capsule d’E. coli K5 est composé de kfiA-D. Alors que 

KfiAC sont des synthases confirmées, le rôle de KfiB est méconnu. A partir d’une 

analyse des banques de données, nous identifions une série d’isoformes de KfiB qui 

diffèrent au niveau d’une séquence répétée, ce qui constitue la base du chapitre 4. 

Afin d’explorer l’importance de ce motif, nous entreprenons la génération des 

isoformes contenant un, deux, et quatre motifs (KfiB1r, KfiB2r et KfiB4r). Les gènes de 

synthèse sont exprimés dans E. coli BL21-kfiCAD et nous avons évalué leur impact 

sur la synthèse et la distribution de l'héparosan. Bien qu'une tendance vers des chaînes 

plus longues était visible si KfiB1r et KfiB4r étaient co-exprimés, l'impact de KfiB n'a 

pu être déterminé que partiellement. 
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nRFU     normalized RFU 

OD600     optical density measured at a λ = 600 nm 

PAGE     polyacrylamide gel electrophoresis 

PBS    phosphate-buffered saline 

PGs     proteoglycans 

pic-BH3    2-picoline borane complex 

RFU     relative fluorescence units 

SDS     sodium dodecyl sulfate 

SEC     size-exclusion chromatography 

Ser    serine 

sHep     supernatant heparosan 

tetR    tetracycline resistance 

TF     trigger factor 

TRs    tandem repeats 

TSP     tailspike protein 

Thr     threonine 

Tris     tris(hydroxymethyl)aminomethane 

Tween® 20   polyethylene glycol sorbitan monolaurate 

UDP     uridine diphosphate 

UDP-GlcA    uridine diphosphate glucuronic acid 

UDP-GlcNAc    uridine diphosphate N-acetylglucosamine 

UV     ultraviolet 

wt     wildtype 

Xyl     xylose 

xCGE-LIF  multiplexed capillary gel electrophoresis with laser-

induced fluorescence detection 

Y   tyrosin 
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Chapter 1 – General introduction 

 

1.1. Bacteriophages 

Life on the Earth probably started with undifferentiated prokaryotes that were 

divided into archaea, eubacteria, and eukaryotic ancestors (Ackermann, 1998). 

Bacteriophages, in short, 'phages' (), are viruses that infect bacteria. Their rise may 

have occurred 3.5 to 3.7 billion years ago, simultaneously with bacteria, making them 

the first existing viral group (Ackerman, 1998). Nowadays, billions of years later, with 

an estimated number of 1031, bacteriophages represent the most abundant entities, 

colonizing the most diverse habitats on Earth. In the early 20th century, Frederick 

William Twort and Felix Hubert d'Hérelle independently discovered ‘ultra-

microscopic viruses’ as ‘invisible, antagonistic microbe of the dysentery bacillus’ 

(Twort, 1915; d'Hérelle, 1917). In 1922, F. H. d'Hérelle (d'Hérelle, 1922) coined the 

term ‘bacteriophages’, and the first image of a bacteriophage was published in 1940, 

after the invention of the electron microscope (Ackermann, 2011).  

After infection of bacteria, phages can replicate in the lytic cycle leading to the 

lysis of the host cell or, in the so-called lysogenic cycle, integrate into the host genome 

and replicate as part of the host genome (Ackermann, 1998).  

1.2. Tailspike protein 

Bacteriophages are the most common of all virus groups (Ackermann, 1998). 

The order of Caudovirales, referred to as tailed phages, accounts for 96% of all known 

bacteriophages. Structurally, tailed phages comprise the head (capsid) of an 

icosahedron-like structure and the tail of fixed length and width. These morphological 

features are easily detectable by electron microscopy (Ackermann, 1998).  

In the first stage of the infection process, this is adsorption; a phage binds to 

specific bacterial surface receptors (Samson et al., 2013). Bacterial cell receptors 

involved in adsorption are often carbohydrates or surface-exposed proteins (Samson 

et al., 2013). In the evolutionary arms race, some bacteria developed protective 

polysaccharide capsules that sterically mask their receptors, thus preventing 

adsorption (Hampton et al., 2020; Knecht et al., 2020). For example, encapsulated E. 

coli K5 is resistant to T4 phage because the lipopolysaccharide of the bacterial cell 
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surface is concealed by the capsular polysaccharide (Soundararajan et al., 2019). To 

overcome this barrier, some phages, especially members of the Podoviridae family of 

the order Caudovirales, developed tailspike proteins (TSPs) equipped with enzymatic 

functions (Knecht, 2020). For instance, TSPs can be highly specific depolymerases 

that bind and break down the capsule polysaccharides of the host to bring phages in 

close contact with the bacterial outer membrane (Fig. 1B) (Hughes et al.,1998). A 

well-studied example to illustrate this function is K1F, the bacteriophage infecting 

E. coli K1F (Mühlenhoff et al., 2003). The TSPs of K1F comprise an endosialidase 

(endo-N-acetylneuraminidase, endoN) highly specific for binding and degradation of 

the E. coli K1 capsular polysaccharide named polysialic acid and consisting of α-2,8-

linked sialic acid residues (Mühlenhoff et al., 2003). A second example is 

bacteriophage K5A (K5A) infecting E. coli K5. The capsule surrounding E. coli K5 

consists of the polysaccharide heparosan, a glycosaminoglycan also found in humans 

(see the paragraph below). K5A is equipped with TSPs comprising the K5 lyase A. 

This enzyme degrades heparosan, allowing the virus to penetrate the capsule and 

initiate the infection process (Fig. 1B) (Thompson et al., 2010).  

 

Figure 1. Bacteriophages infecting bacteria. A. Transmission electron micrograph image of 

bacteriophages attached to a bacterial cell wall (in approximately 200,000 magnification). The image 

was obtained by Professor Graham Beards and is presented without any changes (Link to the license: 

https://creativecommons.org/licenses/by-sa/3.0/deed.en). B. The scheme of the capsular polysaccharide 

degradation (grey) by podoviruses (adapted from Hughes et al., 1998). 

1.3. Capsular polysaccharides 

The survival of microbes is under the constant threat due to the complexity and 

variability of many environments (Rittershaus et al., 2013). Developing survival 
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strategies is the key to evolutionary success (Rittershaus et al., 2013). Many bacteria 

produce thick layers of capsular polysaccharides (CPSs) that stick firmly to the cell 

surface and extend up to 400 nm. CPSs, also known as the K antigens (Whitfield, 

2006), protect bacteria against environmental threats and host immune defense 

mechanisms. Moreover, because CPSs often mimic host structures (see E. coli K5), 

CPSs impact host-microbe interactions and support immune escape (Buffet et al., 

2020; Cress et al., 2014). The reported nearly 80 serologically distinct CPSs in  

E. coli show this great variety (Whitfield, 2006; K. Jann & B. Jann, 1983). E. coli 

capsules are classified into four groups based on serological, genetic, and biochemical 

properties (Whitfield, 2006). Although less extensively studied, CPSs can also be 

present in Gram-positive bacteria, e.g., Staphylococcus aureus (Willis et al., 2013). 

Next to their role as virulence factors (DeAngelis, 2002), CPSs offer great potential as 

basis material for the production of medical implants (Guzzo et al., 2020) and in the 

development of glycoconjugate vaccines (Fiebig et al., 2014; Sokaribo et al., 2021). 

1.4. Glycosaminoglycans 

Glycosaminoglycans (GAGs) are negatively charged polysaccharides composed 

of repeating disaccharide units. GAGs are produced in every mammalian tissue, and 

their functions are manifold, reaching from cell signaling to structural scaffolding (L. 

Schaefer & R. Schaefer, 2010; Mikami & Kitagawa, 2016; Nikitovic & Pérez, 2021). 

Based on the structure of the repeating disaccharides, GAGs are subdivided into 

chondroitin sulfate (CS)/dermatan sulfate (DS), heparin/heparan sulfate 

(HS)/heparosan, keratan sulfate (KS), and hyaluronic acid (HA), whereby differences 

between those separated by backslash concern post-synthetic enzymatic modifications 

like variant decoration with sulfate groups and variant degrees of epimerization of D-

glucuronic acid (GlcA) to L-iduronic acid (IdoA) (Fig. 2A). GAGs, except HA, are 

present as side chains of proteoglycans (PGs) described in the next paragraph.  

Many tissues are rich in PGs, a specialized form of heavily glycosylated proteins. 

The core proteins in PGs carry GAGs covalently attached to serine or in the case of 

KS, also threonine residues (Fig. 2B). Although there is a limited number of core 

proteins, the enormous combinatorial freedom inherent in attached GAGs (types, chain 

length, a pattern of modifications) and a far from being understood interactome with 

soluble proteins (Couchman & Pataki, 2012; Schaefer L. & Schaefer R., 2010). I will 

discuss some examples concerning the GAGs further.  
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Figure 2. Structures of glycosaminoglycans. A. Structure of CS, DS, heparin/HS, heparosan, HA, KS; 

CS, DS, HS, heparin, and KS are decorated with sulfate groups on hexuronic acid (CS, DS, heparin, 

HS: 2S) and hexosamine (CS, DS, heparin, HS: NS, 4S, 6S; KS: 6S), while heparosan and HA are 

unsulfated. DS, HS, and heparin are modified by partial epimerization of GlcA to IdoA. The structure 

of the heparin antithrombin-binding pentasaccharide is highlighted in green B. GAGs' corresponding 

linkers. C. Description of used building blocks. GAGs structures were drawn with the GlycanBuilder 

software (Damerell et al., 2012). 

Except for HA, which is produced on the inner side of the cell membrane (Prehm, 

1984), the complex GAGs are synthesized in the Golgi apparatus, whereby enzymes 

act in a template-free process. Regimens controlling the molecular composition of 

GAGs are barely understood. However, the entire process of chain elongation and 

subsequent modifications is very fast, estimated to only last 1 minute (Carlsson & 

Kjellén, 2011). The ubiquitous expression of GAGs and, not least, their essential 

function in the shaping of the extracellular matrix of all animal cells explains that 

disturbances in the biosynthesis and degradation of GAGs cause a large variety of 

pathological processes. For instance, mucopolysaccharidoses (MPS), a genetically 
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inherited group of metabolic disorders, are caused by defects in GAG-degrading 

enzymes. Seven MPS subtypes have been identified that result in varying severity of 

clinical symptoms (Fenzi et al., 2015).  

1.4.1. Chondroitin sulfate/Dermatan sulfate 

Chondroitin sulfate and DS are structurally similar, and their biosynthesis 

proceeds in a similar pathway. Consequently, for years DS was classified as a subtype 

of CS. 

The biosynthesis of CS and DS begins with the stepwise build-up of a 

tetrasaccharide (-GlcA-β3-Gal-β3-Gal-β4-Xyl-β-) on serine present in the core 

protein. Upon the linker formation, the first GlcNAc residue is added to the non-

reducing end by GalNAc transferase I. This is the critical step determining the 

synthesis of CS/DS or heparin/HS. (Carlsson & Kjellén, 2011; Mikami & Kitagawa, 

2013). Next, the CS/DS backbone is synthesized by the joint action of GlcA transferase 

II and GalNAc transerase II and further partially modified by sulfation at the C-2 

position of GlcA and the C-4, C-6 positions of GalNAc. Depending on the sulfation 

pattern, the heterogeneous disaccharides of CS chains were assigned into five subtypes 

O, A, C, D, and E (Mikami & Kitagawa, 2013). The DS-epimerases, Dse and DseI, 

catalyze multiple epimerization reactions of GlcA to IdoA. These modifications are of 

great importance for functionality, and the synthesized chains are considered a new 

molecule - DS. The isomeric equivalents of CS-derived disaccharides found in DS 

were classified as iO, iA, and iE. Besides the predominance of the characteristic 

epimeric state of hexuronic acid, the two GAGs differ in the presence of unique 

disaccharides; GlcA-GalNAc6S (CS-C), GlcA2S-GalNAc6S (CS-D) and IdoA2S-

GalNAc4S (DS-iB), in CS and DS, respectively (Mikami & Kitagawa). Chondroitin 

sulfate is especially abundant in cartilage, while DS is in the skin, blood vessels, and 

aorta (Mizumoto & Yamada, 2021). The mechanism of CS degradation remains 

unclear (Mikami & Kitagawa, 2013). Presumably, it occurs in lysosomes by endo-type 

hydrolases leading to chain fragmentation. The produced oligomers are further 

degraded by exolytic glycosidases and sulfatases (Mikami & Kitagawa, 2013).  

Chondroitin sulfate functions are associated with the sulfation pattern (Mikami 

& Kitagawa, 2013). Several pathogens have been reported that are exploiting cell 

surface CS chains in the infection process. For instance, after infection of erythrocytes, 
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malaria parasites (Plasmodium falciparum) require low-sulfated CS-A chains for the 

adhesion to endothelial cells (Mikami & Kitagawa, 2013). Another interesting 

example is the Herpes simplex virus utilizing sulfate-rich CS chains (CS-E) (Mikami 

& Kitagawa, 2013). CS-E chains are essential in bone development, and their 

deficiency contributes to osteoporosis. A well-known function of DS is the formation 

of the extracellular matrix and participation in cell signaling (Mizumoto & Yamada, 

2022). Moreover, recent studies in mice deficient in DS-epimerases suggest a 

significant role of DS in embryonic development and perinatal survival (Stachtea et 

al., 2015). 

1.4.2. Keratan sulfate 

Keratan sulfate from a cornea extract was first described in 1939 (Suzuki, 1939). 

KS is classified into different forms depending on the type of glycosidic linkage to the 

protein. The initially described corneal KS (KS-I) is attached to N-linked glycans. KS-

II is found on O-linked glycans of the mucin-type (O-GalNAc to threonine or serine). 

In addition, one report describes KS to occur on O-mannose-linked glycans as well 

(Krusius et al., 1986). KS biosynthesis proceeds by extension of an existing  

N-acetyllactosamine (Gal-GlcNAc) backbone, appearing in both N- and O-glycans, in 

the alternating action of glycosyltransferases adding GlcNAc and Gal (Funderburgh, 

2002). Sulfation can occur at the C-6 position of both GlcNAc and Gal (Caterson & 

Melrose, 2018). 

KS is widely spread in the cartilage, meniscus, and cornea, where it is involved 

in tissue hydration, weight-bearing compensation, and cell signaling processes 

(Caterson & Melrose, 2018). Zhang et al. reported the participation of KS in the glial 

scar formation upon injury in the central nervous system (H. Zhang et al., 2006). 

Abnormal KS expression has been linked to Alzheimer’s disease (Lindahl et al., 1996). 

Recent studies have demonstrated the potential of KS for use as a biomarker in 

pancreatic cancer progression and metastasis (Leiphrakpam et al., 2019). 

1.4.3. Heparin/Heparan sulfate 

Heparin and heparan sulfate are two distinct GAGs, but a remarkable similarity 

allows presenting them together. Heparin and HS share the same backbone composed 

of the repeating units of (-GlcA-β1,4-GlcNAc-α1,4) partially modified by decoration 

with sulfate groups, deacetylation, and epimerization of GlcA to IdoA. However, the 
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level of sulfation distinguishes these two very similar polymers. The sulfate 

modifications to HS are performed in clusters resulting in domains of varying degrees 

of sulfation within one chain: highly sulfated, intermediately sulfated, and nonsulfated 

domain. In heparin, the entire polymer chain is highly sulfated (Carlsson & Kjellén, 

2011). Due to the high degree of sulfation, heparin is believed to be the biomolecule 

with the highest negative charge density. Another difference between HS and heparin 

is the size of the polymers. Newly synthesized heparin chains are in the range of 

molecular weight (MW) = 60-100 kDa, depending on the source, while HS chains are 

shorter with MW = 22-45 kDa. It is noteworthy that commercial-grade heparins are 

processed and significantly shorter (7-25 kDa) (Carlsson & Kjellén, 2011).  

The assembly of heparin and HS chains occurs in the Golgi apparatus and starts 

with the same GAG-linker as for CS/DS. The subsequent addition of GlcNAc initiates 

the synthesis of heparin/HS. Although the synthesis of both polymers follows the same 

pathway, heparin is produced exclusively by mast cells (Carlsson & Kjellén, 2011) 

and basophils (Khurana, 2008), while HS production takes place in all animal tissues. 

The heparin/HS chains are assembled by Exostosin-1 (EXT1) and EXT2 polymerases 

with UDP-sugars as substrates (Carlsson & Kjellén, 2011). The in vitro studies have 

shown that EXT1 and EXT2 have a dual enzyme activity – GlcA transferase II and 

GlcNAc transferase II. However, the EXT2 activity is low and seems to have a 

chaperone-like role for EXT1 in the HS/heparin synthesis (Busse & Kusche-Gullberg, 

2003). The HS/heparin chain modifications occur simultaneous with the elongation 

process (Carlsson & Kjellén, 2011).  

Heparin is well known for its anticoagulant activity and has been used in 

medicine for almost a century (Jin et al., 1997; Keire et al., 2015). Recent studies 

suggest a beneficial role of heparin in the survival of cancer patients. However, the 

underlying mechanism remains unknown (Ma et al., 2020). HS has a tremendous 

number of functions in mammals (Rodgers et al., 2018). Intensively studied are its 

roles in neural development (Kamimura & Maeda, 2021) and thymus growth (Hsu et 

al., 2020). HS can interact with more than 300 secreted proteins, such as chemokines 

and growth factors (Xu & Esko, 2014). HS modulates skin repair, and a low molecular 

weight heparan sulfate was proven to have therapeutic potential on mature and 

damaged skin (Bucay et al., 2020). Alterations in HS synthesis have been linked to 
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several disorders, including Alzheimer’s disease (Pérez-López et al., 2021) and 

Autism spectrum disorders (Risi et al., 2021).  

1.4.4. Heparosan 

Heparosan is the least investigated molecule within the family of GAGs. Like 

the backbone of heparin/HS, heparosan consists of repeating disaccharides (-GlcA-

β1,4-GlcNAc-α1,4-), and its biosynthesis in mammals is briefly described in  

in subchapter 1.4.3. In bacteria such as E. coli K5 and E. Nissle 1917, heparosan exists 

as a CPS that serves as a protective barrier against the environment. Moreover, since 

heparosan is ubiquitous in the animal body, the capsule drastically reduces the 

immunogenicity of the bacteria (DeAngelis, 2015). Secondly, as explained in an earlier 

paragraph, the stereochemical properties of the capsule protect the bacterium against 

phage infection (Soundararajan et al., 2019).  

Heparosan biosynthesis in bacteria is illustrated in Fig. 3. The process begins 

with a glycolipid acceptor consisting of several 3-deoxy-D-manno-oct-2-ulosonic acid 

moieties, phosphatidylglycerol, and mono- or diacyl fatty acids (Yan et al. 2020). 

Next, chain elongation is catalyzed at the inner membrane by the coordinated action 

of KfiA (N-acetylglucosaminyltransferase) (Hodson et al., 2000; M. Chen et al., 2006) 

and KfiC (D-glucuronyltransferase) (Sugiura et al., 2010). The genes expressing these 

enzymes are located in the serotype-specific region 2 along with kfiD (KfiD, UDP-

Glc-dehydrogenase) and kfiB (Hodson et al., 2000). So far, the function of KfiB is not 

fully understood, but existing data suggest that the gene product is important for the 

stability of heparosan synthases in vivo (Leroux & Priem, 2016). Region 2 (Fig. 3A), 

which harbors the heparosan synthase complex, is part of the capsule gene cluster 

comprising three regions present in all E. coli strains expressing group 2 capsules 

(Whitfield, 2006). Regions 1 and 3 contain genes involved in synthesizing the 

glycolipid acceptor (Willis et al., 2013; Whitfield, 2006) and proteins involved in the 

extracellular transport of polysaccharides (Silver et al., 2001; Whitfield, 2006). Both 

regions are conserved in E. coli strains expressing group 2 capsules (Silver et al., 

2001).  
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Figure 3. Heparosan synthesis and transport. A. E. coli Nissle 1917 capsular polysaccharide gene 

cluster consisting of three regions encoding for KpsFEDUCS, KfiABCD, and KpsMT proteins.  

B. Overview of K5 polysaccharide biosynthesis and exportation. The numbers represent the order of 

events (adapted from Nzakizwanayo et al., 2015). Symbols, as well as colors, are explained in the added 

legend.  

The so-called 'heparin crisis’ that occurred in 2008, when the administration of 

contaminated heparin to patients resulted in approximately 350 adverse events and 150 

deaths in the United States (Keire et al., 2015), generated new momentum for the 

production of heparin from heparosan and thus avoid animal sources. Moreover, 

chemoenzymatic synthesis starting from heparosan would overcome concerns with 

respect to heparin shortages (Keire et al., 2015). Further arguments in favor of an 

increased interest in heparosan come from the proven low immunogenicity, stability 

in extracellular spaces of mammalian tissues, its biodegradability in lysosomes, and 

the fact, that the blood-brain barrier is impermeable for heparosan (DeAngelis, 2015). 

These biological properties make heparosan a promising candidate as a drug delivery 

vehicle (DeAngelis, 2015; Rippe et al., 2019; Mao et al., 2021; X.Yang et al., 2021). 
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1.4.5. Hyaluronic acid  

Hyaluronic acid is widespread in all vertebrates. Exceptionally high 

concentrations are found in the umbilical cord and vitreous body, a transparent gel in 

the eye. In addition, some bacteria produce HA as a capsular polysaccharide. One 

example is the mucoid strain of group A Streptococcus. This strain causes acute 

rheumatic fever and HA is a proven virulence factor (Wessels et al., 1994). 

In vertebrates, HA is produced by unique plasma membrane glycosyltransferases 

secreting this glycosaminoglycan directly to the extracellular space. Hyaluronan 

synthases (HAS) are three isoenzymes (HAS1, HAS2, and HAS3) of different 

enzymatic properties (Itano et al., 1999), generating well-defined HA chains of varying 

MW (Itano et al., 1999). Recent studies show an association between low molecular 

weight HA and aggressive solid tumors (Abatangelo et al., 2020). HA degradation in 

humans occurs rapidly, and its half-life depends on its location (Fraser, 2003). In the 

bloodstream, HA is catabolized within a few minutes in lymph nodes and the liver. 

The degradation of the HA in the skin occurs within 12-24 hours with the assistance 

of hyaluronidases, superoxide, nitric oxide, or lysosomes (Abatangelo et al., 2020). 

Interestingly, the HA synthesis and degradation relationship impact its properties, as 

differing molecular weights can evoke contradictive actions (Abatangelo et al., 2020).  

Hyaluronic acid plays a key role during embryonic development, wound healing, 

and cancer progression. Moreover, due to its biocompatibility (Abatangelo et al., 

2020), HA is a fascinating molecule for medical applications. Indeed, HA has been 

used in manufacturing wound healing devices (Winstein-Oppenheimer et al., 2017), 

tear supplements (Hynnekleiv et al. 2022), and other medicinal products. 

1.5. Techniques used and challenges associated with the analysis of 

glycosaminoglycans  

The analysis of GAGs is highly challenging because of size and zonal variation 

concerning modifications and because GAGs exhibit significant structural and 

chemical similarities. However, easy to understand based on the above-described 

GAGs functions, there is an urgent need for efficient analytical procedures. Moreover, 

patients affected by MPS would greatly benefit from continuous GAGs analysis for 

diagnostic purposes (Khan et al., 2020). Ideally, a developed method would allow for 
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quick, sensitive analysis at a low cost and without the high-end infrastructure of 

specialized laboratories.  

