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Abstract  

Hyaluronan (HA) is a simple glycosaminoglycan, which is found in all vertebrate tissues 

as an essential component of the extracellular matrix. Its molecular weight can vary 

from several MDa down to less than one kDa. Based on its size, it acquires numerous 

biological properties and thus it can be utilized in the cosmetics and pharmaceutical 

industries for various applications. 

Two of the main challenges in the field are: A) The preparation of novel and cost-

effective HA products and development of new tools for their analysis. Enzymatic tools 

play a key role in the development of new HA-based materials. A category of such 

promising enzymes are ɓ-D-glucuronidases (ɓ-GUS). ɓ-GUSs catalyze the hydrolysis 

of a ɓ-D-glucuronic acid residue from the non-reducing end of various substrates. 

However, lack of specificity towards HA for most ɓ-GUSs along with the high cost and 

low purity of those active on HA, have prevented their widespread application. 

Therefore, the aim of this study was to investigate ɓ-GUS from Bacteroides fragilis 

(rBfGUS). To achieve that, we aimed to develop both the upstream (production) and 

downstream (purification and immobilization) processes of the recombinant form of 

rBfGUS and investigate its activity parameters and kinetics.  We have developed a 

process with high-yield production of active rBfGUS on HA, and sufficient purity. To 

increase reusability of rBfGUS and ensure the preparation of enzyme-free HA products, 

we successfully immobilized the enzyme on two types of magnetic microporous bead 

cellulose particles. Both immobilized forms of rBfGUS demonstrated sufficient 

operational and storage stabilities. We characterized the enzymeôs optimal reaction 

conditions and kinetic parameters, using chromogenic ɓ-GUS standard substrate and 

HA oligosaccharides (oHAs). We also demonstrated rBfGUSôs activity on native, 

modified and derivatized oHAs. Our findings suggest that native and derivatized-oHA 

materials can be prepared using this bacterial ɓ-GUS, and, thus, a novel biocatalyst with 

enhanced operational parameters has been developed with a potential for industrial use.  

B) The investigation of bioavailability and fate of orally-administered HA in the gut. 

The ability of HA as a dietary supplement to exert numerous physiological benefits has 

been demonstrated in several clinical studies, however its mechanism of action remains 

unclear. To understand the mechanism of action, determining hyaluronan's fate in the 

gut is crucial. Here, we looked into the degradation of HA in vitro, focusing on specific 

bacterial strains which comprise the oMM12 microbiota. By using 13C- labeled HA and 

native oHAs as substrates, we tested individually 12 strains. Bacteroides caecimuris 

revealed to be the main consumer of HA degrading the substrate within 24 h and 

producing HA unsaturated disaccharides and acetic acid.  

Key words: Hyaluronan, oligosaccharides, 13C- labeled HA, ɓ-glucuronidase, bacterial 

strains, oMM12 microbiota, Bacteroides, industrial use 

 

 



 
 

Abstrakt  

Hyaluronan (HA) je jednoduchĨ glykosaminoglykan, kterĨ se nach§z² ve vġech tk§n²ch 

obratlovcŢ jako z§kladn² sloģka extracelul§rn² matrix. Jeho molekulov§ hmotnost se 

mŢģe liġit od nŊkolika megaDaltonŢ aģ po m®nŊ neģ jeden kiloDalton. Na z§kladŊ sv® 

velikosti z²sk§v§ ļetn® biologick® vlastnosti a lze jej tak vyuģ²t v kosmetick®m a 

farmaceutick®m prŢmyslu pro rŢzn® aplikace. 