Several methods for the detection and quantification of GAGs have been 

reported. The initial approaches were based on electrophoretic separation, allowing 

MW comparision and subsequent staining with dyes like Alcian Blue (Khan et al., 

2020), which is positively charged and therefore can interact with negatively charged 

GAGs (Scott et al., 1964). The drawback of this method is that different GAGs cannot 

be distinguished (Khan et al., 2020). High-performance liquid chromatography 

(HPLC) was used alone and in combination with other methods. Studelska et al. 

employed reversed-phase (RP) HPLC to quantify GAGs containing glucosamine and 

galactosamine (Studelska et al., 2016). In this method, the polysaccharides underwent 

acidic hydrolysis, generating single monomers (glucosamine and galactosamine), 

which were then reduced and fluorescently labeled. The synthesized derivatives were 

separated by RP-HPLC and quantified. The developed method is very sensitive and 

easily applicable in laboratories with RP-HPLC equipment. However, the method is 

not suitable for GAGs differentiation. Volpi established a protocol for the analysis of 

CS/HA disaccharide derivatives with 2-aminoacridone (AMAC) by RP-HPLC 

electron spray ionization mass spectrometry (Volpi, 2010). The high sensitivity allows 

this method's use in the GAG analysis from biological samples. Two other groups 

analyzed AMAC-labeled GAGs disaccharides using capillary electrophoresis with 

laser-induced fluorescence (LIF) detection (Hitchcock et al., 2008; Chang et al., 2012). 

Already in 1977, Radhakrishnamurthy et al. studied the composition of aorta GAGs 

by ion-exchange chromatography (Radhakrishnamurthy et al., 1977). Tomatsu et al. 

successfully applied one of the elementary biochemical assays – enzyme-linked 

immunosorbent assay - for KS and HS detection in blood and urine samples (Tomatsu 

et al., 2014). Several protocols utilizing mass spectrometry (MS) combined with 

chromatographic techniques were reported to be successful in GAG analysis from 

urine (Auray-Blais et al., 2012) and tissue samples (Oguma et al., 2001). MS methods 

are rapid, sensitive, and highly accurate (Szekeres et al., 2020). They provide 

information on oligomers' composition, length, and modifications (Pepi & Amster, 

2021). However, identifying the location of the modifications requires tandem MS 

(MS/MS) (Pepi & Amster, 2021). Pepi and Amster developed protocols utilizing 

electron-activated tandem MS and successfully sequenced heparin/HS and CS/DS 



 12 | p a g e  

 

oligomers of DP = 4-10 (degree of polymerization) (Pepi & Amster, 2021). Szekeres 

et al. wrote a comprehensive review of current advances in spectroscopic methods 

used to analyze GAG-cell interactions (Szekeres et al., 2022). Osago et al. developed 

a method for analyzing GAGs disaccharides by LC/ESI/MS/MS (liquid 

chromatography/electrospray ionization) upon enzymatic digestion of GAGs polymers 

from cartilage. The group successfully identified and quantified 23 disaccharides 

showing GAGs composition in cartilages (Osago et al., 2014).  

Tremendous progress has been made in GAG analysis and sequencing. While 

not all techniques are listed, more can be found in Khan et al., a comprehensive review 

of advances in GAG detection (Khan et al., 2020). Currently, methods based on LC-

MS/MS, despite some limitations, are considered the best and widely used for clinical 

and research purposes (Khan et al., 2020).  

1.6. Research aims 

GAGs belong to a relatively small subcategory of carbohydrates. However, their 

complex, diverse structures, and similar physico-chemical properties make them most 

challenging molecules to analyze and differeniate. Therefore, I aimed to broaden the 

toolbox for GAG analysis and detection. The focus was set on heparosan, the CPS of 

bacteria like E. coli K5 and E. coli Nissle 1917. The high level of interest existing in 

heparosan owns to the fact that heparosan is a precursor for the chemoenzymatic 

synthesis of medically important heparin. Despite of considerable investments made 

towards understanding the heparosan biosynthesis machinery in bacteria, there are 

aspects left that are still puzzling. I aimed to address open questions during my doctoral 

thesis. In addition, an objective of my study was the generation of a reagent for the 

specific detection of heparosan. Towards this goal, I followed the concept, of 

designing an artificial lectin starting with an enzyme that specifically recognizes 

heparosan. Based on experience in the laboratory, we decided for the heparosan 

specific K5 lyase B. After intensive mechanistic characterization and guided by 

structural data that exist for the homologeous K5 lyase A, a site specific mutational 

approach was used to develop a heparosan detection tool. 
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Preface 

The study aims to extend the enzymatic toolbox for heparosan polymerization, 

depolymerization, and detection and was conceptualized by Dr.Timm Fiebig, Prof. 

Rita Gerardy-Schahn, Dr. Bernard Priem, and me. Supervised by Dr. Bernard Priem, 

I isolated heparosan, produced defined oligomers, and fluorescently labeled heparosan 

oligomers (Fig. 4). These oligomers where then used as acceptors to monitor the in 

vitro polymerization reaction catalyzed by heparosan synthases.  

The obtained fluorescently labeled heparosan chains as well as unlabeled 

heparosan, were used as substrates for the K5 lyase B. Dr. Manuela Damerow, 

supervised by Dr. David Schwarzer and PD Dr. Martina Mühlenhoff, designed and 

performed the initial experiments, including the cloning of primary constructs, the 

expression, and the purification methodology regarding the K5 lyase B. I carried out 

the cloning and purifications partially based on their work and supervised by Dr. Timm 

Fiebig and Prof. Rita Gerardy-Schahn performed all the experiments with respect to 

the characterization of the K5 lyase B enzymatic mechanism and its engineering to an 

artificial lectin, i.e., an enzymatically inactive K5 lyase B mutant that preserved its 

affinity for heparosan binding (Fig. 13). Finally, I evaluated and interpreted all the 

presented data together with Dr. Timm Fiebig, Prof. Rita Gerardy-Schahn, and Dr. 

Bernard Priem.  

This manuscript was conceptualized and written by me and Dr. Timm Fiebig. 

Prof. Rita Gerardy-Schahn and Dr. Bernard Priem discussed the data and edited the 

manuscript.  
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Préface 

L’objet de ce travail ambitionne le développement d’outils pour la 

polymérisation, la dépolymérisation et la détection de l’héparosan, il a été conçu par 

les Dr Timm Fiebig, Prof Rita Gerardy-Schahn, Dr Bernard Priem, et moi même. 

Sous la direction du Dr Bernard Priem, j’ai produit, isolé et marqué des 

oligosaccharides d’héparosan (Fig. 4). Ceux-ci ont été utilisés comme accepteurs afin 

de suivre l’activité de polymérisation in vitro catalysée par les héparosan synthases. 

Les chaînes d’héparosan obtenues ainsi que l’héparosan non marqué ont été 

utilisés comme substrats de la K5 lyase. Dr Manuela Damerow, sous l’encadrement 

des Dr David Schwarzer et PD Dr Martina Mühlenhoff, a réalisé les premières 

expériences, à savoir les premières constructions, l’expression et la méthodologie de 

purification de la K5 lyase B. J’ai ensuite réalisé les clonages et purifications sur la 

base de ce travail préliminaire sous l’encadrement du Dr Timm Fiebig et de la  

Prof Rita Gerardy-Schahn, ainsi que les analyses du mécanisme d’action de la K5 lyase 

B et de son mécanisme d’action, son ingénierie en lectine artificielle, à savoir 

l’inactivation de ses propriétés catalytiques avec le maintien de ses propriétés 

d’adhésion à l’héparosan (Fig. 13). Finalement, j’ai évalué et interprété tous les 

résultats présentés ici avec l’aide du Dr Timm Fiebig, Prof Rita Gerardy-Schahn et du 

Dr Bernard Priem.  

Ce manuscrit a été conçu et écrit par moi-même, revu et édité par  

Dr Timm Fiebig, Prof Rita Gerardy-Schahn et le Dr Bernard Priem. 
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2.1. Introduction  

Heparosan is a natural, acidic polysaccharide belonging to the 

glycosaminoglycans family. Its dimeric repeating unit is built of  

β-N-acetylglucosamine and α-D-glucuronic acid (DeAngelis, 2015). Heparosan is 

expressed by pathogenic bacteria like Escherichia coli K5 and Pasteurella multocida 

and by non-pathogenic bacteria like E. coli Nissle 1917 (Cress et al., 2014). As a 

natural precursor for synthesizing heparin and heparan sulfate, heparosan is recognized 

as “self”, which facilitates evasion of the host immune response (Cress et al., 2014). 

Furthermore, due to its stability in extracellular spaces (Jing et al., 2017), high 

biocompatibility, and lack of immunogenicity, heparosan can be used to facilitate drug 

delivery (Lane et al., 2017). Consequently, developing a toolbox for the synthesis and 

engineering of heparosan has received much attention (X. Zhang et al., 2019a). So far, 

this toolbox contains, e.g., engineered bacteria for the production of functionalized 

heparosan (Leroux & Priem, 2016; Priem et al., 2017), bacterial polymerases for the 

enzymatic built-up of heparosan (Na et al., 2020; Otto et al., 2012; Sismey-Ragatz et 

al., 2007), heparosan lyases (Clarke et al., 2000; Thompson et al., 2010) and other 

means to disassemble heparosan (Higashi et al., 2011), as well as reagents for the 

detection of the polymer (Kizer et al., 2018). However, due to its lack of 

immunogenicity, producing antibodies against heparosan is difficult  

(DeAngelis, 2015).  

The in vitro synthesis of heparosan has been most successful using bacterial 

enzymes. The best-studied and biotechnologically most relevant heparosan synthases, 

PmHS1 and PmHS2, are derived from Pasteurella multocida (Chavaroche et al., 2012; 

DeAngelis & White, 2002, 2004). These enzymes are two-domain polymerases that 

transfer GlcNAc or GlcA alternatingly from UDP-GlcNAc or UDP-GlcA to the non-

reducing end of the nascent chain (Otto et al., 2012). They are part of a group 2 capsule 

expression system (Sande & Whitfield, 2021) and assemble the polymer using a 

distributive mechanism (Sismey-Ragatz et al., 2007). Distributive polymerases display 

weak affinity towards the growing polymer, frequently dissociate, and thus allow 

control over the product length by adjusting the donor (nucleotide sugar) to acceptor 

(fragmented polymer) ratio when used in vitro (Sismey-Ragatz et al., 2007; 

Yakovlieva & Walvoort, 2020). Thus, PmHS1 and PmHS2 have been successfully 
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used for biotechnological purposes (Chavaroche et al., 2012; Jing et al., 2017; Na et 

al., 2020; X. Zhang et al., 2019).  

Interestingly, E. coli K5 expresses a heparosan synthase consisting of two GT-A 

folded domains that share similarities with the Pm enzymes. However, the E. coli K5 

enzymes are expressed as separate polypeptides, KfiA and KfiC (Sugiura et al., 2010). 

They are co-expressed with (i) KfiB, which is speculated to promote membrane 

localization and is supposed to have a scaffolding function (Cress et al., 2014; Hodson 

et al., 2000), and (ii) KfiD, a UDP-glucose dehydrogenase responsible for providing 

UDP-GlcA, the substrate of KfiC (Sieberth et al., 1995). In vitro and in vivo studies 

showed that heparosan synthases activity can be observed without KfiB (Leroux & 

Priem, 2016; Sugiura et al., 2010; C. Zhang et al., 2012). However, KfiC is only active 

in the presence of KfiA, whereas KfiA is active alone (Sugiura et al., 2010). 

Interestingly, only KfiA has been used for in vitro biotechnological purposes (Li et al., 

2014; Xu et al., 2011), whereas the homologous domain from PmHS1/2 usually 

substitutes KfiC, reportedly because of insufficient expression (X. Zhang et al., 

2019a). Since information about the elongation mechanism utilized by KfiC and KfiA 

(from here on referred to as KfiCA if used together) is missing, one aim of this study 

was to provide this information and to evaluate how suitable KfiCA are for building 

up heparosan of different sizes.  

Available tools for the depolymerization of heparosan include two heparosan 

lyases, the phage tailspike protein KflA (Clarke et al., 2000) and the putative pro-phage 

(ɸ) derived eliminase ElmA (Legoux et al., 1996). Both enzymes have been studied 

biochemically (Schwarzer et al., 2007; Thompson et al., 2010), and a crystal structure 

shows that KflA adopts a trimeric single-stranded -helix fold (Thompson et al., 

2010). The structure demonstrates extensive contacts between the protomers, which 

might explain the high thermostability of KflA (Thompson et al., 2010), a feature 

observed for many tailspike proteins (TSPs) (Mühlenhoff et al., 2003). The correct 

folding of TSPs can be assisted by a C-terminal chaperone domain (CTD), which is 

subsequently cleaved by an autocatalytic reaction involving a conserved serine residue 

(Schwarzer et al., 2007). Some TSPs, like the polysialic acid-degrading endosialidase 

endoNF of K1F, have different polymer binding sites located at a distance from the 

catalytic center (Stummeyer et al., 2005). This architecture might allow the phage to 

tightly bind to the host capsule while simultaneously degrading the polymer, ultimately 
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reaching the bacterial membrane where infection occurs (Leiman et al., 2007). Studies 

on the endosialidase NF have shown that the catalytic center can be deactivated 

without destroying the polymer binding site, which led to the development of a 

detection agent for polysialic acid (Stummeyer et al., 2005). Since the structure of 

KflA was obtained without polymer, it is unknown if bacterial heparosan lyases exploit 

the same multivalent binding mode and if they can be transformed into a detection 

agent for heparosan.  

This study is based on the hypothesis that E. coli K5-based polymerases and 

lyases can broaden the toolbox for heparosan synthesis, depolymerization, and 

detection. First, we generated a fluorescently labeled oligosaccharide that can be used 

to characterize the elongation mechanism of KfiA and KfiC. Moreover, these enzymes 

can be exploited to synthesize fluorescently labeled heparosan of different sizes. We 

show that the tailspike protein KflB from the as yet undescribed E. coli K5-specific 

K5B has heparosan lyase activity. Additionally, we present an extensive biochemical 

characterization of KflB using natural and fluorescently labeled heparosan as a 

substrate. Finally, we demonstrate that the enzyme can be engineered to become a 

detection agent for heparosan.  

2.2. Results and discussion 

2.2.1. Generation of fluorescently labeled heparosan oligomer 

Our first aim was to investigate if the K5 heparosan synthases, KfiA and KfiC, 

can generate fluorescently labeled heparosan of low dispersity and different sizes. To 

enable these experiments, we wanted to analyze the elongation mechanism of KfiA 

and KfiC starting from a fluorescently labeled oligomeric acceptor. To obtain such an 

acceptor, heparosan oligomers were harvested from a previously described  

E. coli K-12 derivative, expressing K5 capsule biosynthesis genes and the heparosan 

lyase ElmA (Barreteau et al., 2012) (Supplementary Table S1). ElmA leads to the 

glycosidic bond breaking in a β-elimination reaction with the simultaneous formation 

of a double bond at the non-reducing end of GlcA. This structural feature enables the 

detection of the oligosaccharides at λ = 232-250 nm after purification by SEC  

(Fig. 4A-C). Then, we used mass spectrometry (Supplementary Fig. S1) to determine 

the chain length of the generated K5 oligosaccharides (Fig. 4C). The K5 Δ-decamer 

 (Δ = unsaturated uronic acid at the non-reducing end) was the dominant species in the 
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mixture (see Fig. 4C) and likely to be of sufficient size for enzymatic elongation (M. 

Chen et al., 2006; Sugiura et al., 2010). Therefore, this compound was chosen as a 

substrate for subsequent reactions to generate a fluorescently labeled K5 acceptor. 

First, the unsaturated uronic acid had to be removed to free the non-reducing end for 

polymerase elongation. Thus, the K5 Δ-decamer 1 (Fig. 4D) was treated with mercury 

(II) acetate (Ludwigs et al., 1987), yielding the K5 nonamer 2 with a terminal GlcNAc 

available for elongation. The K5 nonamer 2 was labeled using  

2-aminobenzamide (2AB), resulting in the K5 nonamer 3. The identity of 3 was 

confirmed by mass spectrometry (Supplementary Fig. S1F). 

 

Figure 4. Generation of a fluorescently labeled heparosan nonamer. A. Structure of heparosan (K5) 

oligosaccharides harvested from bacterial cultures (Barreteau et al., 2012), n represents the number of 

internal GlcNAc-GlcA repeating units. Note the double bond introduced by ElmA (Barreteau et al., 

2012). B. Thin layer chromatogram of the harvested K5 oligosaccharides and C. corresponding size 

exclusion chromatogram. D. Schematic representation of the strategy utilized to produce the 2AB 

labeled K5 nonamer 3.  
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2.2.2. Investigation of the elongation mechanism of untagged KfiA and KfiC  

To utilize KfiA and KfiC for biotechnological purposes, the enzymes should 

ideally elongate 3 in a distributive way. A hallmark of distributive elongation is a 

product growing in size over time with a low dispersity profile. Contrastly, in 

processive elongation, long products arise at early time points of the reaction and the 

dispersity is high (Budde et al., 2020; Fiebig et al., 2018; Yakovlieva & Walvoort, 

2020). KfiC could successfully be purified if fused to the chaperone trigger factor 

(Sugiura et al., 2010). Since fusion tags might interfere with the elongation mode of 

the polymerase enzymes, KfiA and KfiC were cloned without tags into an arabinose 

inducible (pBAD33) vector (Supplementary Table S2 and S3) and recombinantly 

expressed to analyze their activity from supernatants of bacterial lysates. Elongation 

of 3 in the presence of UDP-GlcA, UDP-GlcNAc (Fig. 5A), and lysates of the 

expression cultures was observed in a time-dependent manner using HPLC-based 

anion-exchange chromatography (AEC) with fluorescent detection. As expected, the 

product profile grew in size over time, indicating distributive elongation. The high 

molecular weight heparosan produced overnight and the populations observed in 

between showed low dispersity (Fig. 5B). Interestingly, in most reactions, a few chains 

of intermediate size (RT = 20-30 min) were neglected by the enzymes. The reason for 

this observation is currently unclear (e.g., steric hindrance caused by the label, 

formation of a secondary structure that is dominant at a certain chain length as reported 

for other group 2 polymers (Hlozek et al., 2018), or a preference of KfiCA for the 

elongation of longer chains). Noteworthy, short fluorescently labeled acceptors  

(e.g., DP = 2 or 4) have been successfully used in the elongation mode studies of group 

2 polymerases, indicating that the label on 3 should not influence the elongation mode 

(Keys, Berger, et al., 2012; Keys, Freiberger, et al., 2012; Jing & DeAngelis, 2004). 

Although neglected chains can indicate processivity (Fiebig et al., 2018; Yakovlieva 

& Walvoort, 2020), the continuous growth of the chains over time, the Gaussian-

shaped product profile in the absence of long chains at early reaction times argues that 

KfiA and KfiC sequentially build up the heparosan chain in a distributive manner. This 

agrees with reports describing homologous GAG polymerases from Pasteurella 

multocida as distributive (Jing & DeAngelis, 2004; Sismey-Ragatz et al., 2007). The 

processivity of one-domain and two-domain group 2 polymerases is usually mediated 

by extended polymer binding sites that are sometimes located in separate domains 
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(Budde et al., 2020; Fiebig et al., 2018; Keys et al., 2014). In line with our results, no 

indication of these binding sites has been found in bacterial GAG polymerases so far 

(Osawa et al., 2009), even though they have been reported for viral enzymes with 

homologous function (Maloney et al., 2022). In summary, the above-presented results 

indicate that KfiA and KfiC can be used to synthesize heparosan of different sizes in 

vitro for biotechnological applications.  

2.2.3. Evaluating tagged and purified KfiA and KfiC constructs for the build-up of 

heparosan 

Besides size control, one of the most important advantages of the enzyme-based 

in vitro production of heparosan is the reduced effort to purify the polymer (DeAngelis 

et al., 2013). Both enzymes were cloned as tagged fusion constructs to enable the 

controlled in vitro use of KfiA and KfiC. KfiA was cloned with an N-terminal hexa-

His-tag, and KfiC (Supplementary Fig. S2) was cloned as a fusion protein with the 

chaperone trigger factor (TF), forming the previously described constructs (Sugiura et 

al., 2010) His6-KfiA and His6-TF-KfiC (hereafter referred to as pKfiA (5644) and 

pKfiC (5822), see Supplementary Table S2). pKfiA and pKfiC could be purified in 

sufficient yield (1.2 mg/l culture and 12.8 mg/l culture, respectively), but the purity 

was not ideal (Supplementary Fig. S3A, Supplementary Table S4). Using a 

radioactive incorporation assay, Sugiura et al. demonstrated that pKfiC was only 

active in the presence of pKfiA (Sugiura et al., 2010). The acceptor 3, ending with 

GlcNAc, allowed us to confirm these results (Supplementary Fig. S3B). We could 

confirm that both enzymes were active as polymerases (Supplementary Fig. S3C). 

However, a direct comparison between the chain length achieved with pKfiCA, and 

the products synthesized by non-tagged constructs from culture lysates, demonstrated 

that the latter produced considerably larger chain lengths (Fig. 5C). Additionally, the 

reproducibility of chain lengths achieved with purified constructs was low, potentially 

indicating issues with enzyme stability (compare Fig. 5B and Supplementary Fig. 

S3C).  
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Figure 5. Elongation of the 2AB labeled K5 nonamer. A. Schematic representation of the reaction.  

B. Time course of the elongation of K5 nonamer-2AB by non-tagged KfiCA obtained from expression 

culture lysates. Please note that the gradient was optimized to allow a better separation of intermediate-

sized chains (if compared to C). C. Elongation of the K5 nonamer-2AB 3 by tagged and purified 

pKfiCA, pKfiCAB, non-tagged KfiCAD, or KfiCABD obtained from expression culture lysates. The 

reactions were incubated overnight. Note that long polymers elute between 450-470 mM of NaCl in 

both gradients used in B and C, indicating that the co-expression of KfiD or KfiBD has no considerable 

effect on the chain length produced under the investigated in vitro conditions.  

Since KfiB has previously been reported as a scaffolding factor (Cress et al., 

2014; Hodson et al., 2000; C. Zhang et al., 2012), we hypothesized that it might 

stabilize KfiA and/or KfiC, promoting the production of longer heparosan chains. 

Therefore, we cloned MBP-KfiB-His6, in which KfiB was fused to maltose binding 

protein and which could be expressed and purified by affinity chromatography  

(5.2 mg/l) (Supplementary Fig. S3A). As a control, we further cloned a non-tagged 

version of KfiB into the pBAD33-KfiCA expression vector used in Fig. 5A. 

Interestingly, the influence of KfiB on the chain length was not reproducible, neither 

for the tagged and purified construct (Fig. 5C and Supplementary Fig. S3C) nor for 

an untagged version co-expressed with untagged KfiCA and tested from lysates 

(Fig. 5C). Noteworthy, the expression level of KfiCAB from pBAD33 has not been 
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determined due to the absence of affinity tags. While KfiCA are clearly active and thus 

sufficiently expressed for the purpose of the experiment, KfiB expression might very 

well be insufficient under the chosen conditions. Thus, the above-presented results are 

not excluding the influence of KfiB on the stability of KfiCA in vivo (Cress et al., 

2014; Hodson et al., 2000). It was beyond the scope of the current study to further 

analyze the function of KfiB.  

While KfiA has been successfully used for biotechnological purposes in vitro 

(Xu et al., 2011; X. Zhang et al., 2019), KfiC expression has been considered 

insufficient for biotechnological applications (X. Zhang et al., 2019a). Despite 

considerable efforts for rational construct optimization (e.g., truncation studies) and 

reported successful purification of the enzyme (Sugiura et al., 2010). In our study, 

pKfiC could be produced with a satisfactory yield that exceeded the yield obtained for 

pKfiA. However, both the purity and the activity of pKfiCA remained an issue. The 

low molecular weight (MW) heparosan produced by pKfiCA could be exploitable as 

a substrate for heparin synthesis, while the production of high MW heparosan  

(> 200 kDa), e.g., for the production of biodegradable materials (Mills, 2002; Williams 

et al., 2019) could not be achieved. It is currently unclear if the impaired ability of 

pKfiCA to produce long chains results from the introduced tags, suboptimal buffer 

conditions, stability issues, or a combination of the above. Both stability and activity 

issues were reported for the polysialyltransferase from Neisseria meningitidis 

serogroup B and could be improved by optimizing the tagged enzyme by directed 

evolution (Keys, Berger et al., 2012; Keys et al., 2014). Unfortunately, these kinds of 

studies would require an antibody for the screening of large enzyme libraries using 

intra- and/or extracellular heparosan expression as readout. To the best of our 

knowledge, such antibodies are unavailable due to the low immunogenicity of 

heparosan (DeAngelis, 2015), and antibodies against E. coli K5 that were available to 

us cross-react with ubiquitous surface molecules (Peters et al., 1985). Since 

bacteriophage TSPs can be engineered to detect bacterial polysaccharides (Stummeyer 

et al., 2005), our next step was to investigate if an inactive heparosan lyase could be 

used to detect heparosan, paving the way toward directed evolution experiments with 

KfiCA. 
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2.2.4. Expression and purification of the K5B tailspike protein KflB 

We decided to explore if the enzymatic machinery of the as yet undescribed  

E. coli K5-specific K5B would contain a heparosan lyase that could be exploited as 

a heparosan detection agent. The open reading frame (ORF) gp46 (Supplementary  

Fig. S4) of the K5B showed homology to known heparosan lyases. In analogy to the 

heparosan lyase KflA from the E. coli K5-specific K5A, gp46 was termed KflB. 

KflB shares 97.9% sequence identity with the heparosan lyase from K1-5 (GenBank 

AAG59821.1 (Scholl et al., 2001)), 98.3% sequence identity to the revised sequence 

of KflA (CAA71133.2, (O’Leary et al., 2013)) and 56.6% sequence identity to ElmA 

(CAA65353 (Legoux et al., 1996)). To investigate if KflB can be expressed as a 

recombinant protein in E. coli, the ORF was amplified and cloned with N-terminal 

Strep II and C-terminal His6-tag (Fig. 6A). In parallel, we designed a construct to 

investigate if KflB contains a C-terminal chaperone domain (CTD). CTDs have been 

described, e. g., for ElmA (Schwarzer et al., 2007) and have been suspected of playing 

a role in the folding of KflA (Thompson et al., 2010). Thus, we performed a multiple 

sequence alignment with KflB and TSPs with characterized CTDs, demonstrating that 

S505 is a putative candidate for the catalytic serine involved in the autocatalytic 

cleavage of the CTD of KflB (Fig. 6B). Consequently, KflB-S505A was generated. 

KflB wt and KflB-S505A were expressed in E. coli BL21(DE3), purified via affinity 

chromatography, and analyzed using SDS-PAGE and western blotting (Fig. 6C, D). 

Since TSPs can be SDS resistant (Mühlenhoff et al., 2003), samples were analyzed 

with (+) and without (-) denaturation (95°C for 5 min) prior to SDS-PAGE. The band 

of the denatured KflB wt corresponds to the expected molecular weight of a mature 

monomer (54 kDa). In contrast, the band corresponding to KflB-S505A was shifted 

towards higher molecular weights, with the shift being consistent with a retained CTD 

(16 kDa). In addition, the His6-tag (Fig. 6D, red channel) located at the C-terminus of 

the CTD was only detectable by Western Blot in KflB-S505A. Both observations 

confirm that S505 is required for the autocatalytic loss of the CTD. When the 

denaturation step was omitted, a higher molecular weight band was revealed at ~150 

kDa and ~ 130 kDa for KflB wt and KflB-S505A, respectively. This suggests the 

formation of a homotrimer for KflB wt, which agrees with the trimer formation 

observed in the crystal structure of KflA (Thompson et al., 2010).  
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Figure 6. Recombinant expression of KflB. A. Schematic representation of KflB wild-type and KflB-

S505A. B. Partial multiple sequence alignment of tailspike proteins harboring a C-terminal chaperone 

domain (CTD). From the left: the origin of the protein, name of the protein, number of the first residue 

included in the alignment, and amino acid sequence. The conserved serine residue is marked in bold. 

The scissors (Ser Asp) indicate the proteolytic cleavage site. The multiple sequence alignment was 

generated by Clustal 2.1 using proteins of the following accession numbers (European Nucleotide 

Archive database): CAA71133 (KflA), CAA65353 (Elma), AAG59821 (K5 lyase), AAG59822 

(endoN), CAJ29339 (L-shaped tail fibre protein LTF of coliphage T5), QPI15176.1 (Long tail fibre 

LTF of the salmonella phage GEC_vB_N5). C. Gel from SDS-PAGE stained with Coomassie Brilliant 

Blue G-250 (Roth) showing purified Strep II-KflB wt and Strep II-KflB-S505A. The whole gel is shown 

in Supplementary Fig S5. The SDS-resistant complex of Strep II-KflB wt is marked by the orange box. 

D. Corresponding Western Blot analysis. Strep II-tag (green channel), His6-tag (red channel). M – 

marker, T - temperature, ,,+'' – denatured samples. 

In contrast, the apparent MW of KflB-S505A is more consistent with the formation of 

a homodimer. Interestingly, and in contrast to KflB-S505A, a corresponding mutant 

(endoNF-S991A) of the endosialidase endoNF (Schwarzer et al., 2007) showed 

https://www.ebi.ac.uk/ena/browser/view/QPI15176
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decreased instead of increased electrophoretic mobility in an SDS-PAGE. This 

observation led to the proposal of a folding mechanism involving a partially folded 

intermediate that eventually leads to the formation of a stable protrimer from which 

the CTD is released. It is beyond the scope of this study to further investigate the 

folding mechanism of KflB. Interestingly, although SDS-resistant complexes are 

visible in the Coomassie-stained SDS-PAGE, the Strep-tag II is not detected (compare 

Fig. 6C, yellow box, with Fig. 6D, green channel, 150 kDa) in the corresponding 

Western Blot. This indicates that the N-terminal tag might be buried inside the trimeric 

complex, suggesting that at least this N-terminal part of KflB wt and KflB-S505A is 

folded.  

2.2.5. KflB is a heparosan lyase 

 In the next step, we wanted to investigate if KflB has heparosan lyase activity. 

Heparosan from metabolically engineered E. coli BJ (Leroux & Priem, 2016) was 

purified, fractionated (Supplementary Fig. S6), incubated with KflB, and samples were 

taken at different time points. To see if the CTD's presence impacts enzyme activity, 

we included KflB S505A. Products were separated and visualized on a PA 

(polyacrylamide) gel stained with (Fig. 7A, C). Additionally, an HPLC-based assay 

was developed, allowing separation via anion-exchange chromatography (AEC) (Fig. 

7B, D) coupled to UV detection at λ = 250 nm. Both assays clearly showed that both 

constructs are active. Overnight (ON) incubation of high molecular weight (HMW) 

heparosan with both constructs led to the complete disappearance of the substrate on 

the PA gel (Fig. 7A, C). This finding is in line with earlier studies which reported that 

the loss of the CTD of endosialidases is not required to produce an active enzyme 

(Mühlenhoff et al., 2003; Schwarzer et al., 2007). Interestingly, KflB leaves a mixture 

of four short oligosaccharide products as detected by HPLC-AEC (Fig. 7B, D).  
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Figure 7. Enzymatic activity of KflB. Heparosan degradation catalyzed by KflB wt (A, B) and KflB 

S505A (C, D). Products were visualized after (A, C) PAGE followed by alcian blue/silver staining or 

(B, D) UV detection after separation by HPLC-AEC. *The signal intensity of the overnight (ON) sample 

was decreased for illustrative purposes. 

Moreover, we investigated the minimal substrate size of KflB using the 

oligosaccharides shown in Fig. 4C. K5-derived tetramer (n = 1, see Fig. 4A), hexamer 

(n = 2), octamer (n = 3) and decamer (n = 4) were incubated in the presence of KflB 

wt. HPLC with detection at λ = 232 nm (Fig. 8) demonstrated degradation of the  

deca-, octa-, and hexamer into mixtures of shorter oligomers, while the tetramer 

remained unchanged. Therefore, we concluded that the minimal length of the substrate 

for KflB would be a hexamer (n = 2, see Fig. 4A). These results are in agreement with 

published literature that reported hexa-octamers of heparosan as a minimal substrate 

for KflA (Murphy et al., 2004; O’Leary et al., 2013). 
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Figure 8. The minimal substrate for KflB. Heparosan oligomers in the presence and absence of KflB 

after overnight incubation. Products were analyzed via HPLC-AEC coupled to UV detection. 

2.2.6. Analyzing the degradation mode of KflB using 2AB-K5 heparosan as substrate 

The mode of action of heparosan lyases is still a matter of debate (Murphy et al., 

2004; O’Leary et al., 2013; Thompson et al., 2010). This part of our study aimed to 

analyze if the product pool of KflB is consistent with an exo- or an endo-mode of 

degradation. We used 2AB-labeled heparosan for these experiments. An ideal exo 

lyase would cleave off small unlabeled fragments of the non-reducing end of 2AB-K5 

heparosan, resulting in a population of 2AB-K5 heparosan that slowly decreases in 

size over time. It is reasonable to assume that this exo activity would favor the non-

reducing end of heparosan, which is pointing away from the bacterial surface in the in 

vivo situation, while the reducing end is coupled to a lipid carrier (Sande & Whitfield, 

2021; Willis et al., 2013; Yan et al., 2020). However, in the unlikely event of 

degradation initiated at the reducing end (and not being hindered by the label), one 

would expect a progressive disappearance of the starting material with the 

simultaneous formation of short, final products of very low dispersity. In contrast, an 

ideal endo lyase would cut the polymer at random locations without bias, leading to a 

broad product spectrum of labeled and unlabeled products with short oligomers present 

from the start and accumulating over time. To analyze the degradation mode of KflB, 

2AB-K5 heparosan was produced with KfiCA from a bacterial lysate, as shown in 

(Fig. 5B) and the enzymes were heat-inactivated. KflB was supplemented, and the 

product profile was further analyzed by HPLC-AEC with fluorescence detection (Fig. 

9B). Fig. 9B shows that the intensity but not the retention time of the peak 

corresponding to long 2AB-K5 heparosan (46 min) decreases, clearly arguing against 
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an exo mode of degradation. The fact that comparably short (eluting between 20-30 

min) 2AB-labeled fragments start accumulating early in the reaction and keep 

accumulating over time (rather than at the end of the observed reaction period) again 

argues against an exo mode. The high dispersity of the product spectrum maintained 

over a long period is in favor of an endo mode (Fig. 9C). Interestingly, the major 2AB-

labeled products accumulating during the first 120 minutes are of intermediate size 

(app. 10-20 repeating units) and reminiscent of the species that were not further 

elongated by KfiCA (Fig. 5B; RT = 20-30 min). The fact that these species are 

observed in the majority of both polymerization and depolymerization reactions 

suggests that their production is not due to inherent enzyme properties (e.g., binding 

sites) but rather due to the properties of the polymer (induced by the label or a 

secondary structure). Importantly, these species are absent when non-labeled 

heparosan is digested (Fig. 7B, D). After overnight incubation, 2AB-K5 heparosan is 

fully degraded to small oligosaccharides (Fig. 9B). 

Studies analyzing the mode of degradation of KflA, which has the highest 

sequence similarity to KflB of the as yet described heparosan lyases, have analyzed 

the reaction endpoint of the degradation of non-labeled heparosan or the digest of 

chemically synthesized fragments (Murphy et al., 2004; O’Leary et al., 2013). In this 

study, the enzymatic built-up of labeled heparosan provided HMW material that 

allowed the analysis of the depolymerization in a time-dependent manner by HPLC-

AEC. The 2AB labeled heparosan has the advantage that only the reducing end product 

of the chain digested by KflB is detected. In contrast, both reaction products are 

observable when the double bond is used for UV detection, especially in the later 

stages of the experiment, when every chain has been cleaved at least once, making the 

product spectrum harder to interpret. Although the accumulation of labeled 

oligosaccharides of intermediate size prevented analyzing the time-dependent 

degradation of smaller oligosaccharides, a considerable range of reaction 

intermediates could be visualized, strongly suggesting an endolytic mechanism for 

KflB.  

In previous studies, (i) the fact that a mixture (di-decamers) of products has been 

observed after complete heparosan digest by KflA or the K5A (Hänfling et al., 1996; 

Murphy et al., 2004), and (ii) the observation that an octamer is the minimal substrate 

for the enzyme, have been considered an indication for an endo mode of KflA (Murphy 
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et al., 2004; O’Leary et al., 2013). In contrast, the predominance of dimers in the final 

product pool of KflA has been interpreted as an indication of exo cleavage, while 

products larger than a hexamer would be expected for the endo mode (O’Leary et al., 

2013). A model of processive endolytic cleavage has been suggested to explain this 

observation (O’Leary et al., 2013), but no experimental evidence has been presented. 

Interestingly, Schwarzer et al. reported that the wild-type endosialidase NF displays 

processive degradation of polysialic acid, whereas a serine mutant retaining the CTD 

was more distributive (Schwarzer et al., 2009). In their study, the distributive mutant 

degraded the long polymer early in the reaction. In contrast, the processive wild-type 

enzyme required a longer time, presumably, because the pool was degraded “polymer 

by polymer” rather than in a random fashion. Unmasking a processivity-mediating 

polysialic acid binding site in this mushroom-shaped enzyme's stalk domain was 

suggested as a molecular basis for the different modes of action. In line with that, the 

more distributive phi92 endosialidase lacks such a binding site (Schwarzer et al., 

2015).  

Since a distributive KflB would yield short to intermediate products early in the 

reaction, 2AB labeled HMW heparosan might not be the suitable substrate to further 

analyze the depolymerization mode because the accumulation of intermediate-sized 

products might interfere with the interpretation of the results. Noteworthy, the 

differences between the product profiles produced by KflB and KflB-S505A during 

the digest of non-labeled heparosan are comparable to the differences observed 

between endoNF and endoNF-S911A (Schwarzer et al., 2009). This indicates that 

KflB-S505A might also be more distributive than KflB wt, or in other words, KflB wt 

displays some degree of processivity (Fig. 7B and D, Supplementary Fig. S7). In 

summary, our results support a processive and endolytic mode for KflB. However, 

since no structural data is available for KflB, and since the homologous KflA was 

crystallized without substrate (Thompson et al., 2010), it is currently unclear if a 

processivity-mediating polymer binding site is present in heparosan lyases.  
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Figure 9. Depolymerization of fluorescently labeled heparosan by KflB. A. Schematic 

representation of the reaction. B. Time-course of the reaction with separation and detection of 2AB 

labeled substrates and products by HPLC-AEC. C. Zoomed-in section of B. Note that the reaction time 

is reversed to improve the visualization of the accumulation of small-intermediate products.  

2.2.7. Characterization of KflB substrate specificity  

The development of molecular tools for engineering glycosaminoglycans 

(GAGs) is highly interesting (DeAngelis et al., 2013; Miller et al., 2014). 

Glycosaminoglycans are very stable and require harsh conditions to undergo chemical 

degradation, whereas enzymatic degradation is performed under mild conditions, thus 

representing an appealing alternative (Bohlmann et al., 2015; Miller et al., 2014; 

Murphy et al., 2004). Consequently, we wanted to investigate if KflB could degrade 

other GAGs. KflB wt was incubated with hyaluronic acid, heparan sulfate, heparosan, 

chondroitin sulfate, and dermatan sulfate. Products were analyzed using PAGE 

combined with alcian blue/silver staining (Fig. 10). As expected, heparosan was 

completely degraded already after 0.5 h. Hyaluronic acid, chondroitin sulfate, and 

dermatan sulfate, structurally different from heparosan (DeAngelis et al., 2013), were 

resistant to KflB digestion. Heparan sulfate was slightly degraded within half an hour 
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of incubation, but longer incubation times did not change the product profile. It is 

tempting to speculate that this is because the precursor of heparan sulfate is structurally 

similar to heparosan (Y. Chen et al., 2013; DeAngelis et al., 2013). The majority of 

heparan sulfate is N- or O-sulfated, and glucuronic acid is partly epimerized to iduronic 

acid. The modified domains (NS domains) are alternating with less processed (NA/NS) 

domains and non-modified (N-acetylated or NA) domains that are still identical to 

heparosan (Sarrazin et al., 2011). We hypothesize that the partial degradation indicates 

that KflB digests heparan sulfate in its non- or less-modified domains. Like KflA, 

which has been shown to cleave heparan sulfate in non-sulfated regions or even in the 

vicinity of isolated N-sulfated residues (Murphy et al., 2004; O’Leary et al., 2013), 

KflB could be an attractive tool for the enrichment of NS and NA/NS domains 

structural analysis. 

 

Figure 10. KflB substrate specificity. Different glycosaminoglycans were incubated with KflB and 

analyzed after the indicated time points using PAGE, followed by alcian blue/silver staining. A control 

reaction in the absence of KflB was incubated overnight to document the stability of the respective 

polymer in the reaction buffer. 
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2.2.8. Identification of KflB’s active center and development of a heparosan 

 detection agent  

Stummeyer et al. demonstrated the possibility of transforming the tailspike 

endosialidase endoNF into a polysialic acid detection agent (Stummeyer et al., 2005). 

Active site mutations led to the loss of endosialidase activity, while the resulting 

mutants retained their affinity towards polysialic acid, most likely via the above-

discussed binding site present in the stalk domain. Therefore, we wanted to investigate 

if KflB can be transformed into a heparosan detection agent. Thompson et al. 

determined catalytically essential residues in KflA based on the apo structure and 

corroborated them using the kinetic measurements (Thompson et al., 2010). A multiple 

sequences alignment identified F202, E206, K208, and Y229 as corresponding 

residues in KflB (Fig. 11A). Using site-directed mutagenesis, we introduced single or 

double amino acid exchanges to alanine in KflB, purified the resulting constructs 

(Supplementary Fig. S5) and analyzed their activity towards heparosan in an overnight 

reaction. Heparosan was included as a control in the absence of the enzyme. The 

reactions were analyzed by alcian blue/silver stained PAGE (Fig. 11B). As expected, 

incubation with KflB wt and KflB-S505A led to the complete degradation of 

heparosan. Interestingly, all single amino acid exchange mutants showed residual 

activity toward high MW heparosan (Fig. 11B, compare product profile to heparosan 

control). Only those constructs in which two amino acids were exchanged for alanine 

showed a complete activity loss.  
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Figure 11. Identification of active site residues in KflB. A. Section of a multiple sequence alignment 

of heparosan lyases using the sequences as indicated in Fig. 3. From left to right: name of the protein, 

number of the first residue included in the alignment, amino acid sequence. Residues crucial for the 

activity of KflA (Thompson et al., 2010) are marked in bold. Residues marked with an asterisk were 

replaced by alanine resulting in the mutants shown in B. Effect of recombinant KflB and its mutants on 

heparosan in overnight reactions. Products were visualized with alcian blue/silver staining after PAGE. 

Heparosan incubated in the absence of the enzyme was used as a control. Recombinant KflB constructs 

and their identifiers: F202A (6112); E206 (6113); K208A (6114); wt (6118); Y229A (6119); S505A 

(6122); F206A, E206A (6167); E206A, K208A (6168); E206A, Y229A (6169); E206A, S505A (6170) 

(see Supplementary Table S2).  

2.2.9. Development of a heparosan detection agent 

All double amino acid exchange mutants were initially screened for their 

suitability as detection agents on E. coli K5 cells. However, without considerable 

success, most likely due to the poor accessibility of the Strep-tag II on a complex 

bacterial surface (see also Fig. 4D). As a minor degree of heparosan detection was 

possible using inactive KflB-E206A, K208A (hereafter referred to as iKflB), we 

decided to optimize the N-terminus of this construct for detection, by introducing 

various linkers and/or fusion tags. Constructs were generated according to the 

following rationale (see also Fig. 12): (I) an ALFA-tag (Götzke et al., 2019) was 

introduced between Strep-tag II and KflB’s N-terminus to expose the Strep-tag II and 
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allow an additional possibility of detection via the anti-ALFA antibody (6223); (II) an 

ALFA-tag was introduced near the S505 cleavage site to have a C-terminal tag after 

the loss of the CTD (6224); (III) a flexible GS24 linker (X. Chen et al., 2013) was 

introduced in 6223 between the ALFA-tag and the enzyme’s N-terminus to expose 

further the tags (6336); (IV) KflB was N-terminally fused to Strep II-eGFP-GS24 

(enhanced green fluorescent protein) for better exposure of the Strep-tag II and to 

enable detection via green fluorescent protein (GFP) if required; (V) iKflB (construct 

6168) was directly labeled with a fluorescent dye (Strep-iKflB-IR800). All constructs 

except for 6224 could be purified. Interestingly, none of the ALFA-tags could be 

detected in a Western Blot using nano-anti-ALFA (not shown). Only the Strep-tag II 

of the eGFP fusion protein could be visualized without prior denaturation using Strep-

Tactin IR800 (Fig. 12B).  
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Figure 12. Engineering an iKflB construct for the detection of heparosan. A. Overview of the 

designed construct. Green scissors indicate that the constructs show the expected molecular weight after 

CTD cleavage. Construct 6224 was insoluble and appeared to have a non-processed CTD (magenta x). 

B. SDS-PAGE of purified 6168, 6223, 6336, and 6338 and corresponding Western Blot analysis. Strep-

tag II (green channel), M – marker, T – temperature, ,,+’’ – denatured samples. 

We performed dot blots with strains obtained from liquid bacterial cultures to 

determine the applicability of 6338 and Strep II-iKflB IR800 for detecting heparosan 

on bacterial surfaces. More specifically, we included E. coli K5 as a natural heparosan-

producing strain and an engineered E. coli BJ derivative (Leroux & Priem, 2016) 

carrying pBAD33-kfiCAB (5744, see Supplementary Table S2) and pBBR3-kfiD 

(5691-tetR) to simulate a directed evolution experiment (Keys, Berger, et al., 2012). 

E. coli BJ was included as a control, and E. coli K1, a polysialic acid-producing strain, 

was used to exclude the possibility of unspecific binding to a negatively charged 
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capsule polymer. Both constructs 6338 and Strep II-iKflB IR800 could be exploited to 

detect heparosan on E. coli harvested from bacterial cultures (Fig. 13), while both 

controls clearly remained negative.  