Tato vĨzkumn§ oblast se v souļasn® dobŊ zabĨv§ dvŊma hlavn²mi vĨzvami, kterĨmi 

jsou: A) VĨvoj novĨch n§strojŢ pro analĨzu a pŚ²pravu novĨch a n§kladovŊ efektivn²ch 

produktŢ HA. Enzymatick® n§stroje hraj² kl²ļovou roli ve vĨvoji novĨch materi§lŢ na 

b§zi HA. Kategori² takovĨch slibnĨch enzymŢ jsou ɓ-D-glukuronid§zy (ɓ-GUS). ɓ-

GUS katalyzuj² hydrolĨzu zbytku kyseliny ɓ-D-glukuronov® z neredukuj²c²ho konce 

rŢznĨch substr§tŢ. Nicm®nŊ nedostatek specifity vŢļi HA u vŊtġiny ɓ-GUS spolu s 

vysokou cenou a n²zkou ļistotou tŊch ɓ-GUS, kter® jsou aktivn² na HA, br§n² jejich 

ġirok® aplikaci. C²lem t®to studie bylo prozkoumat ɓ-GUS z Bacteroides fragilis 

(rBfGUS). Abychom toho dos§hli, zamŊŚili jsme se na vĨvoj procesŢ produkce 

(upstream) a purifikace a imobilizace (downstream) rekombinantn² formy rBfGUS a 

prozkoumali jsme parametry jej² aktivity a kinetiku. Naġe zjiġtŊn² naznaļuj², ģe jsme 

vyvinuli proces s vysokou vĨtŊģnost² produkce aktivn²ho rBfGUS na HA a dostateļnou 

ļistotou. Pro zvĨġen² znovupouģitelnosti rBfGUS a zajiġtŊn² pŚ²pravy HA produktŢ bez 

enzymŢ jsme ¼spŊġnŊ imobilizovali enzym na dvou typech magnetickĨch-

makropor®zn²ch-perliļek-celul·zovĨch ļ§stic. ObŊ imobilizovan® formy rBfGUS 

vykazovaly dostateļnou provozn² a skladovac² stabilitu. Pot® jsme charakterizovali 

optim§ln² podm²nky a kinetick® parametry enzymu pomoc² chromogenn²ho 

standardn²ho substr§tu ɓ-GUS a HA oligosacharidŢ (oHA). Tak® jsme demonstrovali 

aktivitu rBfGUS na nativn²ch, modifikovanĨch a derivatizovanĨch oHA. Naġe zjiġtŊn² 

naznaļuj², ģe pomoc² tohoto bakteri§ln²ho ɓ-GUS lze pŚipravit nativn² a derivatizovan® 

materi§ly oHA, a tak byl vyvinut novĨ biokatalyz§tor se zlepġenĨmi provozn²mi 

parametry s potenci§lem pro prŢmyslov® vyuģit². 

B) Zkoum§n² biologick® dostupnosti a osudu peror§lnŊ pod§van® HA ve stŚevŊ. 

Schopnost HA jako doplŔku stravy vykazovat ļetn® fyziologick® vĨhody byla 

prok§z§na v nŊkolika klinickĨch studi²ch, avġak mechanismus jej²ho ¼ļinku zŢst§v§ 

nejasnĨ. Abychom pochopili mechanismus ¼ļinku, je z§sadn² urļit osud hyaluronanu 

ve stŚevŊ. Proto jsme se zde zabĨvali degradac² HA in vitro se zamŊŚen²m na specifick® 

bakteri§ln² kmeny, kter® obsahuj² mikrobiotu oMM12. Pouģit²m 13C-znaļen® HA a 

nativn²ch oHA jako substr§tŢ jsme testovali jednotlivŊ 12 kmenŢ. Bacteroides 

caecimuris byl hlavn²m konzumentem HA, kterĨ degradoval substr§t bŊhem 24 hodin a 

produkoval HA nenasycen® disacharidy a kyselinu octovou. 

Kl²ļov® slov§: Kyselina hyaluronov§, oligosacharidy, 13C-znaļen§ HA, ɓ-

glukuronid§za, bakteri§ln², mikrobiota oMM12, Bacteroides, prŢmyslov® vyuģit² 
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1. INTRODUCTION  
 

 

1.1. Hyaluronic acid (HA)  - properties, metabolism and 

applications  

1.1.1. Physicochemical properties, structure, and history 

 

 Hyaluronic acid or hyaluronan (HA) is a carbohydrate, more specifically a 

glycosaminglycan (GAGs), or mucopolysaccharide, occurring naturally in various  

living organisms, such as in animal tissues and bacteria. The polysaccharide HA is a 

linear polyanion, with a poly-repeating, disaccharide structure  of ɓ-D-glucuronic acid 