 

Figure 13. KflB as detection agent for heparosan on bacterial surfaces. A. Direct detection of 

heparosan using fluorescently labeled KflB. B. Indirect detection via Strep-Tactin. 

2.3. Conclusions 

The presented comprehensive study confirmed that E. coli K5 heparosan 

synthases and the phage lyase can broaden the tool for heparosan synthesis, 

depolymerization, and detection. Using a fluorescently labeled K5 acceptor, we 

characterized the elongation mechanism of heparosan synthases. Moreover, the same 

acceptor was used to prepare a substrate, leading to the KflB degradation mode 

elucidation. Finally, we have transformed KflB into heparosan-specific lectins. This 

precious agent lays the foundations for directed evolution studies with KfiCA and 

bacterial serotyping. 

Interestingly, KflB catalyzes partial degradation of heparan sulfate. Further 

studies are needed to confirm that it takes place in a non-sulfated domain of a chain. 

This could extend the use of KflB-based artificial lectins as recognition and 

quantification agents for unsulfated domains, for example in tissues. 
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2.4. Materials and methods  

2.4.1. Materials  

Enzymes were purchased from Thermo Fisher Scientific and New England 

Biolabs GmbH. Recombinant DNA was isolated with QiAprep Spin Miniprep Kit 

(Qiagen Inc.). An overview of bacterial strains used in this study is given in 

Supplementary Table S1. The antibiotics used for bacterial cultures were: ampicillin 

(100 μg/ml), carbenicillin (50 μg/ml), chloramphenicol (20 μg/ml), kanamycin (50 

μg/ml), and tetracycline (15 μg/ml). The E. coli K5-specific K5B was kindly 

provided by Prof. Dr. Dieter Bitter-Suermann (Hannover Medical School) and 

sequenced at the Institute of Clinical Biochemistry. The sequence of KflB is provided 

in Supplementary Fig. S4. All primers used for cloning are listed in Supplementary 

Tables S2, S3. 

2.4.2. HPLC-based anion-exchange chromatography (HPLC-AEC) 

HPLC-AEC was performed on a Prominence UFLC-XR system (Shimadzu) 

using a CarboPac PA-100 column (Dionex™; 2 x 250 mm). Separation of the analytes 

was performed at 50°C at a flow rate of 0.6 ml/min using ultrapure water and 1 M 

NaCl as the mobile phase. The details of the elution conditions are described for each 

relevant experiment. All the samples from bacterial lysates were filtrated using 

Ultrafree™-cetrifgual filter units (Millipore; 0.22 µm; 16,000 x g, 5 min) prior to the 

HPLC-AEC analysis. 

2.4.3. Cloning 

Engineered heparosan synthases__To generate the pBAD33-based plasmid 

expressing untagged KfiCA under one promoter, first kfiC from pEX-A258-kfiCs 

(Eurofins Genomics, see Supplementary Fig. S2), and then kfiA from pBS-kfiA (Priem 

et al., 2017) were inserted into pBAD33 via KpnI/HindIII and XbaI/PstI, respectively, 

yielding pBAD33-kfiCA (6225, see Supplementary Table S2). To obtain  

pBAD33-kfiCAB (5744), kfiB from pBBR1-MCS3-kfiB (unpublished) was cloned via 

XhoI, PvuI into pBAD33-kfiCA. The pBBR1-MCS3-kfiB itself was obtained from the 

laboratory; it was constructed from SpeI, SacI digestion of pBBR-glcAT-kfiDB (Priem 

et al., 2017) and cloning of the kfiB fragment into SpeI/SacI sites of pBBR-MCS3 

(Kovachs et al., 1995). A plasmid encoding KfiD (pBBR1-MCS3-kfiD) was obtained 
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from (Leroux & Priem, 2016) and labeled as 5691-tetR. The tetracycline resistance of 

pBBR1-MCS3-kfiD was changed into a kanamycin (5691-kanR) resistance using 

restriction-free cloning (Bond & Naus, 2012) and the primers MS18 and MS19 

(Supplementary Table S3), to allow expression in E. coli BL21-Gold (DE3). 

Tagged KfiA and KfiB proteins intended for purifications were generated as 

follows: kfiA and kfiB were amplified by PCR from pBS-kfiA (Priem et al., 2017) and 

pBBR1-MCS3-kfiB (Barreteau et al., 2012) using primers MS05, MS02 and MS10, 

MS11 (Supplementary Table S2 and S3), respectively. Via restriction-free cloning 

(Bond & Naus, 2012), the obtained PCR products coding for KfiA and KfiB were 

cloned into modified versions of pMBP-S3N10-csxA-His6 (tac) (Fiebig et al., 2014). 

In the resulting construct pMal-c-His6-kfiA (5644) and pMal-c-MBP-S3N10-

preScission-kfiB-His6 (5668), KfiA is N-terminally fused to a His6 tag, and KfiB is N-

terminally linked via a PreScission cleavage site and an S3N10 linker to a maltose 

binding protein (MBP), and C-terminally fused to a His6 tag. For improved solubility, 

KfiC was fused with a trigger factor (TF) to create a construct as previously described 

(Leroux & Priem, 2016; Sugiura et al., 2010). TF was cloned via NdeI/BamHI from 

pBS-His6-TF (Leroux & Priem, 2016) into pET28a. Subsequently, KfiC from pEX-

A258-kfiCs (Eurofins Genomics) was cloned via BamHI/HindIII into pET28a-His6-

TF vector, yielding pET28a-His6-TF-kfiC (5822).  

Engineered K5 lyase B and its mutants__The gene encoding KflB was amplified 

using the primers MM315 and MM317 (Supplementary Table S2). The amplicon was 

inserted via BamHI/XhoI into pStrep-D245EndoNF-His6 (Schwarzer et al., 2009), 

replacing D245EndoNF. The start codon (ATG) at nucleotide position 1-3 of kflB was 

removed via restriction-free cloning (Bond & Naus, 2012) with the primers MS49 and 

MS50 (Supplementary Table S2) generating pStrep-kflB-His6 (6118). pStrep-kflB-

Y229A-His6 (6119) and pStrep-kflB-S505A-His6 (6122) were generated using site-

directed mutagenesis with primers DS210, DS211 and MR01, MR02, respectively, 

and 6118 as a template (Supplementary Table S2 and S3). Single alanine substitutions 

in 6112, 6113, and 6114 (F202, E206, K208A) were introduced according to Liu et al. 

(Liu & Naismith, 2008) using the primers indicated in Supplementary Table S2 and 

S3 and Strep-kflB-His6 (6118) as DNA template. Additional mutations were generated 

using the single mutants as a DNA template. The sequence encoding eGFP-GS24 was 

amplified from pET22b-Strep II-eGFP-GS24-ΔN-endoNF (Kiermaier et al., 2016) 
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with primers MS73 and MS74 (Supplementary Table S3) and cloned into 6168 using 

the RF-cloning protocol (Bond & Naus, 2012) generating 6338. The ALFA-tag 

(Götzke et al., 2019) was introduced by restriction-free cloning into Strep-kflB-E206A, 

K208A-His6 using the primers indicated in Supplementary Table S2. All plasmids 

were propagated in E. coli XL1 Blue, and the sequence identity of the coding 

sequences was confirmed by Sanger sequencing (Eurofins Genomics).  

2.4.4. Heparosan preparation 

Heparosan production in high cell density cultures__Heparosan was expressed 

using E. coli BJ transformed with a plasmid expressing KfiCAB (5744) and KfiD 

(5691-tetR, see Supplementary Table S2), respectively, as previously described by 

Barreteau et al. (Barreteau et al., 2012) with the following changes: The fed-batch 

phase started with the addition of the continuous feeding solution (50% glycerol and 

0.5% L-arabinose. After 30 min, isopropyl 1-thio-β-D-galactopyranoside (IPTG) was 

added at a final concentration of 0.2 mM.  

Heparosan fractionation__Heparosan (100 mg/ml) was dissolved in water and loaded 

on a HiTrap Q HP column (Cytiva) precalibrated with water. Heparosan was eluted 

with 1 M NaCl using a linear gradient from 0-480 mM NaCl over 40 column volumes. 

Fractions were collected and analyzed on 15% PAGE stained with alcian blue/silver. 

Fractions, as indicated in Supplementary Fig. S6, were pooled, lyophilized, dialyzed 

(Zellu Trans, Roth, 10 kDa MWCO) against water, and lyophilized again. 

2.4.5. Preparation of the fluorescently labeled K5 oligosaccharide acceptor 

Production of intracellular K5-derived oligosaccharides__Generation, extraction, and 

purification of heparosan oligosaccharides were performed according to a previously 

published protocol (Barreteau et al., 2012). The acidic supernatant was neutralized 

with the Amberlite FPA66 anion-exchange free base (Sigma-Aldrich), and the 

centrifugation step (30 min, 7000 rpm) was repeated to remove the resin. Generated 

oligosaccharides were detected by a thin layer chromatography-based protocol 

developed by Z. Zhang et al. (Z. Zhang et al., 2007). In the final step, oligomers were 

separated by size exclusion chromatography with a Hiload Superdex S30x3 column 

(26 x 600 mm, GE Healthcare) with 0.1 M carbonate ammonium at a flow rate of 1.2 

ml/min as a mobile phase. The appropriate fractions of oligomers were pooled, 
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concentrated in vacuo, and lyophilized, yielding heparosan oligomers with a degree of 

polymerization (DP) from 2 to 12. 

Fluorescent labeling of the K5 oligosaccharide acceptor__Heparosan decamer 

1 underwent treatment with mercury (II) acetate as described by Ludwigs et al. 

(Ludwigs et al., 1987). The solution was passed through a column filled with Dowex 

50W-X8 (H+ form; Sigma-Aldrich). The filtrate was lyophilized to give a white, solid 

product 2. According to the literature (France et al., 2000), nonamer 2 underwent 

reductive amination, with the following changes: the crude product was precipitated 

with cold acetone and centrifuged (4 ˚C, 20 min, 4000 g). The supernatant was 

discarded, and residues were neutralized with 1 M HCl for 1 hour at room temperature 

under stirring. The reaction mixture was concentrated in vacuo. The crude product was 

purified by silica chromatography (acetonitrile/water = 9:1  0:1) to give a yellowish 

solid 3. 

2.4.6. Protein Expression and Purification  

Expression and purification__Overnight bacterial cultures (E. coli M15[pREP4] 

for 5644, 5668, BL21(DE3) for 5822, and KflB wt and all mutants) were grown in 

PowerBroth (Athena Enzyme System) supplemented with carbenicillin (pKfiA, 

pKfiB, and all KflB constructs) or kanamycin (pKfiC) at 37 ˚C with shaking until an 

optical density (OD600) of ~1.0 was reached. After cooling at 4°C for app. 30 min, 

expression of pKfiC, A, B and KflB constructs was induced by  

0.1 mM IPTG and 0.5 mM IPTG, respectively. Bacteria were harvested after overnight 

incubation at 15 ˚C. Cells expressing pKfiCAB were lysed by sonication in Buffer A 

(50 mM Tris, pH 8.0, 500 mM NaCl), while KflB proteins were sonicated in Buffer 

W (100 mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA). Both buffers contained 

EDTA-free protease inhibitors (complete EDTA-free, Roche). The resulting lysates 

were centrifuged for 3 min at 16,000 x g. Soluble fractions containing pKfiCAB were 

loaded on His Trap HP columns (1 ml; GE Healthcare) and gradually eluted with 

Buffer B (50 mM Tris, pH 8.0, 500 mM NaCl, 500 mM imidazole; linear elution with 

50-500 mM imidazole over 20 min). Recombinant KflB proteins were purified using 

StrepTactin columns (IBA) and eluted according to the instruction provided by the 

manufacturer. 
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Size-Exclusion Chromatography (SEC)__Proteins were concentrated by 

centrifugation using centrifugal devices (Amicone, Millipore). The concentrated 

sample was loaded onto a Superdex 200 HR 10/30 column (Amersham Biosciences). 

Column equilibration and elution were performed with 10 mM Tris-HCl, pH 8.0, 50 

mM NaCl, 1 mM DTT at 0.5 ml/min. In addition, SEC of Strep-KflB-E206A, K208A 

intended for fluorescent labeling was performed in phosphate-buffered saline (PBS).  

2.4.7. Elongation of the K5 oligosaccharide acceptor – fluorescent heparosan 

Non-tagged KfiCA were expressed from 6225 in BL21(DE3) grown in 

PowerBroth with chloramphenicol selection (Fig. 5B). KfiCAB, D and KfiCA, D were 

expressed from 5744, 5691-kanR, and 6225, 5691-kanR, respectively, in  

BL21-Gold (DE3) grown in PowerBroth with chloramphenicol and kanamycin 

selection. The procedure was similar to the expression of tagged proteins, with the 

following changes: expression was induced at OD600 = 0.5 with L-arabinose (Roth) at 

the final concentration of 0.1%. A 1 ml aliquot of bacterial culture with OD600 = 2.0 

was centrifuged and the obtained pellet was washed four times with buffer A  

[100 mM Bis-Tris (Sigma), pH 6.5, 5 mM NaCl]. Next, the pellet was resuspended in 

buffer A containing 0.1 mg/mL lysozyme (Serva) and EDTA-free protease inhibitors 

(complete EDTA-free, Roche). After 10 minutes of incubation in the lysis mixture, 

cells were lysed by sonication. The soluble fraction was used in in vitro assays. To 

elongate 3 µM (Fig. 5B) or 10 µM (Fig. 5C) of the K5 oligosaccharide acceptor, 90 

µL (Fig. 5B) or 10 µL (Fig. 5C) of expressed proteins were used in a total volume of 

1 mL (Fig. 5B) or 60 µL (Fig. 5C) in the presence of 3 mM (Fig. 5B) or 1 mM  

(Fig. 5C) uridine diphosphate N-acetylglucosamine [UDP-GlcNAc (Sigma-Aldrich)] 

and uridine diphosphate D-glucuronic acid [UDP-GlcA (Sigma-Aldrich)], 1 mM 

dithiothreitol [DTT (Sigma)] and 5% glycerol (Sigma) in a buffer comprising  

200 mM Bis-Tris pH 6.5, 10 mM NaCl and 10 mM MnCl2 (Fig. 5C). In agreement 

with previous studies (Sugiura et al., 2010), adding 10 mM MgCl2 was tested but did 

not considerably alter enzyme activity (Fig. 5B). The reaction was incubated at 37 ˚C 

for the indicated time points. Enzymes were inactivated by incubation at 70 ˚C for 20 

min, and the precipitate was removed by centrifugation (16,000 x g, 5 min). The 

supernatants samples (25 µL, Fig. 5B or 20 µL, Fig. 5C) were injected into the HPLC-

AEC injector coupled to a fluorescence detector (Exc. λ = 330 nm, Emi. λ = 420 nm) 

and analyzed in a 20% -3 curved gradient from 3 to 8 min, followed by a linear gradient 
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of 52% over the next 39 min (Fig. 5B) or in a 60% linear elution gradient from 3 to 42 

min (Fig. 5C). 

In vitro reactions with purified, tagged proteins (pKfiC, pKfiA and if indicated 

pKfiB) were performed as described for non-tagged proteins with the following 

changes: 2 µM of pKfiCA(B) (5-7 µL in total) were used in a total volume of 60 µL 

(Fig. 5C). The K5 oligosaccharide acceptor was used in a concentration of 10 µM, the 

donor substrates in a concentration of 1 mM each. The reaction buffer contained 50 

mM Bis-Tris pH 6.5, 10% glycerol (if indicated, see Supplementary Fig. S3C), and 10 

mM MnCl2. The resulting products (35 µL) were analyzed using HPLC-AEC in a 60% 

linear gradient from 3 to 42 min. 

2.4.8. K5 lyase B activity assays  

Activity__KflB wt or KflB mutants (0.2-2 µM) were incubated with 10 µg/µL of 

heparosan in assay buffer (25 mM Tris-HCl, pH 8.0, 50 mM NaCl) with DTT at the 

final concentration of 1 mM at 37 ˚C. Samples (18 µL) were taken as indicated  

(Fig. 7B, D) and immersed in liquid nitrogen to inhibit reaction. Analysis was carried 

out using HPLC-AEC coupled to UV detection (λ = 250 nm) in a 16% liner gradient 

from 3 to 10 min, followed by a -1 curved gradient of 30% over the next 30 min and a 

+1 curved gradient of 50% over the next 6 min. Moreover, samples were analyzed via 

alcian blue/silver staining after PAGE (Fig. 7A, C).  

Fluorescently labeled heparosan was produced by KfiCA, and the enzymes were 

heat-inactivated as described above. KflB wt (1 nM, 3.9 uL of the stock solution) was 

added to the inactivated heparosan synthesis reaction mixture (295 µl), and water was 

supplemented to a total volume of 300 µl. The reaction mixture was incubated at 37 

˚C, samples (25 µL) were taken at the indicated time points and analyzed via HPLC-

AEC coupled to a fluorescence detector (Exc. λ = 330 nm, Emi. λ = 420 nm) and 

analyzed in a 20% -3 curved gradient from 3 to 8 min, followed by a linear gradient of 

52% over the next 39 min. 

The minimal length of a KflB substrate__Heparosan oligosaccharides (DP = 4, 

6, 8, 10) with a concentration of 10 µg/µL were incubated at 37 ˚C overnight in assay 

buffer with 1 µM KflB wt in a total reaction volume of 80 µL. Samples (4 - 8 µL) 

analyzed via HPLC-AEC coupled to UV detection (λ = 232 nm) in a 30% liner gradient 

from 3 to 14 min. 
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KflB specificity determination__The reaction mixture contained 1 mg/ml of a 

substrate as indicated [hyaluronic acid (Dextra), heparan sulfate (Iduron), heparosan, 

chondroitin sulfate (Sigma Aldrich), dermatan sulfate (Iduron)] and was started upon 

adding 4.5 µM KflB wt in a total volume of 25 µL at 37 ˚C. Samples were taken after 

half an hour, two hours, and overnight incubation. The reactions were stopped by 

immersion in liquid nitrogen, and polymers were visualized by alcian blue/silver 

staining after PAGE. 

2.4.9. Labeling of an inactive KflB 

Purified Strep-KflB-E206A, K208A (6168) (73.3 µl, 3.13 nmol, 1 equiv.) in PBS 

was mixed with IR Dye 800CW NHS Ester (1.1 µl, 9.4 nmol, 3 equiv.; LI-COR 

Biosciences) in DMF and incubated at 4 ˚C for 15 hours. The non-reacted dye was 

removed with Zeba™ Dye and Biotin Removal Spin Columns (ThermoFisher 

Scientific) according to the manufacturer’s guidelines. The obtained fluorescently 

labeled protein is referred to as Strep-iKflB IR800.  

2.4.10.  Dot blots 

A sample of the engineered heparosan-producing strain was prepared as 

described in 2.4.4. E. coli K1, E. coli K5, and E. coli BJ (Supplementary Table S1) 

were cultivated in PowerBroth overnight at 37 °C without antibiotic selection and with 

tetracycline, respectively. Liquid bacterial cultures (OD600 = 2.6) were transferred (80 

µL, 40 µL and 20 µL) onto a nitrocellulose membrane and air-dried. Subsequently, 

membranes were incubated in Intercept® (PBS) Blocking Buffer (BB, LI-COR 

Biosciences) and PBS (1:2) at 4 ˚C overnight. Heparosan was directly detected using 

Strep-iKflB-IR800 [1:3000 in BB:PBS, (1:2)]. If Strep-eGFP-GS24-iKflB (6338) [20 

µg/ml in BB:PBS, (1:2)] was used for detection, additional incubation steps with 

Avidin [2 µg/ml in BB:PBS, (1:2) for 10 min; (Sigma-Aldrich) followed by addition 

of Strep-Tactin IR 800CW (1:2000) was performed. Each incubation was performed 

for 1 h unless stated otherwise at room temperature with orbital shaking at 13 rpm. The 

membrane was washed four times with 0.1% Tween® 20 in PBS after each incubation 

with detection agents. For visualization, membranes were scanned using an Odyssey® 

infrared imaging system (LI-COR Biosciences).  
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2.5. Footnotes 

The abbreviations: , bacteriophage; Δ, unsaturated uronic acid at the non-

reducing end; λ, wavelength; A, alanine; 2AB, 2-aminobenzamide; AEC, anion-

exchange chromatography; Bis-Tris, Bis-Tris methane; CPS, capsular polysaccharide; 

CTD, C-terminal chaperone domain; DNA, deoxyribonucleic acid; DP, degree of 

polymerization; DTT, dithiothreitol; E. coli, Escherichia coli; F, phenylalanine; 

GAG, glycosaminoglycan; GlcA, glucuronic acid; GlcNAc, N-acetylglucosamine; 

HPLC, high-performance liquid chromatography; IPTG, isopropyl β-D-1-

thiogalactopyranoside; kanR, kanamycin resistance; kDa, kilo Dalton; KfiA, N-

acetylglucosaminyltransferase; KfiC, D-glucuronyltransferase; KfiD, UDP-Glc-

dehydrogenase; KflA, K5 lyase A; KflB, K5 lyase B; M, mol per liter; MBP, maltose-

binding protein; MS, mass spectrometry; MW, molecular weight; MWCO, molecular 

weight cut-off; NA, highly sulfated domain of heparan sulfate; NA/NS, intermediately 

sulfated domain of heparan sulfate; NS, nonsulfated domain of heparan sulfate; OD, 

optical density; PAGE, polyacrylamide gel electrophoresis; PBS, phosphate-buffered 

saline; S, serine; SDS, sodium dodecyl sulfate; SEC, Size-Exclusion Chromatography; 

tetR, tetracycline resistance; TF, trigger factor; TSP, tailspike protein; Tris, 

tris(hydroxymethyl)aminomethane; Tween® 20, polyethylene glycol sorbitan 

monolaurate; UDP, uridine diphosphate; UDP-GlcA, uridine diphosphate glucuronic 

acid; UDP-GlcNAc, uridine diphosphate N-acetylglucosamine; UV, ultraviolet; wt, 

wildtype, Y, tyrosine 

 

 

  



  47 | p a g e  

 

SUPPLEMENTARY INFORMATION 

 

Extending the enzymatic toolbox for heparosan 

polymerization, depolymerization, and detection 

 

Małgorzata Sulewskaab, Monika Bergera, Manuela Damerowa, David Schwarzera,  

Martina Mühlenhoffa, Rita Gerardy-Schahna, Bernard Priemb, Timm Fiebiga 

 

aInstitute of Clinical Biochemistry, Hannover Medical School, Hannover, Germany 

bCentre de Recherche sur les Macromolécules Végétales, Groupe Chimie et 

Biotechnologie des Oligosaccharides, 601 rue de la Chimie, BP 53X, 38041 

Grenoble, Cedex 09, France 

 

  



 48 | p a g e  

 

TABLE OF CONTENTS 

 

SUPPLEMENTARY TABLES 

Supplementary Table S1. Overview of bacterial strains used in this study. 

Supplementary Table S2. Overview of plasmids and recombinant proteins used in 

this study. 

Supplementary Table S3. Primers used in this study. 

Supplementary Table S4. Protein expression, purification and obtained yield.  

 

 

SUPPLEMENTARY FIGURES  

Supplementary Figure S1. Analysis of the K5 oligosaccharides by mass 

spectrometry.  

Supplementary Figure S2. The coding sequence of KfiC used in this study. 

Supplementary Figure S3. Characterization of heparosan synthases. 

Supplementary Figure S4. The K5 lyase B sequence. 

Supplementary Figure S5. Coomassie-stained polyacrylamide gels of KflB and its 

mutants (final pools). 

Supplementary Figure S6. Heparosan fractionation.  

Supplementary Figure S7. Heparosan degradation catalyzed by KflB wt and KflB 

S505A.  

 

 

  



  49 | p a g e  

 

Supplementary Table S1. Overview of bacterial strains used in this study. 

Strain Relevant 

characteristics 

Purpose Source or 

references 

Escherichia coli K1 neuDBACES 

kpsFEDUCSTM 

Polysialic 

acid 

production 

Frosch et al., 1985; 

Daines et al., 2000 

Escherichia coli K5 kfiACBD 

kpsFEDUCSTM 

Heparosan 

production 

Schwarzer et al., 

2007; Silver et al., 

2001 

Escherichia coli 

HB13 

(K-12 derivative) 

ΔwcaJ,  

pBBR1-kfiAB, 

pSU2718-kfiCD, 

pWSK29-elmA 

K5 

oligomers 

production 

Barreteau et al., 

2012 

Escherichia coli BJ  

(BL21 derivative) 

ΔwcaJ 

kpsFEDUCSTM 

Heparosan 

production 

Leroux & Priem, 

2016 

Escherichia coli 

BL21(DE3) 

lon ompT 

(λ DE3) dcm  

Protein 

expression  

Novagen 

Escherichia coli 

XL1-Blue 

recA1 endA1 tetR Cloning  Invitrogen 

Escherichia coli 

M15[pREP4] 

recA+ uvr+ kanR Protein 

expression 

Diagen  
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Supplementary Table S2. Overview of plasmids and recombinant proteins used in 

this study. 

Protein Accession 

number 

Identifier Recombinant 

construct 

Cloning 

primers 

Vector 

KfiA Q47332 5644 His6-KfiA 

(pKfiA) 

 

MS03, 

MS04 

pMal-c 

KfiB TEZ99055.

1 

5668 

 

MBP-S3N10-

Prescission-

KfiB-His6 

 

MS10, 

MS11 

pMal-c 

KfiD CAE55820

.1 

5691-tetR KfiD-tetR - pBBR1-

MCS3 

KfiD CAE55820

.1 

5691-kanR KfiD-kanR MS18, 

MS19 

pBBR1-

MCS3 

KfiC 

KfiA  

 6225 KfiCA -  

KfiC 

KfiA 

KfiB 

 5744 KfiCAB - pBAD33 

KfiC  5822 His6-TF-KfiC 

(pKfiC) 

- pET28a 

KflB This study 6112 Strep-KflB-

F202A-His6 

MS43, 

MS44 

Modified 

pET22b 

(Schwarzer 

et al., 

2007) 
6113 Strep-KflB-

E206A-His6 

MS45, 

MS46 

6114 Strep-KflB-

K208A-His6 

MS47, 

MS48 

6118 Strep-KflB-

His6 

MM315, 

MM317; 

MS49, 

MS50 
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6119 Strep-KflB-

Y229A-His6 

DS210, 

DS211; 

MS49, 

MS50 

6122 Strep-KflB-

S505A-His6 

MR01, 

MR02; 

MS49, 

MS50 

6167 Strep-kflB-

F202A,E206A

-His6 

MS57, 

MS58 

6168 Strep-KflB-

E206A,K208

A-His6 

MS59, 

MS60 

6169 Strep-KflB-

E206A,Y229

A-His6 

MS45, 

MS46 

6170 Strep-KflB-

E206A,S505A

-His6 

MS45, 

MS46 

6223 Strep-ALFA-

KflB-

E206A,K208

A-His6 

MS65, 

MS66 

6224 Strep-KflB-

E206A,K208

A-ALFA- His6 

MS61, 

MS62 

6336 Strep-ALFA-

GS24-KflB-

E206A,K208

A-His6 

MS69, 

MS70 

eGFP-

KflB 

 6338 Strep-GFP-

GS24-KflB-

E206A,K208

A-His6 

MS73, 

MS74 
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     Supplementary Table S3. Primers used in this study. 

Primer Sequence (5’ to 3’) Source 

Cloning primers 

DS210 gcagattgccagcatgtaactgccaacggcactgaaggg This 

study 

DS211 cccttcagtgccgttggcagttacatgctggcaatctgc 

MS03 ccaccaccaccaccacggatccattgttgcaaatatgtcatcatacccacc 

MS04 cggccagtgccaagcttttacctaggttattccacattatacactaattcgag

gttaagttttg 

MS10 ctggaggtgctgtttcaaggtccgaataaattagtgctagtcggacatcctg 

MS11 gtggtggtggtggtgctcgaggcccttgattttagctctcctatatttataaac 

MS18 gtagtttatcacagttaaattgctaacgcagtcaggcacatgagccatattc

aacgggaaacg 

MS19 ggtgccgccggcttccatttagaaaaactcatcgagcatcaaatgaaactg 

MS43 ctcagggcggagcagtagagttgaaaggtacagcca 

MS44 ctccgccctgagggtagttcttagcaatgacgttatc 

MS45 gcagtagcgttgaaaggtacagccagttacaacatagtcagtaatg 

MS46 ctttcaacgctactgctccgaactgagggtagttcttag 

MS47 gttggcaggtacagccagttacaacatagtcagtaatgttataggg 

MS48 gctgtacctgccaactctactgctccgaactgag 

MS49 cctggttccgcgtggatccgctaaattaaccaaacctaatactgaag 

MS50 gctgctttattagtagcatatccggaatagctacctcgaatgcctttaatcata

agtcc 

MS57 aactaccctcaggccggagcagtagcgttgaaag 

MS58 ggcctgagggtagttcttagcaatgacgttatctatgag 

MS59 cagtagcgttggcaggtacagccagttacaacatagtc 

MS60 tgccaacgctactgctccgaactgagggtagttc 
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MS61 ggttttactcaatcagcattcactgttgtcccttcccgagtcgaagaggaatt

gcgccg 

MS62 aggctctgttttatccctagcatctgaaggctcggtcagcctacggcgcaat

tcctctt 

MS65 ctggttccgcgtggatccccttcccgagtcgaagaggaattgcgccgtag 

MS66 aagattccttcagtattaggtttggttaatttagcaggctcggtcagcctacg

gcgcaat 

MS69 gtaggttcgaatggcggattaagtccccttcccgagtcgaagaggaattgc

gccgtag 

MS70 agaacgcctgaagggagtgacataggctcggtcagcctacggcgcaatt

cctct 

MS73 cctggttccgcgtggatccggtaaaggagaagaacttttcactggag 

MS74 gcaagattccttcagtattaggtttggttaatttagcggccgctgaagaccc

g 

MR01 gcattcactgttgtcgcagatgctagggataaaacag 

MR02 ctgttttatccctagcatctgcgacaacagtgaatgc 

MM315 cgggatccatggctaaattaaccaaacc 

MM317 gtccgccgagcttaggcagggaagctag 

Sequencing primers 

pQE_FP cggataacaatttcacacag Eurofins 

Genomics 

M13_FP tgtaaaacgacggccagt Eurofins 

Genomics 

MS51 ccatcggtgatgtcg This study 

DS212 gctacagtgctacagg This study 

DS213 cctgtagcactgtagc This study 
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  Supplementary Table S4. Protein expression, purification and obtained yield. 

Identifier Expression 

strain 

MW of 

mature 

protein, 

kDa 

Affinity 

chromatography 

system 

Yield, 

mg/L 

5644 M15[pREP4] 28.3 His-tag 1.2 

5668 109.2 5.2 

5822 BL21(DE3) 110.6 12.8 

6112 54.0 Strep-tag 10.8 

6113 54.1 13.5 

6114 54.1 15.8 

6118 54.1 20.0 

6119 54.0 22.0 

6122 69.8 9.0 

6167 54.0 22.0 

6168 54.0 18.6 

6169 54.0 11.4 

6170 69.8 18.7 

6223 55.8 5.8 

6224 55.8* Not 

obtained 

6336 57.7 8.9 

6338 83.0 4.9 

* MW expected after proteolytic cleavage. However, the obtained data (not shown) suggest it 

did not occur.   
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Supplementary Figure S1. Mass spectrometry analysis of the K5 

oligosaccharides. The major molecular ions associated with the isolated products: 

decamer (1), unlabled nonamer (2), octamer, hexamer, tetramer, 2-aminobenzamid 

labeled nonamer (3) had mass to charge ratios (m/z) of A. 1894.331 (M-H)-, B. 1736.49 

(M-H)-, C. 1516.218 (M)+., D. 1136.851 (M-H)-, E. 758.164 (M)+., F. 374.906 (M-

H+NH3)
5+, respectively. 
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Supplementary Figure S2. The coding sequence of KfiC used in this study. The 

synthetic version of kfiC was designed to remove unwanted restriction sites, and add 

cloning sites (underlined). KfiC start and stop codon are in bold.  

GGTACCATAAGAAGGAGATATACCATGGATCCTATGAACGCAGAATATATAAAT

TTAGTTGAACGTAAAAAGAAATTAGGGACAAATATTGGTGCTCTTGATTTTTTAT

TATCAATTCATAAGGAGAAAGTTGATCTTCAACATAAAAACTCGCCTTTAAAAG

GTAACGATAACCTTATTCACAAAAGAATAAACGAATACGACAATGTACTTGAAC

TATCTAAGAATGTATCAGCTCAGAACTCTGGCAATGAGTTTTCTTATTTATTGGG

ATATGCAGATTCTCTTAGAAAAGTTGGTATGTTGGATACTTATATTAAAATTGTT

TGTTATCTAACAATTCAATCTCGTTATTTTAAAAATGGCGAACGAGTTAAACTTT

TTGAACATATAAGTAACGCTCTACGGTATTCAAGGAGTGATTTTCTCATTAATCT

TATTTTTGAACGATATATCGAATATATAAACCATCTAAAATTGTCGCCCAAACAA

AAAGATTTTTATTTTTGTACGAAGTTTTCAAAATTTCATGATTATACTAAAAATG

GATATAAATATTTAGCATTTGATAATCAAGCCGATGCAGGGTATGGCCTGACTTT

ATTATTAAATGCAAACGATGATATGCAAGATAGTTATAATCTACTCCCTGAGCA

AGAACTTTTTATTTGTAATGCTGTAATAGATAATATGAATATTTATAGGAGTCAA

TTTAACAAATGTCTACGAAAATACGATTTATCAGAAATAACTGATATATACCCA

AATAAAATTATATTGCAAGGAATTAAGTTCGATAAGAAAAAAAATGTTTATGGA

AAAGATCTTGTTAGTATAATAATGTCAGTATTCAATTCAGAAGATACTATTGCAT

ACTCATTACATTCATTGTTGAATCAAACCTATGAAAATATTGAAATTCTCGTGTG

CGATGATTGTTCATCGGACAAAAGCCTTGAAATAATTAAGAGCATAGCTTATTCT

AGTTCAAGAGTGAAAGTATATAGCTCACGAAAAAACCAAGGCCCTTATAATATA

AGAAATGAGCTAATAAAAAAAGCACACGGTAATTTCATCACCTTTCAAGATGCA

GATGATCTTTCTCATCCGGAGAGAATACAAAGACAAGTTGAGGTTCTTCGCAAT

AATAAGGCTGTAATCTGTATGGCTAACTGGATACGTGTTGCGTCAAATGGAAAA

ATTCAATTCTTCTATGATGATAAAGCCACAAGAATGTCTGTTGTATCGTCAATGA

TAAAAAAAGATATTTTTGCGACAGTTGGTGGCTATAGACAATCTTTAATTGGTGC

AGATACGGAGTTTTATGAAACAGTAATAATGCGTTATGGGCGAGAAAGTATTGT

AAGATTACTGCAACCATTGATATTGGGGTTATGGGGAGACTCCGGACTTACCAG

GAATAAAGGAACAGAAGCTCTACCTGATGGATATATATCACAATCTCGAAGAGA

ATATAGTGATATCGCGGCAAGACAACGAGTGTTAGGGAAAAGTATCGTAAGTGA

TAAAGATGTACGTGGTTTATTATCTCGCTATGGTTTGTTTAAAGATGTATCAGGA

ATAATTGAACAATAGGTCGACTCTAGAATAACTGCAGTACTCGAGAACGATCGC

GGCCGCAAGCTT  
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Supplementary Figure S3. Characterization of purified heparosan synthases. A. 

Coomassie-stained polyacrylamide gels of KfiA (5664), KfiC (5822) and KfiB (5668). 

B. Single transfers of UDP-donors to the K5 oligosaccharide acceptor. As previously 

reported (Sugiura et al. 2010), KfiC exhibits catalytic activity only in the presence of 

KfiA (II, III). C. Heparosan of higher MW is synthesized when both enzymes and both 

donor substrates are present. However, non-tagged version of KfiA and KfiC tested 

under reproducible conditions produced longer chains (see. Fig. 5C).  

 

*The reaction mixture (without UDP-GlcNAc) was supplemented with KfiCA and 

incubated overnight at 37 ˚C. The reaction was stopped by incubation at 65 ˚C for 10 
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minutes. Subsuqently, KfiA and UDP-GlcNAc was added and the ON incubation at 

37 ˚C repeated.  
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Supplementary Figure S4. The KflB sequence. A. The coding sequence of the  

K5 lyase B from the Escherichia coli K5B bacteriophage; B. The translation product 

– the primary sequence of the K5 lyase B.  

A. 

ATGGCTAAATTAACCAAACCTAATACTGAAGGAATCTTGCATAAAGGACAATCT

TTGTATGAGTACCTTGATGCGAGAGTTTTAACATCAAAGCCGTTTGGTGCTGTAG

GTGACGCCACTACTGATGATACGGAGGTTATAGCTGCTTCATTAAACTCTCAGA

AAGCTGTCACAATCTCAGACGGTGTATTCTCTAGCTCTGGTATTAATAGTAATTA

CTGTAACTTAGACGGTAGAGGTAGTGGGGTGCTAAGTCACCGTTCCAGTACAGG

TAACTACTTAGTATTTAACAATCCACGTACAGGTCGCTTAAGTAATATTACGGTA

GAAAGTAATAAGGCAACTGATACAACTCAGGGACAGCAGGTATCTCTTGCGGGT

GGAAGTGATGTTACTGTAAGTGACGTTAACTTCTCAAACGTTAAAGGTACTGGTT

TCAGTTTAATCGCATACCCTAATGATGCGCCACCTGATGGACTTATGATTAAAGG

CATTCGAGGTAGCTATTCCGGATATGCTACTAATAAAGCAGCCGGATGCGTACT

TGCTGACTCCTCAGTTAACTCCCTCATAGATAACGTCATTGCTAAGAACTACCCT

CAGTTCGGAGCAGTAGAGTTGAAAGGTACAGCCAGTTACAACATAGTCAGTAAT

GTTATAGGGGCAGATTGCCAGCATGTAACTTACAACGGCACTGAAGGGCCAATA

GCCCCTTCTAATAACCTTATCAAGGGGGTGATGGCTAATAACCCTAAGTATGCA

GCGGTTGTTGCAGGCAAAGGAAGTACGAACTTAATCTCAGACGTGCTCGTAGAT

TACTCAACTTCTGATGCTAGGCAGGCTCATGGTGTTACCGTAGAAGGGTCTGATA

ACGTCATAAATAATGTGCTTATGTCAGGATGTGATGGTACTAACTCTTTAGGACA

AGGGCAGACTGCTACAATTGCACGCTTTATAGGTACAGCTAATAACAACTATGC

GTCTGTATTTCCTAGCTACAGTGCTACAGGTGTTATTACTTTCGAATCCGGCTCT

ACCCGTAACTTCGTAGAGGTAAAGCACCCTGGCAGGAGAAACGACCTTCTCAGT

TCTGCTAGTACTATTGACGGTGCAGCTACTATTGACGGCACTAATAATAGTAACG

TAGTGCACGCACCTGCCTTAGGGCAGTACGTAGGTAGTATGTCAGGTAGGTTCG

AATGGCGGATTAAGTCCATGTCACTCCCTTCAGGCGTTCTTACTTCTGCTGATAA

GTACAGAATGCTTGGGGATGGTGCTGTGTCATTAGCTGTAGGTGGGGGTACTTCT

TCTCAAGTTCGCCTATTTACTTCTGATGGTACTTCTCGGACAGTGTCCCTCACCA

ACGGTAACGTGCGTCTTTCTACCAGTAGCACAGGCTATTTGCAGTTAGGTGCTGA

TGCAATGACCCCAGATAGTACTGGTACATACGCATTAGGTTCCGCCAGTCGAGC

ATGGTCTGGCGGTTTTACTCAATCAGCATTCACTGTTGTCTCAGATGCTAGGGAT

AAAACAGAGCCTCTTATTATCTCAGATGCTTTACTGGATGCTTGGTCTGAAGTTG

ACTTTGTGCAGTTTCAGTACTTGGACCGAATTGAGGAGAAGGGTGCAGACTCAG

CTAGATGGCACTTCGGTATCATCGCTCAGAGAGCTAAGGAGGCTTTCGAACGTC

ACGGTATAGATGCACATCGCTATGGCTTCTTGTGCTTCGACAGTTGGGATGATGT

ATACGAGGAAGATGCCAATGGCTCTCGTAAACTGATTACACCAGCAGGTTCCCG

CTACGGTATTCGTTACGAGGAAGTACTGATATTAGAGGCTGCGTTGATGCGGAG

GACTATTAAGCGTATGCAGGAAGCACTAGCTTCCCTGCCTAAGTAA 
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B.  

# 5'3' Frame 1 

MAKLTKPNTEGILHKGQSLYEYLDARVLTSKPFGAVGDATTDDTEVIAASLNSQKA

VTISDGVFSSSGINSNYCNLDGRGSGVLSHRSSTGNYLVFNNPRTGRLSNITVESNKA

TDTTQGQQVSLAGGSDVTVSDVNFSNVKGTGFSLIAYPNDAPPDGLMIKGIRGSYSG

YATNKAAGCVLADSSVNSLIDNVIAKNYPQFGAVELKGTASYNIVSNVIGADCQHV

TYNGTEGPIAPSNNLIKGVMANNPKYAAVVAGKGSTNLISDVLVDYSTSDARQAHG

VTVEGSDNVINNVLMSGCDGTNSLGQGQTATIARFIGTANNNYASVFPSYSATGVIT

FESGSTRNFVEVKHPGRRNDLLSSASTIDGAATIDGTNNSNVVHAPALGQYVGSMS

GRFEWRIKSMSLPSGVLTSADKYRMLGDGAVSLAVGGGTSSQVRLFTSDGTSRTVS

LTNGNVRLSTSSTGYLQLGADAMTPDSTGTYALGSASRAWSGGFTQSAFTVVSDAR

DKTEPLIISDALLDAWSEVDFVQFQYLDRIEEKGADSARWHFGIIAQRAKEAFERHGI

DAHRYGFLCFDSWDDVYEEDANGSRKLITPAGSRYGIRYEEVLILEAALMRRTIKR

MQEALASLPK 
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Supplementary Figure S5. Coomassie-stained polyacrylamide gels of KflB and its 

mutants (final pools) (A, B). M – marker, T - temperature ,,+’’ – denatured samples. 

The lanes showing 6118 and 6122 in Fig. 6 were excised from this gel. * Sample is 

not relevant for this study.  
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Supplementary Figure S6. Heparosan fractionation. Highly disperse heparosan 

was fractionated by anion-exchange chromatography and visualized by 

AlcianBlue/Silver stained 15% PA gel. The fractions 27-30 were pooled for 

performing in vitro assays with KflB.  
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Supplementary Figure S7. Heparosan degradation catalyzed by KflB wt (6118) 

and KflB S505A (6122). Zoomed-in sections of the chromatograms shown in Fig. 7 

to emphasize differences in the depolymerization mode utilized by KflB wt and KflB-

S505A.   
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Preface 

The successful development of a multiplexed capillary gel electrophoresis with 

laser-induced fluorescence detection (xCGE-LIF) protocol for the analysis of 

glycosphingolipids laid the foundation for the conceptualization of a study to analyze 

glycosaminoglycans (GAGs) by Dr. Charlotte Rossdam and Prof. Falk F. R. Buettner. 

The current study aimed towards the establishment of a standard library containing 

fluorescently labeled GAG-derived disaccharides. Based on the standards we aimed to 

investigate changes in the expression of GAGs that may occurr during cell 

differentiation. Pilot experiments interrogating the basic question whether 

fluorescently labeled GAGs can be separated and visualized by xCGE-LIF were 

carried out by the Master student Jonas Scholz. I further optimized initially established 

protocols and refined data presentation. To enlarge the library of standards, I prepared 

heparosan and heparosan-derived oligomers under the supervision of Dr. Bernard 

Priem. The experiments on the cultured cells were made possible through collaboration 

with PD Dr. Ortwin Naujok, an expert in stem cell biology. Together with  

Dr. Charlotte Rossdam, Julia Beimdiek, Prof. Rita Gerardy-Schahn and  

Prof. Falk F. R. Buettner, I analyzed and interpreted the results. This manuscript was 

conceptualized and written by myself with help from Dr. Charlotte Rossdam.  

Prof. Falk F. R. Buettner edited the manuscript.  
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Préface 

Le succès obtenu de la méthode d’analyse en gel d’électrophorèse capillaire 

multiplexe à détection en fluorescence laser (xCGE-LIF) pour l’analyse des 

glycosphingolipides a conduit la fondation pour la conceptualisation à l’évaluer pour 

l’analyse des glycosaminoglycanes (GAGs) à l’initiative des Dr Charlotte Rossdam et 

Prof Falk F. R. Buettner. Le présent travail a pour objectif l’établissement d’une 

bibliothèque de standards de disaccharides de GAGs marqués à la fluorescence. Dans 

un deuxième temps, celle-ci est exploitée pour l’étude des changements potentiels de 

l’expression des GAGs durant la différentiation cellulaire. Les expériences premiéres 

traitant de la capacité de l’approche xCGE-LIF à séparer et visualiser les GAGs 

marqués à la fluorescence ont été menées par Jonas Scholz dans le cadre d’un stage de 

Master. J’ai ensuite optimisé le protocole ainsi que le traitement de données. Afin 

d’élargir la banque de standards, j’ai préparé de l’héparosan et des oligosaccharides 

d’héparosan sous la direction du Dr Bernard Priem. Les expériences sur les cultures 

cellulaires ont été rendues possibles grâce à une collaboration avec le  

Dr Ortwin Naujok, expert en biologie cellulaire des stèmes. Avec les  

Dr Charlotte Rossdam, Julia Beimdiek, Prof Rita Gerardy-Schahn et le  

Prof FR Buettner, j’ai analysé et interprété les résultats. Le Prof Falk Buettner a édité 

le manuscrit. 