(GlcA) and ɓ-N-acetyl-D-glucosamine (GlcNAc) [(1Ÿ3)-ɓ-d-GlcNAc-(1Ÿ4)-ɓ-d-

GlcA-] (Fig.1). It can be several thousands of monosaccharides long (Lapc²k L Jr and 

et al., 1998; Rodrigues et al., 2015). Structural studies of HAôs secondary structures in 

water-based medium solution showed that it assumes a two-disaccharide unit helix (two-

fold helix) (Scott et al., 1991; Scott & Tigwell, 1978). Structural studies of HA on a 

tertiary level revealed that when the polyanionic charge in the HA solution is low (low 

pH) it forms dimers (Staskus & Johnson, 1988) and elastic gels (Gibbs et al., 1968), but 

at physiological conditions it assumes a duplex formation (Turner et al., 1988). Later 

studies showed that HA can form a meshwork dependent on the chain length of the HA 

polymer (Scott et al., 1991). Concerning its size, HA that is present in natural sources 

has an enormous size, up to 25,000 disaccharide units or 107 Da (Delpech et al., 1997).  

In particular, high molecular weight (High-Mw) HA is a hydroviscous substance, a 

characteristic that dictates many of its macromolecular properties. Given its extremely 

hydrophilic nature, HA can bind up to 1000 times its weight in water, thus forming a 
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very voluminous, expanded random coil structure in aqueous physiological solutions. 

When not bound to other molecules, it binds to water giving it a stiff viscous quality 

similar to ñJelloò. Interestingly, however, the structure of high-Mw HA varies with the 

context in which it is found (Lapc²k L Jr et al., 1998).  

 

Figure 1. Structure of hyaluronic acid monomers. Blue color denotes the hydrophilic functional groups, 

yellow color depicts the hydrophobic moieties and green-dashed lines shows the presence of hydrogen 

bonds (Bjellqvist et al., 1993, 1994) (Ucm et al., n.d.). 

Historically, it was first isolated by Karl Meyer and John Palmer in 1934 (Meyer & 

Palmer, 1934) from the vitreous body of the bovine eye, but its structure was described 

only 20 years later by Laurent. In 1986, Balazs proposed ñhyaluronanò as an alternative 

to ñhyaluronic acidò since, at physiological pH, the carboxyl groups of the molecule are 

dissociated and thus attract cations, such as Na+. On an intracellular level, in 1976, the 

laboratory of Richard and Rene Margolis (Margolis et al., 1976) isolated rat brain nuclei 

and found them to be rich in glycosaminoglycans, and HA accounted for nearly 1/3 of 

the total. This was a surprising finding since HA was thought to be only an extracellular 

macromolecule because of its expansive, large size, and its polyanionic properties. 

Although this report did not receive widespread attention, several other biochemical and 

histochemical reports followed, all consistent with the hypothesis that HA can exist in 
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intracellular compartments. Furthermore, the more recent identification of intracellular 

HA-binding proteins, including RHAMM, P32, CDC37 and IHABP4 offers additional 

support (Day & Prestwich, 2002). 

1.1.2. Biological properties, based on size and localization 

 

As mentioned before, HA is found primarily in the extracellular and pericellular 

matrices but has also been shown to occur intracellularly. Despite its rather simple basic 

structure, HA has a remarkably diverse array of biological activities that can vary 

significantly based on its molecular weight (Mw) (Stern et al., 2007; Volpi et al., 2009). 

The primary role of Ha with a high molecular weight (high-Mw HA) is to carry out 

numerous processes related to its viscoelastic and rheological properties. These 

functions include tissue hydration, shock absorption, reduction of friction, and space-

filling activities (Almond, 2007; Gupta et al., 2019; Karbownik & Nowak, 2013). HA 

with a low molecular weight (low-Mw HA) has been found to have an impact on wound 

healing through its ability to enhance cell migration and proliferation as well as promote 

chondrogenesis, induce inflammation, and influence cancer biology (Ferguson et al., 

2011; Stern et al., 2007; Stuhlmeier, 2006). The involvement of low-Mw HA in several 

physiological and pathological processes is well-documented, however it remains 

ambiguous. The factors stated in literature can be classified as either promoting tumor 

cell adhesion, angiogenesis, and metastatic potential, or inhibiting cell growth and 

inducing cell apoptosis (Camenisch & McDonald, 2000; Deschrevel et al., 2008; Girish 

& Kemparaju, 2007; Kogan et al., 2007). 

On an intracellular level, HA is believed to create a proper environment for cell division, 

spindle pole stability, and microtubule-linked functions (Evanko & Wight, 1999; 

Hascall et al., 2004). It is present in perinuclear areas in pre-mitotic and mitotic 
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eukaryotic cells, serving as a scaffold similar to extracellular hyaluronan matrices 

(Brecht et al., 1986; Hascall et al., 2004). Hascall and colleagues suggested that 

intracellular HA plays also a crucial role in inflammatory processes (Hascall et al., 

2004). They suggested that when cells undergo metabolic or pathogenic stress, a pool 

of intracellular hyaluronic acid synthases is activated, and newly synthesized 

hyaluronan is deposited in cable-like structures, where CD44-expressing inflammatory 

cells are recruited and adhere. Milinkovic and colleagues demonstrated the selectivity 

of the interaction between HA and lymphocytes, suggesting specific structural features 

on hyaluronan chains recognized by CD44-bearing inflammatory cells (Milinkovic et 

al., 2004).  

HA uptake is another major mechanism that involves receptor-mediated endocytosis or 

macropinocytosis after degradation (Greyner et al., 2010). It is believed that HA-

building blocks could be used as an energy source for starved cells, as HA endocytosis 

is induced in conditions that upregulate catabolic processes (Chow et al., 1995). 

Macropinocytosis sustains cancer cell survival in conditions of limited nutrient 

availability (Bryant et al., 2014; Gouirand & Vasseur, 2018; Qian et al., 2016). The 

receptor for hyaluronan-mediated motility (RHAMM), a hyaluronan-binding protein, is 

most commonly localized in the cytoplasm and can interact with calmodulin, the mitotic 

spindle, centrosomes, and the microtubule organizing center (Assmann et al., 2001). 

  

1.1.3. HA metabolism (synthesis & degradation)  

 

HA metabolism is a fascinating process, with one-third of the human body's HA 

turnover daily (Triggs-Raine & Natowicz, 2015). Balance between HA synthesis and 

breakdown by hyaluronidases or oxidative and nitrative stresses determines HA content 
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and form. In humans/mammals, HA is synthesized by at least three distinct, functionally 

redundant synthases, with different biological roles depending on specific contexts 

(Viola et al., 2015). 

Hyaluronidase-mediated catabolism is still poorly understood, with several 

hyaluronidases identified (McAtee et al., 2014). These proteins, including Hyal1, Hyal2, 

and PH20, are involved in HA degradation and have been proposed as tumor 

biomarkers. Hyal1 is an endoglycosidase active at an acidic pH, found within 

lysosomes, serum, and extravascular space (Triggs-Raine et al., 1999). In the skin, 

Hyal1 triggers adaptive immunity by generating HA oligosaccharides, activating TLR4 

and CD44, leading to increased allergic inflammation and improved clearance of 

bacterial skin infections (Taylor et al., 2004, 2007; Yamasaki et al., 2009b). Hyal2 is a 

GPI-anchored protein with an acidic pH that hydrolyzes high-Mw HA into intermediate 

length HA that is internalized for further degradation by Hyal1 (Petrey et al., 2016). 

PH20, initially characterized as a hyaluronidase active at neutral and acidic pHs, is 

critical for fertilization of the oocyte by sperm and has signaling properties (Cherr et al., 

2001). 

Recent evidence demonstrates that HA degradation via hyaluronidases can be used 

therapeutically in inflammatory and infectious diseases, expanding the spectrum of 

effects of HA metabolism (Bell et al., 2019).  