. 
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3.1. Introduction 

Human pluripotent stem cells (hPSCs), including both human embryonic stem 

cells (hESCs) and human induced pluripotent stem cells (hiPSCs), offer remarkable 

potential in tissue engineering and regenerative medicine (Okano et al., 2014; Pera et 

al., 2004). In the future, hPSCs might be used to regenerate damaged tissue in various 

diseases, such as diabetes (Soria et al., 2000). To use cells for such purpose, it is critical 

to thoroughly understand, successfully guide, and control stem cell differentiation into 

the desired lineage and tissue. However, while proteomic, transcriptomic, and genomic 

processes during stem cell differentiation are well studied, knowledge of the 

significance of the glycome is still rare.  

The entirety of glycans in a cell, the glycome, has been shown to play essential 

roles in stem cell biology. For example, the characterization of hPSCs is based on the 

expression of numerous cell surface markers, exclusively expressed on the cell surface 

of human stem cells. The majority of these are, in fact, glycoconjugates, such as the 

tumor rejection antigens TRA-1-60 and TRA-1-81 (Wright & Andrews, 2009), or the 

stage-specific embryonic antigens 3, 4, and 5 (Kannagi et al., 1983, Breimer et al., 

2017; Tang et al., 2011), or the somewhat recently proposed sialyl lactotetra (Barone 

et al., 2014). Moreover, proteoglycans are majorly involved in determining stem cell 

fate by interaction with chemokines, growth factors, and morphogens, thereby 

controlling signal transduction (Johnson et al., 2007; “Essentials of Glycobiology,” 

2022; Gasimli et al, 2012; Gasimli et al., 2014; Smith et al., 2011). Proteoglycans are 

ubiquitous constituents of the extracellular matrix. They consist of a transmembrane 

core protein attached to a long glycosaminoglycan (GAG) residue facing the cell 

surface. The presence of GAGs at the cell surface is vital for their various roles in the 

cell (“Essentials of Glycobiology,” 2022). Alteration of their repeating disaccharide 

structures can significantly impact cell adhesion and interaction with signaling 

molecules which then can affect signal transduction. For example, the 

glycosaminoglycan heparan sulfate has been shown to structurally transition from a 

low-sulfated variant in stem cells to a highly-sulfated variant in neural, endodermal, 

or mesodermal progenitor cells (Johnson et al., 2007; Smith et al., 2011, Gasimli et al., 

2014; Mikami & Kitagawa, 2017). In other studies, GAGs and particularly HS have 

been shown to play significant roles in pancreatic β-cells survival in diabetes by 
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protecting the function of the β-cells from autoimmune destruction (Ziolkowksi et al., 

2012).  

These and many other studies underline the diverse cellular functions of GAGs 

and their potential in regenerative medicine, drug development, or therapeutics. 

However, an essential requirement in successful GAGs research is having access to 

appropriate and high-quality GAGs analytics. However, structural GAGs analysis still 

is challenging due to their high molecular mass and their structural diversity regarding 

charge, sulfation, or size (Solakyildirim, 2019; Pepi et al., 2021). Therefore, structural 

analysis of GAGs is frequently performed somewhat passively by immunological 

experiments or by analyzing the expression of responsible biosynthetic or degrading 

enzymes (Gasimli et al., 2014; Johnson et al., 2007). Direct structural analysis is 

mainly performed by GAG-derived disaccharides (diGAGs) analysis using mass 

spectrometry (MS) (Gasimli et al., 2014). While there have been remarkable 

improvements in structural GAGs analysis using MS in recent years (Pepi et al., 2021), 

there are also significant disadvantages. For instance, conventional MS analytics is 

usually not applicable to differentiate structural or linkage isomers due to the same 

underlying mass (Liang et al., 2010; Liang et al. 2011; Lin et al., 2020). Recently, 

Poyer et al. reported a protocol for differentiating chondroitin sulfate disaccharides 

using chromatographic methods coupled with MS (Poyer et al., 2021).  

Multiplexed capillary gel electrophoresis with laser-induced fluorescence 

detection (xCGE-LIF) offers another approach to the structural analysis of GAGs. 

xCGE-LIF has been applied for the analysis of N-glycans in our laboratory (Konze et 

al., 2017; Beimdiek et al., 2022; Thiesler et al., 2016; Janosz et al., 2021; Taubert et 

al., 2022) and by others as well (Callewaert et al., 2004; Huffman et al., 2014; Hennig 

et al. 2015) for several years now. Furthermore, this technique has been expanded for 

analyzing glycosphingolipid (GSL)-derived glycans (Rossdam et al., 2019). This 

method offers significant advantages over other glyco-analytical technologies, such as 

MS, regarding isomer separation capacity, sensitivity, and the potential for high 

throughput.  

In this study, we have used our expertise in xCGE-LIF to analyze N- and GSL-

derived glycans to establish a protocol for GAG-derived disaccharides. We describe 

the development of a novel analytical approach to diGAGs analysis, including 

enzymatic digestion, fluorescent labeling, purification, and xCGE-LIF analysis. Based 
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on an established migration time database of diGAGs, we performed diGAGs profiling 

of hPSCs. Moreover, as a proof-of-concept study, we monitored changes in diGAGs 

composition upon hESCs differentiation into multipotent pancreatic progenitor cells 

(MPPCs). We were able to capture structural alterations upon differentiation.  

3.2. Results and discussion 

3.2.1. Standards library development 

Establishing the GAG-derived disaccharides (diGAGs) based standards library 

was our approach's first and fundamental step. Commercially available diGAGs were 

fluorescently labeled with 2-aminoacridone (AMAC) in a reductive amination reaction 

with 2-picoline borane complex (pic-BH3) used as a reducing agent (Fig. 14).  

 

Figure 14. Labeling of diGAGs with AMAC and pic-BH3 complex on the example of the CS-

derived disaccharide. 

The advantage of pic-BH3 over the traditional, widely used sodium cyanoborohydride 

is based on features, such as environmental friendliness and the ability to be used in 

the presence of water (Sato et al., 2004). The combination of the chemical and physical 

properties, such as high fluorescence, the lack of charge, and low polarity made 

AMAC the ideal reagent for the fluorescent labeling of highly negatively charged 

molecules as diGAGs and their electrophoretic separation (Li et al., 2015). The 

excessive amount of AMAC was removed by hydrophilic interaction liquid 

chromatography (HILIC) using cellulose as the stationary phase and 96% acetonitrile 

as the mobile phase. 

The established library constitutes 15 fluorescently labeled diGAGs (diGAG-

AMAC) from purchased building blocks of chondroitin sulfate (CS)/dermatan sulfate 
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(DS), heparan sulfate (HS)/heparin, hyaluronic acid (HA), and heparosan with a net 

charge of -1 to -3. GAGs, especially heparin, are highly negatively charged polymers 

consisting of building blocks with a total net charge of even -4 per disaccharide. 

However, they are undetectable in our protocol due to the high electrophoretic 

mobility, which results in their elution before the first marker oligomer (data not 

included). Therefore, diGAGs with a -4 net charge are not included in the standards 

library.   

The standards library was measured by xCGE-LIF (Fig. 15, Table S6), making 

it possible to determine the electrophoretic mobility of each diGAG-AMAC which is 

characterized by its migration time units (MTUs). The dominant signal present in the 

respective electropherograms was then assigned to the known diGAG-AMAC. Multi-

replicate analysis of the entire protocol showed that the MTU is characteristic to each 

diGAG and highly reproducible (Fig. 16), with an average deviation of 0.3 MTU in 

technical replicates performed on the same day. The obtained electropherograms 

facilitate rapid determination of the net charge of an unknown diGAG-AMAC. The 

molecules with a -3 net charge elute in circa 20-30 MTU range, disaccharides with a -

2 and -1 net charge elute at 150-165 MTU and 534-544 MTU, respectively. Our 

protocol enables separation and discrimination between isomers differing in a 

glycosidic bond (Fig. 15D) or a sulfate group position. 
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Figure 15. xCGE-LIF analysis of diGAGs-AMAC. In each electropherogram, the dominant peak was 

assigned to the purchased labeled GAG disaccharide. A. CS4S6S. B. CS6S. C. CS0S. D. Overlays of 

electropherograms displaying CS6S and HS6S. RFU = Relative fluorescence units; nRFU = normalized 

RFU (normalized to the most intense peak). 
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Figure 16. Reproducibility of xCGE-LIF migration times. Three technical replicates determining 

MTU of diGAGs-AMAC by xCGE-LIF are depicted. The exact information regarding mean and 

standard deviation is displayed in Table S6.  

3.2.2. Analysis of diGAGs from purified GAGs 

Our next aim was to identify diGAGs from purified GAGs using our database. 

Therefore, HA, HS, heparosan, heparin, CS, and DS were digested overnight with the 

respective GAG-specific lyases (Table S7). In a β-elimination reaction, these lyases 

cleave specific glycosidic bonds resulting in a sugar chain degradation and 

concomitant formation of an unsaturated uronic acid (Linhardt, 1999/2003). 

Degradation products, diGAGs, were isolated by centrifugal filtration, labeled with 

AMAC, and analyzed using xCGE-LIF. To confirm that peaks in electropherograms 

arise from diGAGs-AMAC, we included negative controls of undigested GAGs. Using 

our database, we assigned several peaks to specific diGAGs (Fig. 17). Although the 

repeating sequences of HA and heparosan are perfectly homogenous, additional peaks 

are present in the electropherograms suggesting mixtures of oligomers. This 

observation corresponds to our study on KflB (Chapter 2). By labeling heparosan 

octamer and decamer, we determined that both mixtures constitute oligomers with 

DP2-8, and their migration velocity is increasing along with their charge and chain 

length (Fig. 17E). This result also suggests that peaks with MTU of 40-120 present in 
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electropherograms from digested samples of HS/CS/DE/heparin could represent 

products of incomplete digestion, e.g., a tetramer. 
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Figure 17. xCGE-LIF analysis of AMAC-labeled products of GAG digestions and peaks’ 

assignment using our established database. Overlays of electropherograms display digestion products 

(black) and controls (without digestion; grey). The blue, empty circle represents the detection of a 

diGAG at a very low concentration. Peaks assigned without an experimental confirmation are depicted 

in italics. GAGs were enzymatically digested with Heparinase I, II, III ( ); Chondroitinase ABC ( ); 

and K5 lyase B ( ). GAGs and used lyases: A. Heparan sulfate + . B. Heparin + . C. Chondroitin 

sulfate + ; D. Dermatan sulfate + . E. Heparosan + ; labeled heparosan octamer (DP 8) is depicted 

in green; F. Hyaluronic acid + . DP = degree of polymerization; nRFU = normalized RFU (normalized 

to the most intense peak). * The peaks with MTU ~ 177, 216 are excluded as related to a labeling 

procedure (data not included). 

3.2.3. Characterization of diGAGs derived from hiPSCs 

The use of the developed protocol, which successfully identified several building 

blocks of GAGs, provided the basis for the structural analysis of GAG derivatives in 

stem cells. The crucial step in broadening the application of the xCGE-LIF protocol 

was the extraction of diGAGs from stem cells. One of the reported strategies started 

from the extraction of GAGs followed by enzymatic digestion (Volpi et al., 2014; 

Ucakturk et al., 2014). The second approach relies on direct GAG digestion from a 

cell lysate with subsequent diGAGs extraction (Li et al., 2015; Carvalho et al., 2020; 

Silva et al., 2020). We used a straightforward and time-effective protocol developed 

by Li et al. (Fig. 18) with minor modifications to analyze a GAG profile in human 

induced pluripotent stem cells (hiPSC). Due to the high stability of GAGs (van der 

Meer et al., 2017; Lowry & Beavers, 1994), diGAGs generation could be pursued in a 
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thermal cell disruption, followed by direct digestion with GAG-lyases, isolation, and 

labeling.  

 

Figure 18. Workflow of AMAC-labeled diGAGs preparation from the cell lysates (adapted from 

Li et al., 2015). 

At the time of writing this chapter, only one biological replicate representing the 

characterization of GAGs from hiPSCs was performed. Therefore, the results should 

be treated with reserve. Using our database, we could identify six diGAGs - four 

CS/DS-derived (Fig. 19A) and two HS-derived (Fig. 19B) - from the obtained 

electropherograms. Several peaks could not be assigned due to limitations of the 

currently available database. The mixture, upon digestion, likely contained oligomers 

of DP > 2 represented by peaks with MTUs of 66-120 and ~ 206. We can observe that 

some of the peaks in both electropherograms are characterized by similar MTU. 

Unspecific digestion was one of the possible causes. However, obtained data argued 

against it (data not included). There is a high likelihood that unassigned peaks are 

GAG-derived digestion products characterized by similar MTU and indistinguishable 

due to limitations in the resolution of the applied analytical method and/or they are not 

present in the database, yet.  
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Figure 19. xCGE-LIF analysis of diGAG-AMAC from 2.5 x 106 hiPSCs. Peaks were assigned based 

on the database of GAG standards and their migration time units (see Fig. 15, Table S6). A. GAGs 

digestion with Chondroitinase ABC lyase generating CS, DS, and HA-derived diGAGs. B. GAG 

digestion with Heparinase I, II, III generating HS-derived diGAGs. * The peaks with MTU ~ 177, 216 

are excluded as related to a labeling procedure (data not included). 

3.2.4. Determining changes in diGAGs during cell differentiation 

The structure and concentration changes of GAGs are an inherent part of 

physiological processes such as cell signaling (Lepedda et al., 2021) or differentiation 

(Smith et al., 2011). Interestingly, it has been speculated that strictly guided cell 

differentiation could be achieved by adding defined HS oligomers to the culture 

medium (Smith et al., 2011) or by controlling the expression of enzymes involved in 

GAG biosynthesis or degradation (Mikael et al., 2019). We applied our xCGE-LIF-

based protocol to investigate compositional changes of GAGs during hESC 

differentiation into multipotent pancreatic progenitor cells (MPPCs). The 

electropherogram for CS on d12 of differentiation, from 2.5 x 106 of cells, revealed 

the appearance of 0S, along with 4S, and 6S, present on d0 (Fig. 20A), while the 

disaccharide profile for HS displayed the disappearance of NS in favor of 2SNS and 

NS6S (Fig. 20B). Assuming that all peaks correspond to GAG oligomers (excluding 

peaks of MTU ~177 and 2216 MTU) and their intensity to their concentration, we 
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could conclude that during hESCs differentiation into MPPCs, the concentration of HS 

increases by 18%, while CS/DS decreases by 8%. 

 

Figure 20. Comparison of GAG composition of hESCs and hESC-derived MPPCs by xCGE-LIF. 

Comparison of GAG composition of hESCs and hESC-derived MPPCs by xCGE-LIF. Peaks were 

assigned based on the database of GAG standards and their migration time units (see Fig. 2, Table S6). 

Overlays of electropherograms display hESCs (green) and hESCs-derived MPPCs (black). GAGs were 

enzymatically digested with Heparinase I, II, III ( ); Chondroitinase ABC ( ). A. GAGs were digested 

with Chondroitinase ABC lyase generating CS, DS, and HA-derived diGAGs. B. GAGs were digested 

with Heparinase I, II, III generating HS-derived diGAGs. nRFU = normalized RFU (normalized to the 

most intense peak). * The peaks with MTU ~ 177, 216 are excluded as related to a labeling procedure 

(data not included). 

3.3. Conclusions 

Methods enabling fast, cost-effective, and high-throughput analysis of GAGs are 

crucial for their comprehensive understanding. To our knowledge, we present the first 

xCGE-LIF-based protocol for compositional analysis of GAG-derived disaccharides 

from stem cells and their differentiated derivatives. The protocol is efficient and 

straightforward. Ultimately, xCGE-LIF has the potential to become a powerful tool for 

GAG analysis, building the basis for the identification of novel biomarkers. However, 
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for the successful closure of this project, the GAG disaccharide database needs to be 

expanded as well as additional biological replicates with stem cell-derived GAGs need 

to be performed.   

3.4. Materials and methods 

3.4.1. hPSC culture and differentation 

The hPSC lines Hes-3 SC30 (ESC, ES Cell International) and Phoenix NSC20 

(iPSC, MHHi001-A) (Haase et al., 2017) were cultured on cell culture plastic coated 

with Matrigel (MG, Corning, Amsterdam, Netherlands) using StemMACS™ iPS-

Brew XF medium (Miltenyi Biotec, Bergisch Gladbach, Germany). Cell passaging 

was performed once a week by seeding 6.5 x 104 single cells in iPS-Brew plus 5 µM 

Y-27632 (Selleck Chemicals, Munich, Germany). For differentiation, hPSC colonies 

were dissociated into single cells by Trypsin/EDTA (T/E) (Biochrom, Berlin, 

Germany) and centrifuged. The cell pellet was then re-suspended in iPS-Brew plus 

5 µM Y-27632. 1.4x106 cells were subsequently seeded on MG-coated 10 cm cell 

culture dishes. Differentiation into MPPCs (multipotent pancreatic progenitor cells) 

was initiated the next day and performed according to a previously published protocol 

until day 12 of differentiation (Dettmer et al., 2021; Dettmer et al., 2022). On day 12, 

the cells were dissociated, filtered and GFP2-positive MPPCs were purified by cell 

sorting at the central cell sorting of the Hannover Medical School. Cell pellets were 

stored at 80 ˚C for further use. 

3.4.2. Extraction and enzymatic digestion of GAGs 

Cell pellets (2.5 x 106 ) were resuspended in 90 µL of distilled water and 

incubated at 70 ˚C for 20 min. Thermally released GAGs from cell pellets or 10 µg of 

purified GAGs (HS, CS, heparin, DS, HA and heparosan, see Table S1) were digested 

overnight with 0.5 µL Chondroitinase ABC (37 ˚C), 0.5 µL Heparinase I, II, III (30 

˚C), or 0.5 µL KflB (37 ˚C) in 1x Bacteroides Heparinase Reaction Buffer (New 

England BioLabs) in a total volume of 100 µL (see Table S7). Enzymatic degradation 

products were isolated using Amicon centrifugal devices (3 kDa MWCO; Sigma 

Aldrich). Centrifugation (4000 rpm) lasted 90 minutes with pauses, every 15 min, for 

adding 100 µL of prewarmed water. The eluate was dried in a SpeedVac concentrator 

(Thermo Fisher Scientific) in the dark and stored at -20 ̊ C. Digestion of purified GAGs 
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was confirmed by polyacrylamide (PA) gel stained with AlcianBlue/Silver (Fig. S8). 

Detailed information about an enzymatic cleavage pattern is available in Linhardt, 

1998/2003 (Linhardt, 1998/2003). 

3.4.3. Fluorescent labeling and HILIC-solid phase extraction (SPE) 

Purchased diGAGs (Table S5) or diGAGs obtained by enzymatic degradation of 

GAGs (Table S7) were fluorescently labeled with 2-aminoacridone (2-AMAC, Sigma 

Aldrich). The GAG disaccharides in distilled water (2 µL) were mixed with 5 µl  

0.1 M 2-AMAC (in DMSO:AcOH, 17:3 (v/v)), 5 µl 0.2 M 2-picoline borane complex 

(2-PB; in DMSO, Merck) and incubated overnight at 50 ˚C in the dark. The reaction 

was quenched with 100 µl acetonitrile. The crude product was purified according to 

the protocol of Hitchcock et al. with the following modifications (Hitchcock et al., 

2008). The cellulose column was rinsed with four 200 µL volumes of 96% acetonitrile. 

Excessive amount of amination reagents were removed by rinsing with five 100 µL 

volumes of 96% acetonitrile upon incubation of the column in Eppendorf® 

Thermomixed Compact (Merck) with shaking at 500 rpm in the dark and subsequent 

centrifugation at 900 rpm for 1 min. Fluorescently labeled glycans were eluted with 

three 100 µl volumes of water by centrifugation at 900 rpm for 1 min upon incubation 

with shaking for 5 min at 500 rpm. The eluate was dried in a SpeedVac concentrator 

(Thermo Fisher Scientific) in the dark and stored at -20 ˚C.     

3.4.4. xCGE-LIF 

 All the equipment and chemicals were purchased from Applied Biosystem™ 

(Thermo Fisher Scientific, Foster City, CA) unless stated otherwise. AMAC-labeled 

glycans were resuspended in 30 µl water (LC-MS grade, Merck). Analyzed samples 

consisted of 0.5-3 µL of glycan solution, 1 µl GeneScan™ 500 LIZ™ dye Size 

Standard (1:20-1:50 in HiDi™ Formamide), and HiDi™ Formamide up to a total 

volume of 10 µl in a MicoAmp™ Optical 96-Well Reaction Plate. The migration times' 

calibration was obtained by applying the size standard consisting of 16 base pair DNA 

fragments of defined lengths (20-500 bps). The analyzed mixture was separated by 

multiplexed capillary gel electrophoresis. Labeled molecules were detected by laser-

induced fluorescence using ABI PRISM® 3100-Avant Genetic Analyzer (remodeled 

by Axel Künzler, advanced biolab service GmbH, Munich, Germany) and Run 3100-

Avant Data Collection Software v.2.0. Simultaneous analysis of four samples was 
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possible with a 4-Capillary Array of 50 cm length filled with POP-7™ Polymer. 

Measurements were performed according to the following program. Upon heating the 

system to 60 ˚C, the samples were injected into the capillaries for 15 s at 1.6 kV. Next, 

a pause lasting 50 s was followed by data acquisition for 50 min at 12 kV. The obtained 

data were analyzed with Genemapper™ Software v.3.7. Generated electropherograms 

displayed peaks representing the size standard in the orange channel and the glycans 

in the blue channel at specific migration time units (MTUs) and intensities (relative 

fluorescence units, RFUs). A signal having a peak amplitude threshold of ≥20 RFU 

was considered a peak. We built a database of glycan MTUs based on purchased 

disaccharides and used it to analyze GAG composition in a sample.  

3.4.5. Data processing and statistics 

Generated electropherograms in the range of 10 – 600 MTU were processed in 

CorelDraw 2017. In electropherograms with the y-axis labeled as nRFU (normalized 

relative fluorescence unit), the dominant peak intensity was set to 1. In quantitative 

analysis, the intensity of all peaks in the 10 – 600 MTU range was summed up except 

for GAG-unrelated peaks with MTU of 177 and 216.  

3.5. Footnotes 

The abbreviations: AcOH, acetic acid; AMAC, 2-aminoacridone; CS, chondroitin 

sulfate; diGAGs, glycosaminoglycan-derived disaccharides; diGAG-AMAC, AMAC-

labeled diGAGs; DNA, deoxyribonucleic acid; DP, degree of polymerization; DS, 

dermatan sulfate; DMSO, dimethyl sulfoxide; GAG, glycosaminoglycan; GSL, 

glycosphingolipid; HA, hyaluronic acid; hESCs, human embryonic stem cells; HILIC, 

hydrophilic interaction liquid chromatography; hiPSCs, human induced pluripotent stem 

cells; hPSCs, human pluripotent stem cells; HS, heparan sulfate; IdoA, iduronic acid; 

kDa, kilo dalton; KS, keratan sulfate; MPPCs, multipotent pancreatic progenitor cells; 

MS, mass spectrometry; MTUs, migration time units; MWCO, molecular weight cut-off; 

nRFU, normalized RFU; pic-BH3, 2-picoline borane complex; RFU, relative fluorescence 

units; xCGE-LIF, multiplexed capillary gel electrophoresis with laser-induced 

fluorescence detection. 

All diGAGs and GAGs used in this study are stated in Table S5. 
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Table S5. Glycosaminoglycans, GAG-derived oligomers used in this study.   