HA fragments become part of the front-line defense to injury by activating innate and 

adaptive immunity (Kennett & Davies, 2007, 2009; M. Li et al., 1997; Moseley et al., 

1997). Changes at the microenvironmental level also contribute to HA modification and 

activation of signaling pathways (Bourguignon et al., 2004). 
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1.1.4. Administered HA & applications 

 

Despite its simple structure, HA possesses a multitude of biological activities that 

provide it with a vast array of applications in medicine, nutrition, and cosmetics. The 

biocompatibility and regenerative properties of HA have prompted extensive research 

in the field of tissue engineering, namely in the areas of vascular, cartilage, bone, and 

skin regeneration (Cui et al., 2015; Dovedytis et al., 2020; Matsiko et al., 2012; Monteiro 

et al., 2015; A. Singh et al., 2014; Zhu et al., 2014). For example, application of HA on 

the skin has been found to have the ability to promote collagen synthesis. As a result, it 

has gained significant popularity as a cosmetic ingredient for the purpose of skin 

rejuvenation (Jegasothy et al., 2014; Pavicic et al., 2011; Rzany et al., 2012). 

HA has also been used as a dietary supplement for an extended period due to its 

recognized anti-inflammatory attributes, as well as its capacity to increase skin 

hydration and alleviate chronic knee discomfort (Asari et al., 2010; Gºllner et al., 2017; 

Y. Kim et al., 2017; Oe et al., 2016; Ricci et al., 2017).  The size of HA is an essential 

variable in determining its activity. Numerous studies have provided evidence 

indicating that high-Mw HA with a molecular weight more than 1 MDa possesses anti-

inflammatory properties and facilitates the homeostasis and viability of epithelial cells. 

Therefore, it has been observed that high-Mw HA exhibits inhibitory effects on many 

inflammatory cell functions, including chemotaxis, phagocytosis, elastase release, and 

respiratory burst activity (Akatsuka et al., 1993; Foley et al., 2012; Suzuki & 

Yamaguchi, 1993; Tamoto et al., 1994). The anti-inflammatory and anti-fibrotic 

properties of high-Mw HA may be exploited in the treatment of rheumatoid and 

osteoarthritis (Strachan et al., 1990), as well as in the healing process of tympanic 

membrane perforations (Hellstrºm & Laurent, 1987). Furthermore, it has been observed 
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that high-Mw HA has the ability to expedite the healing process of cutaneous wounds 

(King et al., 1991) and minimize the production of adhesions following intraabdominal 

surgery (Urman et al., 1991). In contrast, low-Mw HA facilitates the maturation of 

monocytes into macrophages, as evidenced by the increased production of insulin-like 

growth factor-1 (Noble et al., 1993) and IL-1ɓ (Lazrak et al., 2015; Yamasaki et al., 

2009a). HA fragments, with lengths ranging from 4 to 30 dimers, typically 

corresponding to 500 to 700 kDa, are known as HA oligosaccharides (oHAs). In 

aggregates, these fragments together enhance the expression of proinflammatory 

chemokines and inducible nitric oxide synthase (iNOS) in macrophage cell lines, as well 

as in alveolar macrophages derived from wounded lungs (C. M. McKee et al., 1996, 

1997). The underlying factors contributing to this significant dependence on size remain 

somewhat ambiguous. Multiple aspects contribute to the phenomenon under 

investigation, including the clustering and activation of receptors, the absorption of 

molecules by cells, the distinction between intra- and extracellular signaling, and the 

interactions with HA ligands, such as the heavy chains of inter-Ŭ-inhibitor (IŬI) (Hato 

et al., 1998). These factors may be influenced by the linear or globular shapes of HA 

chains of varying sizes, suggesting their potential significance in the process. 

1.2. GAG metabolism by Human Gut microbiota  

There is increasing evidence that oral administration of HA starts from infancy, as it is 

contained in human breast milk. HA has plenty of benefits towards the Human Gut 

Microbiota (HGM) as it contributes to intestinal barrier function, promoting the 

expression of antimicrobial peptides, as well as a protective response in epithelial cells 

(Hill et al., 2013; Y. Kim et al., 2017). 
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The mammalian gut is a complex ecosystem, hosting a diverse microbial community 

that influences normal physiology and disease susceptibility mainly through its 

metabolic activities. The gut microbiome is highly dynamic throughout life and can vary 

substantially between individuals due to diet, lifestyle and genetic factors (Falony et al., 

2016; Ursell et al., 2012). 

HGM uses a variety of strategies to process and metabolize both dietary GAGs and 

complex host-derived GAGs. Gut bacteria can be roughly divided into "generalists" and 

"specialists" depending on the variety of resources they are able to use (Koropatkin et 

al., 2012). HGM is dominated by two main phyla, Bacteroidetes and Firmicutes 

(DôArgenio & Salvatore, 2015; Human Microbiome Project - an Overview | 

ScienceDirect Topics, 2012.; Qin et al., 2010), it should be emphasized, however, that 

organisms from the Actinobacteria, Verrucomicrobia and Proteobacteria also 

contribute to HGM (Fig. 2). Gram-negative Bacteroidetes tend to catabolize GAGs in 

an unspecific manner ("generalists"), while gram-positive Firmicutes tend to be 

selective for a specific group of GAGs ("specialistsè) (Cockburn & Koropatkin, 2016).  

Moreover, gut microorganisms are members of a metabolic network, where the by-

products of one organism can serve as important resources for another (so-called cross-

feeding) (Flint et al., 2012). In addition, such microorganisms have devoted up to 20 % 

of their genome to the complex metabolism of GAGs, with genes encoding enzymes 

active on carbohydrates such as polysaccharide lyases (PLs), glycoside hydrolases 

(GHs), transport and binding proteins, and carbohydrate sulfatases (Ndeh & Gilbert, 

2018). Bacteroides spp. arrange these genes into polysaccharide utilization loci (PUL) 

which are co-regulated in response to a presence of specific glycan (Ndeh et al., 2020) 

(Fig 3). Examples of such genes expressed by Bacteroides thetaiotaomicron are those 

encoding PLs from the PL8, PL29 and PL33 families, GHs from the GH2 and GH88 
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families, as well as binding proteins that facilitate up-regulation of PUL. These proteins 

showed binding and cleaving activity against GAGs, including HA (Ndeh & Gilbert, 

2018).  

 

 

Figure 2. Major HGM phyla and diversity of core bacterial genera. Firmicutes and Bacteroides phyla are 

the dominant groups in human gut macrobiota as opposed to Actinobacteria and Proteobacteria which 

constitute a minor fraction with relatively low diversity at the genera level. Created by Dôangelo and 

Salvatore 2015 and Xiao et al., 2015 (DôArgenio & Salvatore, 2015; Xiao et al., 2015). Microorganisms 

such as Fungi, Viruses and Archaea are part of the HGM however we will not focus on them in this 

particular thesis. 
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1.2.1. Bioavailability of HA through the gut  

Clinical trials have shown a positive impact of HA taken orally, but there is conflicting 

data on its bioavailability and mode of action (Kawada et al., 2014). Several theories 

have been proposed for the potential mechanisms: a) HA is absorbed and acts directly 

at the site of action (skin, joints) (Oe et al., 2016); b) HA or its fragments present in the 

intestine trigger the particular cell response (Kolar et al., 2015); and c) additional 

metabolites of HA in the intestine or in the organism trigger the particular cell response 

at this time. However, it is essential to determine the bioavailability and in vivo destiny 

of oral HA before attempting to decipher its mode of action.  It is hypothesized that 

high-Mw HA hinders its free passage through the intestinal wall. However, high-Mw HA 

can be broken down into smaller pieces by gut microbiota, allowing the human intestinal 

epithelium to absorb HA more readily (Ndeh et al., 2020). HGM may play a key 

mediating role in the absorption of HA taken orally (Sato et al., 2020). High-Mw HA 

may also act as a substrate for the gut microbiota, altering the microbial community's 

composition (Pan et al., 2021). Previous research has shown that HA (~1 MDa, 99mTc, 

or 14C labelled) was transported throughout the blood, skin, and joints (Balogh et al., 