Symbol Structure Charge Supplier 

Hyaluronic acid HA 

HA   Dextra 

HA0S β-ΔUA-(1→3)-GlcNAc  -1 Iduron 

Heparan sulfate HS, heparin, heparosan 

HS   Iduron 

Heparin   Sigma-Aldrich 

Heparosan   Chapter 2 

HS2SNS β-ΔUA-2S-(1→4)-GlcN-NS  -3 Dextra 

HS2S6S β-ΔUA-2S-(1→4)-GlcNAc-6S -3 Iduron 

HSNS6S β-ΔUA-(1→4)-GlcN-NS, 6S -3 Iduron 

HSNS β-ΔUA-(1→4)-GlcN-NS  -2 Iduron 

HS0S β-ΔUA-(1→4)-GlcNAc -1 Iduron 

HS2S β-ΔUA-2S-(1→4)-GlcNAc -2 Iduron 

HS6S β-ΔUA-(1→4)-GlcNAc-6S -2 Iduron 

Hep DP8 β-ΔUA-(1→4)-GlcNAc-(GlcA-GlcNAc)3 -4 Chapter 2 

Hep DP10 β-ΔUA-(1→4)-GlcNAc-(GlcA-GlcNAc)4 -5 Chapter 2 

                                    Chondroitin sulfate CS, Dermatan sulfate DS  

CS   Sigma-Aldrich 

DS   Iduron 

CS0S β-ΔUA-(1→3)-GalNAc -1 Carbosynth 

CS4S β-ΔUA-(1→3)-GalNAc-4S -2 Carbosynth 

CS6S β-ΔUA-(1→3)-GalNAc-6S -2 Carbosynth 

CS4S6S β-ΔUA-(1→3)-GalNAc-4S, 6S -3 Carbosynth 

CS2S4S β-ΔUA-2S-(1→3)-GalNAc-4S -3 Iduron 

CS2S6S β-ΔUA-2S-(1→3)-GalNAc-6S -3 Iduron 

CS2S β-ΔUA-2S-(1→3)-GalNAc -2 Iduron 
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Supplementary Table S6. Migration time units (MTUs) of defined AMAC-labeled 

GAG-derived disaccharides. The MTUs of three replicates for each glycan were 

determined using xCGE-LIF. Corresponding electropherograms of selected diGAGs* 

and scatter plots are depicted in Fig. 15 and Fig. 16, respectively.  

Glycan 

symbol 

Migration Time Unit; MTU Mean 

MTU 

Standard 

deviation 

HA0S 541.59 542.8 543.38 542.59 0.9133 

HS2SNS 21.34 21.42 21.00 21.25 0.2230 

HS2S6S 27.59 27.53 27.53 27.55 0.0346 

HSNS6S 23.87 23.61 23.47 23.65 0.2030 

HSNS 150.79 150.46 150.46 150.57 0.1905 

HS0S 537.13 534.94 534.06 535.38 1.5809 

HS2S 156.03 156.00 155.87 155.97 0.0850 

HS6S* 157.55 157.49 157.28 157.44 0.1418 

CS0S* 541.59 540.97 540.91 541.16 0.3765 

CS4S 155.52 155.23 155.13 155.29 0.2026 

CS6S* 164.79 164.58 164.64 164.67 0.1082 

CS4S6S* 29.64 29.65 29.55 29.61 0.0551 

CS2S4S 21.75 21.68 21.54 21.66 0.1069 

CS2S6S 26.86 26.93 26.74 26.84 0.0961 

CS2S 153.00 152.94 153.18 153.04 0.1249 
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Supplementary Table S7. Enzymes used for glycosaminoglycan digestion. 

Enzyme Supplier Catalog 

number 

GAG 

Chondroitinase ABC 

(from Proteus vulgaris) 

Sigma-Aldrich  C3667 CS, DS, HA 

Heparin Lyase I New England 

Biolabs®  

P0735S  HS, Heparin 

Heparin Lyase II New England 

Biolabs®  

P0736S  

Heparin Lyase III New England 

Biolabs®  

P0737S  

K5 lyase B Chapter 2  Heparosan 
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Supplementary Figure S8. Alcian blue/silver-stained polyacrylamide gel of 

glycosaminoglycan degradation. GAG degradation was catalyzed by adequate lyases 

and visualized with alcian blue/silver in 15% PA gel. ChABC = Chondroitinase ABC. 

Degradation products were AMAC-labeled and analyzed by xCGE-LIF. The resulting 

electropherograms are depicted in Fig. 17.  
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Preface 

Bacteria producing group 2 capsular polysaccharides (CPS) assemble all genes 

involved in this process in the so-called capsular gene complex. The capsular gene 

complex comprises three regions, whereby region 2 harbours enzymes that are 

responsible for the synthesis of the serotype specific CPS. E. coli K5 which produces 

heparosan as CPS the region 2 comprises four genes called kfiABCD. While the 

catalytic functions of enzymes encoded in the genes kfiACD are well described and 

known to be heparosan synthases (KfiA and KfiC) and a UDP-Glc dehydrogenase 

(KfiD), the function of KfiB is still under debate, although, literature date suggest a 

role of KfiB in the location and/or sterical organization of the heparosan synthases 

KfiA and KfiC. When we started our experiments on the role of KfiB we realized that 

KfiB exists in different isoforms, differing by the number of tandem repeats (TRs). As 

TRs have been reported to regulate enzymatic activity and/or exhibit a function in the 

control of the length of a growing polymer, we asked if the number of TRs identified 

in KfiB impacts the length of heparosan chains synthesized in recombinant bacteria. 

Supervised by Dr. Bernard Priem and Dr. Timm Fiebig, I developed the concept for 

this study and designed KfiB constructs with varying numbers of the TR. Data 

acusition was carried out in fed-batch bacterial cultures. Heparosan quantifications 

were supported by Marta Ferrer Xalabarder and Juliette Tridon. All authors 

participated in the analysis and interpretation of the results. This manuscript was 

conceptualized and written by myself with help of Dr. Bernard Priem.  

Prof. Rita Gerardy-Schahn helped with editing the manuscript. 
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Préface 

Les bactéries produisant des polysaccharides capsulaires du groupe 2 (CPS) 

possèdent les gènes associés au sein du complexe capsulaire génétique. Celui-ci est 

composé de trois régions, la région 2 contenant les gènes sérotype-dépendant. La 

région 2 de la souche E. coli K5 qui produit le CPS héparosan est composée des 4 

gènes kfiABCD. Bien que les propriétés catalytiques des enzymes codées par les gènes 

kfiACD soient bien décrites et définissent le complexe héparosan synthase (KfiA et 

KfiC) et l’UDP-Glc deshydrogènase (KfiD), la fonction de KfiB n’est pas clairement 

définie, à l’exception d’un rôle dans la localisation et/ou dans l’organisation stérique 

du complexe héparosan synthase KfiA et KfiC. Quand nous avons commencé cette 

étude, nous avons réalisé que KfiB existait sous différentes isoformes se distinguant 

par la présence d’un nombre variable d’une séquence peptidique répétée (tandem 

repeat ou TR). Dans la mesure où les TRs ont été décrites comme pouvant réguler une 

activité enzymatique et/ou contrôler la taille dun polymère en formation, nous nous 

sommes interrogés sur la possible implication du nombre de TRs sur la taille de 

l’héparosan synthétisé dans des bactéries recombinantes, sous la direction de  

Dr Bernard Priem et Dr Timm Fiebig. J’ai réalisé la conception de ce travail et 

construit les vecteurs d’expression exprimant les différents variants TRs. Les résultats 

ont été obtenus par réalisation de cultures en fed-batch. Les quantifications 

d’héparosan ont été réalisées par Marta Ferrer Xalabarder and Juliette Tridon. Tous 

les auteurs ont participé à l’analyse et l’interprétation des résultats. J’ai écrit cet article 

avec l’aide du Dr Bernard Priem. Prof Rita Gerardy-Schahn a également contribué à 

son écriture. 
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4.1. Introduction 

Heparosan [α-1,4-GlcNAc-β-1,4-GlcA-] is a capsular polysaccharide (CPS; also 

known as K-antigen from the German word Kapsel) of Gram-negative bacteria such 

as Escherichia coli K5 and Pasteurella multocida. Most heparosan-producing strains 

are pathogenic, whereby the capsule is involved in attachment to the host cell and 

protection from the host immune response. The mechanism of heparosan synthesis 

(also known as K5 polysaccharide) in E. coli K5 has become a model for studying K 

antigens of group 2 capsule-producing bacteria (Whitfield, 2006; Jann & Jann, 1983). 

The capsule polysaccharide locus within group 2 capsule-producing bacteria 

comprises three regions; encoding conserved Kps proteins involved in the CPS export 

(Regions 1 and 3) and proteins (Region 2) responsible for synthesizing the serotype-

specific CPS. Region 2 of the E. coli K5 capsule gene cluster contains four genes 

kfiABCD that encode proteins forming the "heparosan synthase complex". The 

functions of KfiA, KfiC, and KfiD have been identified and shown to be α-GlcNAc-

transferase, β-GlcA-transferase, and UDP-Glc dehydrogenase, respectively (Hodson 

et al., 2000; Sugiura et al., 2010; Sieberth et al., 1995). Notably, kfi genes could be 

expressed as recombinant proteins in different bacterial strains, including Gram-

positive bacteria, to produce heparosan (Jin et al., 2016). 

In contrast to KfiA, C, and D, the function of KfiB remains puzzling, and some 

authors still qualify KfiB as an "unknown protein" (Nzakizwanayo et al., 2015). 

However, the available data suggest the involvement of the protein in heparosan 

synthesis and capsule formation. For instance, based on the study by Hodson (Hodson 

et al., 2000), the hypothesis has been formulated that KfiB, along with KfiA, may play 

a role in the stable association of KfiC with the membrane. Later studies showed that 

kfiB knockout in E. coli Nissle 1917 modified the bacterial attachment properties. 

Based on the increased attachment of the mutant to intestinal epithelium cells, the 

authors suggested a modification in the capsule composition (Nzakizwanayo et al., 

2015). Other studies analyzing in vivo production of heparosan showed differences in 

the yield and the degree of polymerization depending on whether kfiB was co-

expressed with kfiCAD in recombinant E. coli BL21 (C. Zhang et al., 2012; Leroux & 

Priem, 2016). 

KfiB homologous sequences are found in many pathogenic E. coli isolates, defining a 

family of KfiB isoforms. A starting point for the present work was our discovery that 
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variation in kfiB is limited to a small, spatially defined sequence domain of 84 

nucleotides, which appeared twice in the "normal" sequence of E. coli K5 kfiB (i.e., at 

position 1114 and 1198). To facilitate further reading, we designated the repeat of 28 

amino acids KfiB-repeat. In bacteria, DNA tandem repeats (TRs) are frequently found 

within genes involved in the synthesis of products present on the cell surface (Zhou et 

al., 2013). TRs are reported to regulate enzymatic activity (Bergfeld et al., 2007) or 

the length of growing polymers (Hagelueken et al., 2015). The KfiB-repeat identified 

in KfiB represents such a TR. 

The protein prediction tool Phyre2 (Kelley et al., 2015) suggests KfiB to be an 

alpha-helix-rich two-domain protein that in part attains a coiled-coil architecture  

(Fig. 21A). The translation products of TRs (highlighted in green and magenta) 

separate these two domains. Notably, 12/28 amino acids in the KfiB-repeat are acidic, 

and a systematic search of gene sequences demonstrated that the KfiB-repeat could be 

present at different numbers (1 – 4). Furthermore, a zwitterionic motif formed by 

glutamic acid and lysine (EK-motif) was found to occur at two positions per KfiB-

repeat (Fig. 21A). An analysis carried out by Nowinski et al. showed that E and K are 

the most prominent amino acids on the proteins surfaces. The EK motif, like 

zwitterions, interacts electrostatically with water molecules leading to the formation 

of a hydration layer (Nowinski et al., 2012; Yuan et al., 2020). In addition, the Kyte-

Doolittle-Hydropathy plot of KfiB revealed KfiB-repeat to be the most hydrophilic 

segment in the sequence (Fig. 21B) (Kyte & Doolittle, 1982; Duvaud et al., 2021).  
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Figure 21. Analysis of the predicted KfiB structure. A. Structure of KfiB predicted in the Phyre2 

web portal and visualized in Pymol (Kelley et al., 2015). The KfiB-repeats are highlighted in green and 

magenta, the EK motif in white. B. The Kyte-Doolittle-Hydropathy plot of KfiB. The KfiB-repeats are 

marked with a circle. The plot is based on the work of Kyte and Doolittle, 1982 and generated by 

expasy.org (Kyte & Doolittle, 1982; Duvaud et al., 2021).  

To analyze the function of KfiB and interrogate the relevance of the number of 

expressed KfiB-repeats, we expressed defined KfiB isoforms carrying from one to four 

repeats in the nonpathogenic E. coli BL21 derivative, and we investigated their impact 

on the synthesis (production yield and molecular weight) of heparosan.  

4.2. Results and discussion 

4.2.1. Design of recombinant strains carrying different isoforms of KfiB  

Available data concerning the synthesis and transport of heparosan exploit a 

KfiB variant containing two KfiB-repeats in its sequence (Leroux & Priem, 2016). 

However, the GenBank data display E. coli strains with varying numbers of KfiB-

repeats (Table 1). 

 

 

 

 



 96 | p a g e  

 

Strain KfiB-repeat GenBank 

Escherichia coli ABU 83972 1 CP001671.1 

Escherichia coli AR_0104 1 CP020116.1 

Escherichia coli Nissle 1917 2 CP022686.1 

Escherichia coli EH01-18-04-A 3 CP063515.1 

Escherichia coli YD736 YD736_45 4 NZ_PGHK01000045.1 

Table 1. E. coli strains with a varying number of KfiB-repeats in kfiB and its accession codes.  

Zhang et al. demonstrated in vivo production of heparosan in the absence of 

KfiB, KfiD, or both concomitantly (Zhang et al., 2012). Based on that, to investigate 

the significance of KfiB-repeat on heparosan production and export, we designed 

vectors that harbor only the kfiCA genes (ΔKfiB) and vectors containing the kfiCAB 

genes. As shown in Fig. 22, three variants of the latter vector containing kfiB with 

variant numbers of KfiB-repeats were cloned: KfiB1r contains one, KfiB2r two, and 

KfiB4r four repeats (Fig. 22). The translation product of one KfiB-repeat corresponds 

to the following peptide sequence: KYEEEISEKESKLTQAISEKEQILKQLH. 

 

Figure 22. Schematic representation of the generated vectors. Schematic representation of generated 

vectors, without kfiB or with its variants, harboring different numbers of KfiB-repeats represented by 

vertical lines. 
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4.2.2. In vitro assays with heparosan synthases and KfiB isoforms  

As a starter molecule (acceptor) for the in vitro synthesis of heparosan we used 

the heparosan K5 nonamer-2AB prepared in Chapter 2. The use of this homogenous 

acceptor allowed the comparative testing of heparosan synthesis complexes in the 

absence of KfiB (ΔKfiB) and the presence KfiB variants as indicated in Fig. 23. All 

tested constructs were active and elongated K5 nonamer-2AB. Overall, the product 

profiles were similar, however, with bacterial lysates containing KfiB1r and KfiB4r we 

detected longer chains. The effect was most prominent for KfiB4r. Although this result 

hints towards a function of the KfiB-motif as a molecular ruler, the effect remained 

mild. Additionally, more work is needed to understand why bacterial lysates 

expressing KfiB2r behaved similarly to lysates lacking KfiB (ΔKfiB).  

 

Figure 23. Elongation of K5 nonamer-2AB catalyzed by KfiCA/and KfiB and its variants. HPLC-

AEC coupled to fluorescence detection. 

4.2.3. Influence of KfiB isoforms in vivo 

In a second step we asked, if the presence of KfiB may impact the yield of 

heparosan production in vivo. Therefore, the vectors as described (Fig. 22) were 

expressed in E. coli BL21-Gold (DE3) in a minimal medium (Priem et al., 2002). Since 

Hickey et al. have shown that E. coli Nissle 1917 and E. coli K5 shed heparosan into 

the medium (Hickey et al., 2013), we separated bacterial cultures by centrifugation and 

used a calorimetric assay to determine the amount of heparosan in the culture medium 

(sHep) and the pellet (caHep for cell-associated heparosan). Cultures were carried out 

using a fed-batch system.  

Since no heparosan was found in the culture medium after 24 hours, we used a 

PCR analysis to test BL21-Gold (DE3) for the presence of the kps genes and also 

searched the KEGG database (Kanehisa et al., 2000; 2019; 2021). With the exception 

of KpsF, we confirmed the absence of kps genes (Kps proteins), thus explaining why 
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heparosan is accumulated intracellularly. In the pilot study (Fig. 24), highest yields of 

ceHep were found in bacteria expressing KfiB2r, while KfiB1r transformants produced 

the lowest yields.  

 

Figure 24. Heparosan production in E. coli BL21-Gold (DE3). The concentration of cell-associated 

heparosan produced by BL21-Gold (DE3) expressing recombinant plasmids in fed-batch cultures after 

24 h. 

Since isolation of sHep has many advantages over the isolation of ceHep, a 

second production system was tested. Here, we used the E. coli BJ strain carrying all 

kps genes (Leroux & Priem, 2016). As before, bacteria were cultured in fed-batch 

systems and the presence of heparosan tested in supernatant and pellet. Estimation of 

the total Hep concentration showed us that ΔKfiB produced less Hep than all variants 

expressing KfiB (Fig. 25). This result agrees with the reported data showing that KfiB 

helps with the attachment of KfiC to the inner membrane, thus participating in the 

interaction of the heparosan synthase complex with the Kps proteins export system 

(Hodson et al., 2010; Sugiura et al., 2010). A positive effect on heparosan synthesis 

was observed with all KfiB variants, at a first glance not suggesting an impact of the 

number of repeats on productivity in E. coli BJ. 

After 24 h of feeding, produced heparosan splits equally between sHep and 

ceHep in ∆KfiB, while in KfiB variants sHep prevaled. In KfiB2r, sHep represented 

2/3 of total heparosan. After 48 h, the total heparosan concentration increased in each 

strain by ca. 22-40%. However, heparosan produced in the late feeding stage remained 

primarily caHep, leading to a roughly proportional ratio of sHep/caHep. Leroux & 

Priem observed a similar phenomenon in the study dealing with chaperone-fused KfiC 

(Leroux & Priem, 2016). This indicates that the heparosan shedding is highly 
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controlled, apparently dominating in the first stage of heparosan synthesis in the 

presence of KfiB and decreasing in the course of heparosan production.   

The yield of heparosan produced in the engineered E. coli BL21-Gold (DE3) and 

BJ strains is comparable (Fig. 24 and 25), except for KfiB1r. The expression of 

intracellularly trapped heparosan in BL21-Gold (DE3) KfiB1r gave the yield ca. 60% 

of that of BJ KfiB1r. Overall, our data confirm that KfiB promotes heparosan synthesis. 

 

 

Figure 25. Heparosan production in recombinant E. coli BJ. Heparosan was produced in fed-batch 

cultures in recombinant E. coli BJ, after 24 h of feeding (upper panel) and 48 h of feeding (lower panel). 

Data represent the results of three biological replicates.  

We used the method described by Blumenkrantz et al. to determine heparosan 

concentrations (Blumenkrantz & Asboe-Hansen, 1973). The disadvantage of this 

system is that the browning of neutral sugars when heated in concentrated sulfuric acid 
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interferes with the colorimetric determination of uronic acids (Filisetti-Cozzi & 

Carpita, 1991). Although the measurement results are overestimated by this method, 

it is still suitable for polymers containing many uronic acid residues (Filisetti-Cozzi & 

Carpita, 1991). As a second method we used our newly developed heparosan detection 

agent, Strep-eGFP-iKflB (see Chapter 2), in the dot blot assay. E. coli BJ and E. coli 

K5 were used as negative and positive control, respectively. Overnight liquid bacterial 

cultures were adjusted to the optical density (OD600) = 1.6. Being aware that caHep 

may be intracellular or may form a bacterial capsule, we prepared three samples: (1) 

the supernatant sample (sHep) was obtained upon liquid bacterial culture (LBC) 

centrifugation. For the second (2) sample the bacterial cultures were boiled before 

spotting to lyse the cells. This sample contains sHep and caHep. For the third (3) 

sample the LBC was directly spotted onto nitrocellulose, allowing detection of sHep 

and the fraction of caHep that is presented on the cell surface. The dot blot analysis 

confirmed the uronic acid quantification results all engineered strains produced 

heparosan. However, heparosan production in ΔKfiB is significantly compromised, 

resulting in very low signal intensity in samples (1) and (2) and no signal in sample 

(3). Different from the engineered E. coli strains, E. coli K5 expresses the enzyme 

eliminase (ElmA), previously shown to contribute to heparosan shedding (Hickey et 

al., 2013). Importantly, our dot blot results suggest that heparosan is shed also from 

engineered strains, if KfiB variants are present. Thereby, the dot blot evaluation did 

not show significant differences in sHep levels between E. coli K5 and engineered 

strains (Fig. 26). 

 

Figure 26. Detection of heparosan produced by engineered strains (green channel). Indirect 

detection with 1) Strep-eGFP-iKflB (18.4 µg/ml); 2) Strep-Tactin IR800 (1:2000).  
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4.2.4. Influence of Influence of KfiB isoforms on the size of Heparosan 

The negative charge of heparosan allows its electrophoretic separation, followed 

by staining to compare MW and dispersity (Đ) of polymers. In Fig. 27 this type of 

experiment is shown. Total heparosan isolated from bacteria engineered as shown was 

run on a 15 % polyacrylamide gel and stained with alcian Blue/Silver. Particularly the 

higher contrast image demonstrates that heparosan isolated from ΔKfiB and KfiB2r are 

similar with respect to MW and Đ. However, in contrast to KfiB2r fraction, heparosan 

isolated from the ΔKfiB culture contains a pool of very high MW heparosan, which is 

similarly present in the KfiB1r and KfiB4r samples. Overall, this analysis indicates that 

ΔKfiB and KfiB2r produce polymers of higher Đ and lower MW.  

 

Figure 27. Comparison of heparosan molecular weight produced by engineered strains. A. Lower 

contrast image. B. Higher contrast image. Polymers (4.5 µg) were run a 15% PA gel and visualized with 

alcian blue/silver.  

To confirm the above data, we measured the MW also by size exclusion 

chromatography with multi-angle light scattering (SEC-MALS). This powerful 

technique can be used to determine the molar mass, conformation, or conjugation rate 

of biomolecules. However, despite many attempts and additional purification steps, 

produced heparosan samples contained aggregates. Aggregates were revealed by a 
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strong light scattering response accompanied by a low refractive index. The 

overlapping elution of aggregates with heparosan led to the overestimation of MW, 

and the lack of reproducibility between culture replicates. 

 

Figure 28. SEC-MALS analysis of heparosan. SEC-MALS was performed to determine the molecular 

weight of sHep expressed by E. coli BJ, 24 hours post-induction. Data represent the results of two 

technical replicates, except for KfiB4r. 

4.3. Conclusions 

In this study, we wanted to elucidate the role of KfiB and of the so called KfiB-

repeat on the quality and quantity of heparosan produced in engineered bacterial 

systems. Although the exact function remains unknown, KfiB is highly important in 

the heparosan synthesis machinery in vivo, having a beneficiary effect on the yield. 