2008), with an estimated bioavailability of more than 16% (Oe et al., 2016). However, 

some research suggests HA was not distributed in the body at all when taken orally 

(Asari et al., 2010; Laznicek et al., 2012). To address these limitations, 13C labelling and 

sensitive LC-MS analysis have been developed to examine the metabolism of HA 

following intravenous administration  showing a comprehensive pharmacokinetics, 

where high-Mw HA is eliminated in urine, high-Mw HA is processed in liver, also, 

intravenously administered hyaluronan reaches cartilage and knee bone and, lastly, 13C 

tracer analysis proved the metabolization of HA into UDP-sugars (Ġimek et al., 2021). 
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1.2.2. Study models and GAGs 

1.2.2.1. Gnotobiology and the Microbiome  

For the elucidation of the processes by which the host exerts control on the microbiome 

and vice versa, it is crucial to employ appropriate experimental design (Laukens et al., 

2016; Mamantopoulos et al., 2018; McCoy et al., 2017). Gnotobiology has emerged as 

a crucial approach for the systematic examination of the functioning of microbiota and 

the evaluation of causal relationships in the context of disease-related changes in the 

composition of gut microbiota (Trexler & Reynolds, 1957). Gnotobiotic mice can be 

produced through the process of microbial reconstitution, which involves introducing 

fecal transplants, single organisms, or specific microbial consortia originating from 

mice or humans into germ-free mice (Clavel et al., 2016; McCoy et al., 2017). A number 

of recent research has been conducted with the aim of isolating bacteria from human 

and mouse specimens and establishing collections of these cultures (Forster et al., 2019, 

2019; Hugon et al., 2015). Research efforts employ human-derived bacteria to colonize 

gnotobiotic mice, despite the potential impact of phylogenetic differences between 

human and mouse microbiota on microbe-host interaction and the long-term stability of 

colonization (Xiao et al., 2015). 

To address this issue, one model has been devised utilizing twelve bacterial strains 

derived from the mouse gut microbiota, as documented by Brugiroux et al. and Garzetti 

et al. (Brugiroux et al., 2016; Garzetti et al., 2017). More specifically, the Oligo-Mouse-

Microbiota (oMM12) contains a sum of 12 bacterial strains and this consortium offers 

many enhancements compared to previous defined consortia (Table 1). These 

advantages include a wide range of phylogenetic diversity of the strains from the 

German Type Culture Collection, as well as, their long-term stability in gnotobiotic 
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mice, (Brugiroux et al., 2016). Li et al. (2015) showed that C57BL/6 mice, which were 

stably colonized by oMM12, were referred to as ñstable defined moderately diverse 

microbiota miceò (H. Li et al., 2015). 

To date, the oMM12 mouse model is used by over 30 research groups worldwide to 

address fundamental research questions related to microbial ecology, metabolism, 

mucosal immunology and infection biology (H. Li et al., 2015; Studer et al., 2016; 

Uchimura et al., 2018). The oMM12 could be suitable for studying HA cleavage and 

metatranscriptome analysis (Garzetti et al., 2017). 

 

1.2.2.2. Metabolic pathway of GAGs in Bacteroides thetaiotaomicron  

Ndeh et al. described in detail the metabolism of GAGs in HGM, by exploiting one 

Bacteroides spp. called Bacteroides thetaiotaomicron. B. thetaiotaomicron is the most 

studied species concerning the metabolism of GAGs in HGM and several 

polysaccharide utilization loci (PULs) connected to GAG catabolism (e.g Chondroitin 

sulfate (CS), Dermatan Sulfate (DS), Heparan (Hep) and HA) (Ndeh et al., 2020; Ndeh 