However, the KfiB-repeat does not seem to affect this aspect, as the overall yields were 

comparable for each KfiB-containing strain. The formation of aggregates hindered the 

SEC-MALS analysis; therefore, the precise determination of MWs was not possible. 

Nevertheless, the polyacrylamide gel analysis showed modest differences between the 

KfiB variants, with KfiB1r and KfiB4r producing chains of slightly higher MW. This 

result corresponds to the in vitro assay. The obtained data suggest that heparosan 

shedding is a controlled process that decreases over time. The higher concentration of 

sHep 24 hours post-induction and its variability between KfiB strains suggest its role 

in shedding, which is influenced by the number of KfiB-repeats. In conclusion, 

although the role of KfiB still has to be fully elucidated, we have made a step forward 

to understand the mechanism of heparosan synthesis. Additionally, we determined that 

BL21-Gold (DE3) lacks some of the kps genes. This is vital information in the studies 

of capsular polymers.  
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4.4. Materials and methods 

All repeating procedures were performed as in Chapter 2 unless stated otherwise.  

4.4.1. Bacterial strains, plasmids, application 

KfiB2r containing two KfiB-repeats of a length of 84 each was ligated downstream 

of kfiCA into engineered XhoI/PvuI restriction sites of the expression vector pBAD33-

kfiCA (Chapter 2), labeled in this study as ΔKfiB. The part of the kfiB2r gene, located 

between BbvCI/SacI sites, from pBAD33-kfiCAB2r was substituted with synthesized 

(GenScript) gene fragments containing the following modifications, one KfiB-repeat 

deletion, insertion of two additional KfiB-repeats for KfiB1r and KfiB4r, respectively.  

E. coli BJ (Leroux & Priem, 2016) and E. coli BL21-Gold(DE3) (Novagene, 

Darmstadt, Germany) strains were co-transformed with pBAD33 (CmR, ara 

induction) plasmid variants carrying different numbers of KfiB-repeats, and pBBR-

kfiD-tetR, pBBR-kfiD-kanR, respectively (Table 2). 

Strain Plasmids Relevant 

characteristics 

Experiments 

E. coli 

BL21-

Gold 

(DE3) 

 

pBAD33-kfiCA + pBBR-kfiD  cmR kanR araC 

lac dcm ompT  

(λ DE3) 

in vitro  

dot blot  

fed-batch 

culture 

pBAD33-kfiCAB2r + pBBR-kfiD  

pBAD33-kfiCAB1r + pBBR-kfiD  

pBAD33-kfiCAB4r + pBBR-kfiD  

E. coli BJ pBAD33-kfiCA + pBBR-kfiD kpsFEDUCSTM 

cmR tetR araC 

lac dcm ompT 

wcaJ 

fed-batch 

culture 

 PAGE 
pBAD33-kfiCAB2r + pBBR-kfiD 

pBAD33-kfiCAB1r + pBBR-kfiD 

pBAD33-kfiCAB4r + pBBR-kfiD 

Table 2. Escherichia coli strains developed for this study and relevant information. 

4.4.2. In vitro assay 

The procedure was analogous to the elongation of the K5 oligosaccharide 

acceptor (Chapter 2). However, with the following changes: 50 mM Bis-Tris, the 

mixture did not contain Mg2+, and 5 µL of bacterial lysate was used in the total volume 

of 100 µl. Samples were analyzed in a 20% -3 curved gradient from 3 to 8 min, 
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followed by a linear gradient of 52% over the next 39 min using HPLC-AEC coupled 

to a fluorescent detector (Exc. λ = 330 nm, Emi. λ = 420 nm). 

4.4.3. Fed-batch culture 

Bacterial cultures were carried out at 28 °C, pH 6.8 in 0.5 L fed-batch bioreactors 

containing 0.2 L of the minimal medium described by Priem et al.  

(Priem et al., 2002). With the following changes, upon the total exhaustion of the 

initially added glucose and glycerol, the fed-batch was started with 60 ml of 50% 

glycerol. Next, gene expressions were induced with 1 ml of 1 g/L L-arabinose and, 

with a half an hour delay, isopropyl β-D-1-thiogalactopyranoside (IPTG) at the final 

concentration of 0.2 mM. The cultures were carried out for 24 or 48 hours.  

4.4.4. Heparosan quantification 

Culture samples (1 ml) were centrifuged (3 min, 13,000 rpm) 24 or 48 hours 

post-induction. The supernatant was labeled as the ''medium fraction'', and the pellet 

was boiled for 20 min to release intracellular heparosan. Subsequently, the pellet was 

resuspended in 1 ml of water and centrifuged again (3 min, 13,000 rpm). The obtained 

supernatant was labeled as the ''cell-associated fraction''. To 250 µl of each fraction, 

750 µl of 95% ethanol was added and centrifuged (3 min, 13,000 rpm) after 15 

minutes. The obtained pellets were resuspended in 250 µl of distilled water. The 

heparosan quantification was based on the sulfuric acid/tetraborate/m-

hydroxydiphenyl method to determine the uronic acid amount (Blumenkrantz & 

Asboe-Hansen, 1973) with glucuronic acid used as a standard.  

4.4.5. Heparosan extraction 

The cells were harvested after 24/48 hours of the fed-batch culture by 

centrifugation (20 min, 9000 rpm), and the supernatant heparosan (medium) was 

separated from the cell-associated heparosan (pellet). The pellet was resuspended in 

distilled water, and cells were lysed by autoclaving (105 ˚C, 20 min) and subsequently 

centrifuged (20 min, 9000 rpm). The obtained pellet was discarded, and the 

supernatant was acidified to pH 4 with IR120 H+ (Sigma-Aldrich) to remove proteins 

and centrifuged (30 min, 7000 rpm). The supernatant pH was neutralized. Afterward, 

to the supernatant and the cell-associated heparosan mixture were added three volumes 
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of 95% ethanol and stored at 4 ˚C for 24 hours for heparosan precipitation. The 

precipitated heparosan was separated by centrifugation (20 min, 7000 rpm).  

4.4.6. Heparosan purification 

Samples containing heparosan (10-20 mg) were resuspended in water (1 ml), 

filtrated (0.22 µm), and loaded on an ion exchanger column, Mono Q 10/100 ("Mono 

Q® 10/100 GL" n.d.). The colorimetric assay detected heparosan-containing fractions 

(3 ml), desalted with HiPrep 26/10 Desalting column ("HiPrepTM 26/10 Desalting 

Cytiva, 17-5087-01, Column L × ID 10 Cm × 26 Mm, 17-132 Μm Particle Size (Dry)" 

n.d.) and lyophilized.  

4.4.7. High-Performance Size-Exclusion Chromatography with Multi-Angle Light 

Scattering (HPSEC-MALS) analysis 

Samples and solvent were filtrated (0.2 μm and 0.1 μm, respectively, Millipore). 

To determine weight average molecular weight and molecular weight distribution 

high-performance size-exclusion chromatography (HPSEC) (LC-20AD, Shimadzu, 

Japan) with online multi-angle light scattering (MALS) (miniDAWN TREOS, Wyatt 

Technology Corp., Santa Barbara, CA, USA) fitted with a K5 cell, a laser (λ = 660 

nm), a refractive index detector, and a viscometer was used. Columns (OHPAK SB-G 

guard column and OHPAK SB 806MHQ column (Shodex)) were eluted with 0.1 M 

NaNO3 containing 0.03 % NaN3 at 0.5 mL min−1.  

4.5. Footnotes 

The abbreviations: λ, wavelength; Đ, dispersity; AEC, anion-exchange 

chromatography; CPS, capsular polysaccharide; caHep, cell-associated heparosan; 

cmR, chloramphenicol resistance; DNA, deoxyribonucleic acid; E, glutamic acid;  

E. coli, Escherichia coli; GlcA, glucuronic acid; GlcNAc, N-acetylglucosamine; 

HPSEC, high-performance size-exclusion chromatography; HPLC, high-performance 

liquid chromatography; IPTG, isopropyl β-D-1-thiogalactopyranoside; K, lysine; 

kanR, kanamycin resistance; KfiA, N-acetylglucosaminyltransferase; KfiC,  

D-glucuronyltransferase; KfiD, UDP-glucose-dehydrogenase; MALS, multi-angle 

light scattering; MW, molecular weight; OD, optical density; sHept, supernatant 

heparosan; tetR, tetracycline resistance; TRs, tandem repeats; UDP, uridine 

diphosphate. 
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Chapter 5 – General Discussion 

 

During my PhD studies, experimental work was undertaken to establish 

improved conditions for the synthesis and detection of heparosan, an important 

material used for biomedical applications and as precursor for the synthesis of heparin 

and HS. Moreover, my goal was to expand the toolbox with respect to reagents for the 

detection of heparosan and other glycosaminoglycans. As heparosan is the capsular 

polysaccharide of E. coli Nissle and E. coli K5, investigations were focused at the use 

of bacterial enzymes to advance heparosan synthesis in vitro and in vivo. In this 

context, we investigated the functional mechanisms of heparosan synthases (KfiA/C) 

and also interrogated how KfiB, a protein of yet unknown function, contributes to the 

quality of synthesized heparosan. To gain access to a ready to use heparosan detection 

reagent, we took advantage of the K5B borne lyase KflB and in a structure guided 

approach transformed this protein into an artificial heparosan-specific lectin. 

Moreover, we characterized the mode of action of KflB. Finally, we established a 

xCGE-LIF-based analytical method to profile cellular GAGs. In a first step, the 

migration times were determined for fluorescently labeled diGAG standards. Using 

this basis, we were able to analyze diGAGs isolated from hiPSC and hESC and to 

capture changes in diGAGs composition during hESC differentiation. 

5.1. Extending the enzymatic toolbox for heparosan polymerization, 

depolymerization, and detection 

My scientific contribution begins with Chapter 2, devoted to heparosan in the 

context of its synthesis, degradation, and detection. In the first stage of this project, we 

investigated the action mode of heparosan synthases in vitro and obtained fluorescent 

heparosan of HMW and low dispersity. Our results indicate that heparosan synthesis 

proceeds according to the distributive mechanism. An enzyme-substrate complex is 

transient and enzymes undergo repeating cycles of association, elongation, and 

dissociation from the product before the end of the polymerization reaction. While 

several studies showed a positive effect of KfiB on the heparosan yield in vivo (Zhang 

et al., 2012; Leroux & Priem, 2016), it did not correspond to our in vitro assays.  

The emergence of bacteria exhibiting antibiotic resistance provides an increasing 

problem and alternative strategies are requested to reduce the over-use of antibiotics. 
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On this background, the application of bacteriophages is under intensive research. 

Prerequisite towards the application of bacteriophages is a comprehensive 

understanding of the phage infection process. We dedicated our research towards 

understanding the heparosan lyase (KflB) forming the tailspike protein of E. coli K5 

specific K5B. The bioinformatics analysis demonstrated that KflB like other TSPs 

contains a chaperone-like domain located at the C-terminal domain (Schwarzer et al., 

2007), which is essential for correct folding and released from the folded protein after 

a highly conserved serine residue. The combination of two KflB substrates, unlabeled 

and labeled heparosan, enabled the development of two methods to detect the products 

of heparosan degradation. Based on a double bond in uronic acid at the non-reducing 

end and a fluorescent label at the reducing end for unlabeled and labeled heparosan, 

respectively. 

 The degradation product profile defines KflB as a processive endo-lyase. The 

processive mode was also reported for other TSPs (Schwarzer et al., 2009) and agrees 

with the observations that during the infection process, phage-borne depolymerases 

create a narrow tunnel in encapsulated bacteria (Lindberg, 1977). Interestingly, the 

retention of CTD in KflB S505A appears to alter its mode of action, changing KflB 

into a distributive lyase without affecting the reaction rate if contacted with heparosan 

in solution. The same phenomenon was described for a homotrimer forming endoNF 

and its mutant with the CTD retention (Schwarzer et al., 2009). A possible explanation 

is that the retention of the CTD interferes with the trimeric complex formation and, 

consequently, the substrate-enzyme complex. The structural studies on the KflA 

provide a possible explanation of the altered mode in the mutant KflB S505A 

(Thompson et al., 2010). The crystal structure of KflA indicated that the C-terminal 

domain of a mature KflA monomer interacts with a neighboring C-terminal domain of 

the two other KflA monomers, ultimately contributing to the homotrimer complex. 

Retaining the chaperone CTD could limit the full range of interactions prohibiting the 

formation of a stable homotrimer. Alternatively, based on the crystal structure of 

endoNF in complex with its substrate (Stummeyer et al., 2005) one may suggest that 

the polymer interacts with the binding sites of two monomers while being cleaved by 

the third. This cooperation enables the simultaneous degradation of three polysialic 

acid chains. The SDS-PAGE analysis suggests that KflB S505A may form a dimer 

indicating the quaternary protein structure modification. The extrapolation of the 
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results reported by Stummeyer et al. on KflB may lead to the presumption that the lack 

of participation of the two binding sites is accountable for the altered mode of action 

in KflB S505A. However, an unequivocal answer to the question what exactly alters 

the mode of action in KflB S505A is still awaited and studies to deeper investigate the 

question were beyond the scope of my thesis.  

Inspired by the artificial polysialic acid-specific lectin (Stummeyer et al., 2005), 

we addressed the gap in heparosan-specific detection agents by developing a 

homologous reagent using a recombinant KflB. The two prerequisites in KflB 

engineering were to eliminate catalytic activity while maintaining specific heparosan 

binding. Multiple sequence alignment of heparosan lyases and the KflA actives site 

studies defined as E206 and K208 (Thompson et al. 2010) indicated the potential active 

sites of KflB. Subsequent site-directed mutagenesis led to the generation of an inactive 

KflB carrying alanine substitutions of catalytic residues. Interestingly, the collected 

data show significant catalytic inhibition for constructs having F202 and E206 

mutations suggesting these two residues as part of the active site of KflB. The construct 

initially used to engineer KflB into an artificial heparosan-specific lectin was a N-

terminal Strep-tagged sequence. However, Western blots carried out to interrogate 

accessibility of the Step-tag demonstrated poor results, most probably because of an 

unfavorable steric positioning of the tag. Several new constructs were cloned to 

overcome this obstacle. As an efficient construct we identified KflB with N-terminally 

fused eGFP. In parallel, we labeled inactive KflB with a fluorescent dye carrying a N-

hydroxy succinimide activated ester. Although, the succinimide ester is commonly 

described to only react with primary amines, side reactions have been reported (Madler 

et al., 2009). Clearly, this presents a disadvantage because it results in the generation 

of a heterogeneously labeled mixture of proteins. Moreover, numerous bulky groups 

on the protein surface could interfere with binding sites. However, we successfully 

detected heparosan with the fluorescently labeled inactive KflB, indicating that 

binding sites were not compromised. Ultimately, we developed an artificial lectin 

enabling direct and indirect heparosan detection. Both detection agents showed high 

specificity, but a protocol using direct detection is more time efficient. Furthermore, 

as KflB-catalyzed limited degradation of heparan sulfate most probably occurs in non-

sulfated regions of a chain, KflB opens the possibility to recognize them and quantify, 
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for instance in tissues, using KflB-based lectin. Bacterial serotyping is another exciting 

area of heparosan-specific lectin application. 

5.2. Analysis of glycosaminoglycan-derivatives from multipotent 

pancreatic progenitor cells by xCGE-LIF 

The high level of heterogeneity combined with similarity makes 

glycosaminoglycans challenging molecules to analyze and distinguish (Solakyildirim 

et al. 2019; Pepi et al. 2021). Nevertheless, their involvement in various biological 

processes brings them attention as promising biomarkers, potential therapeutic targets, 

or biomaterials (G. Li, et al., 2017; M. Li, et al., 2021; Nikitovic et al., 2021). 

Developing high-throughput analytical tools can significantly accelerate the 

elucidation of structure-function relationships in GAGs, thus, providing fundamentals 

to extend their application.   

Many research groups have shown xCGE-LIF to stand out from other 

glycoanalytical techniques as being very sensitive, cost-effective, and capable of high 

throughput (Rossdam et al., 2019; Huffman et al., 2014). This led to our efforts to 

establish an xCGE-LIF-based method suitable to GAGs analysis reported in  

Chapter 3. The critical component of glycoanalysis by xCGE-LIF is a database, which 

we established in this study. Currently the database comprises 15 disaccharides and 

two heparosan oligomers. Ideally, in the future, the database would be extended to 

include other diGAGs, especially KS-derived. However, because only a minority of 

diGAGs is commercially available, the expansion of the database needs 

chemoenzymatic approaches to deliver diGAGs of defined structure.  

We can observe subtle deviations in the MTU of analyzed diGAGs; unsulfated 

diGAGs are primarily prone to shifted migration times. Every analyzed sample was 

mixed with a size standard to prevent MTU deviations caused by the changes in the 

polymerization of the separation matrix. The size standards used in this study consisted 

of fluorescently labeled single-stranded DNA fragments. Migration times of analyzed 

glycans were calculated on a linear regression of the migration times of DNA 

fragments of defined length. Another factor affecting reproducibility is different 

charges of the separation matrix that influences migration times of analytes, especially 

glycans. Thus, an additional glycan-based size standard would greatly improve 

reproducibility. For instance, Fischöder et al. reported that tailored human milk 
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oligosaccharides could serve as well-defined reference standards (Fischöder et al., 

2018).  

Ultimately, we plan additional analysis replicates using cell-derived GAGs 

before publishing our results. 

Despite of several advantages, our protocol shares some limitations with other 

GAG analysis technologies, which are based on the enzymatic generation of diGAGs 

(Osago et al., 2014; G. Li, et al., 2017). For instance, after enzymatic cleavage 

information about the epimeric state of uronic acid residues is lost thus preventing the 

distinguishing between IdoA and GlcA residues. Chemical depolymerization can be 

used to retain the epimeric state of UA but at the cost of losing information about 

acetylation (Shaklee & Conrad, 1984; Guo et al., 1989). A chemical approach to 

generate GAG-derived disaccharides was used by Gill et al. to develop a protocol 

combining chromatographic methods and MS (Gill et al., 2012).  

The obtained data showed that our protocol has potential for the analysis of stem 

and differentiated cells. Other notable areas of the possible applications of the xCGE-

LIF-based protocol include analysis of GAGs composition of the glycocalyx and their 

shedding in pathological events such as sepsis (Colbert & Schmidt, 2016). 

Furthermore, modifications in GAGs composition and their sulfation patterns have 

been linked to cancer progression (Morla, 2019). Thus, xCGE-LIF-based analysis lays 

a path to biomarkers development for disease diagnosis and progression.  

Overall, xCGE-LIF is a promising powerful tool for analyzing GAG-derived 

disaccharides. The collected data show the successful separation of linkage and 

positional isomers, allowing their identification within the established standards 

database. This provided the basis for analyzing GAG profiles in stem and 

differentiated cells and, in the future, for determining GAG-based biomarkers. 

5.3. Effect of KfiB on heparosan synthesis in recombinant  

Escherichia coli BL-21 

Chapter 4 is dedicated to elucidate the effect of KfiB on heparosan synthesis in 

a recombinant E. coli BL21 derivative. The function of KfiB is unknown, and even its 

expression and purification have not yet been described in the English language 

literature. Initially, KfiB was perceived as an essential protein for heparosan synthesis 

along with KfiC and KfiA (Petit et al., 1995). Further research showed that heparosan 
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production also occurs without KfiB but is significantly impaired considering the yield 

(Zhang et al., 2012). However, Leroux & Priem showed that the fusion of KfiC with 

the E. coli trigger factor (TF) might compensate for the lack of KfiB, leading to higher 

yields in vivo (Leroux & Priem, 2016). Interestingly, Nzakizwanayo et al. reported a 

E. coli Nissle 1917 kfiB knock-out mutant to be capsule deficient based on the loss of 

sensitivity to E. coli K5 bacteriophage (Nzakizwanayo et al., 2015). It is important to 

note that the lack of a capsule is not synonymous with the ceased production. Analysis 

of 

 E. coli Nissle 1917 kfiB and kfiC knock-out mutants revealed that although both are 

capsule deficient, they exhibit different phenotypes, with E. coli Nissle 1917 ΔkfiB 

having higher biofilm formation capacity, cytotoxicity, and adherence to epithelial 

cells compared to E. coli Nissle 1917 wt and ΔkfiC (Nzakizwanayo et al., 2015). 

However, the underlying cause for various phenotypes has yet to be elucidated. 

Our study was based on the finding that the KfiB sequence varies in the number 

of KfiB-repeats. We used a fluorescent acceptor, described in Chapter 2, to perform 

in vitro assays and conducted several fed-batch cultures to systematically address the 

impact of variant numbers of KfiB-repeats as well as the absence of KfiB on heparosan 

synthesis and further processing in terms of yield, MW, and shedding to a growth 

medium. Heparosan was absent in the supernatant of the first bacterial cultures, 

pointing us to the discovery that BL21-Gold (DE3) lacks kps genes. As transport and 

shedding of heparosan were one of the study objectives, other cultures were carried 

out in E. coli BJ. This E. coli BL21 derivative was designed by Leroux et al. to promote 

heparosan synthesis in the absence of the competing pathway of colanic acid 

biosynthesis (Leroux & Priem, 2016). 

Our data suggest that heparosan shedding is controlled. The purpose of this 

process is unclear; however, it could have some role in host invading, as has been 

reported for the meningococcal strains (Vianzon et al., 2017). 

Significant efforts have been made to elucidate the heparosan machinery, but 

many questions remain. The function of KfiB, mechanism, and significance of 

shedding still need to be determined. Moreover, the mechanism controlling the size of 

a polymer is unclear. Some polymerization systems use a molecular ruler to control 

the length of growing chains. A well-characterized example is the assembly of LPS in 

E. coli O9a. The polymannose glycan part of LPS is synthesized by the WbdA protein, 
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while WbdD terminates chain elongation by adding a closing residue (Hagelueken et 

al., 2015). Next to the WbdA:WbdD stoichiometry, the final chain length correlates 

with the length of the coiled-coil of WbdD (Hagelueken et al., 2015). Thus, the WbdD 

protein, acts as a molecular ruler through the varying length of the coiled-coil domain. 

The finding by Hagelueken et al. motivated us to investigate whether an analogous 

mechanism is used in KfiB by varying the number of KfiB-repeats, which in part attain 

a coiled-coil structure. Although we observe subtle changes in the MW of heparosan, 

qualitative differences do not directly correlate with the number of KfiB-repeats. 

Additional studies are needed to comprehend how heparosan synthesis is terminated. 

The possibilities include the kinetics of the chain translocation, loss of the 

glycosyltransferases affinity towards the nascent glycan chain if a certain length is 

reached, or an allosteric effect induced by other components (Whitfield, 2006). The 

existence of a chain capping, homologous to WbdD, also cannot be excluded as an 

additional residue at the non-reducing end could be easily overlooked in structural 

analysis (Whitfield, 2006). Another aspect likely connected to chain termination is 

their readiness for exportation. In the case of the mentioned O9a antigen, 

phosphomethyl modification at the non-reducing end of the O9a antigen is recognized 

by the ABC transporter, ensuring that only completed glycans are exported for 

assembling into LPS (Cuthbertson et al., 2010). 
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