& Gilbert, 2018). More specifically, PUL of chondroitin sulfate (PULCS), dermatan 

sulfate (PULDS), and HA (PULHA) (Fig. 3) are highly-coordinated loci for degradation 

of GAGs, contrasting with PUL of Hep (PULHep). PULHep encodes four PLs with 

variable sulfation tolerances (Cartmell et al., 2017), while PULCS/DS/HA uses synergy 

between exo- and endo- lyases (PL8- BT3350 gene and PL8- BT3324 gene) for the 

degradation of CS and DS (Fig.4). The PULCS/DS/HA also deploys an endo-acting 4-O-

sulfatase (sulf- BT3349-S1_274S gene), which may enable a lyase (PL33- BT4410 

gene) to contribute to the degradation of CS and DS. The PL33 lyase (BT4410 gene) 

plays an important role in GAG metabolism within the Bacteroides genus (Raghavan et 

al., 2014). The 6-O sulfatase (BT3333-S1_156S-sulf gene) removes O6 sulfation of N-
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Acetylgalactosamine (GalNAc), leaving the final degradation products as GalNac and 

4-deoxy-Lthreo-5-hexosulose-uronate (Maruyama et al., 2015). For HA metabolism, 

PL33 lyase (BT4410 gene) is the only lyase required due to its endo-processive mode 

of action. PULCS/DS/HA does not encode for any kinases, so phosphorylation of GalNAc 

and N-acetylglucosamine must be completed by constitutively active kinases (Ndeh et 

al., 2020) (Fig.4). Based on this model microorganism, we can draw connections to other 

Bacteroides species, such as Bacteroides caecimuris, Bacteroides fragilis, concerning 

pathways that entail the metabolism of GAGs, such as HA. 

 

Figure 3.  Organization of the PULCS/DS/HA degrading-enzyme locus in B. thetaiotaomicron (Ndeh et al., 

2020). The figure also depicts locus tags, names and functionality of the enzymes involved.  
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Figure 4. Schematic depiction of the activity, location and specificity of the enzymes encoded from the 

PULCS/DS/HA (Ndeh et al., 2020). 

 

1.2.3. Bacteroides fragilis 

 

Bacteroides fragilis is an obligately anaerobic, Gram-negative, rod-shaped bacterium. 

This species belongs in the Bacteroidaceae family and in the phylum of Bacteroidetes. 

It is a part of the normal microbiota of the human colon and is generally commensal but 

can cause infection if displaced into the bloodstream or surrounding tissue following 

surgery, disease, or trauma (Tomomi Kuwahara, Levinson W. 2010). B. fragilis is able 

to express its ɓ-glucuronidase (BfGUS) as well (Fig 5, 6, 7). It has been shown that 

BfGUS is able to use as substrates xenobiotic glucuronides, such as 2,6-dimethyl-4 
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nitrophenoxy, 2-oxo-2H-chromen-3-yloxy, 4-methylumbelliferyloxy, 7-methoxy-2-

oxo-2H- chromen-6-yloxy and triclosan (Dashnyam et al., 2018). The level of BfGUS 

catalytic activity differs among substrates and this can be attributed to its particular 

structure (Fig.5). 

 

Figure 5. Tertiary structure of BfGUS (Dashnyam et al., 2018; Pollet et al., 2017). 

 

1.3. GAG-degrading enzymes and applications in industry  

1.3.1. Enzymes as biotechnological tools for the modification of HA 

Enzymes that modify HA are used either for the preparation of HA products, or for 

analytical purposes. For the preparation of even- or odd-numbered oHAs as final 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/lysozyme
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products, enzymes are recruited to provide a non-toxic, more biocompatible solution 

compared to processes that include chemical reactions (Blundell & Almond, 2006; 

Chen, 2015; Stern et al., 2007). However, one limitation of using soluble forms of 

enzymes for the preparation of pure products is the inability to recycle the enzyme and 

separate it from the reaction solution, which can lead to contamination and, overall, an 

increase in the cost of the final product (Kaġparov§ et al., 2018). 

HA-active enzymes vary depending on the type of reaction which result in distinct 

products. Types of enzymes that are used for analysis and preparation of oHAs 

are hyaluronate lyases, hyaluronidases,  N-acetyl-hexosaminidases, and ɓ-GUS 

(Ļoģ²kov§ et al., 2017; Jedrzejas et al., 2002; Kakizaki et al., 2010; Tawada et al., 2002). 

It has been demonstrated that ɓ-GUSs are active on HA, and that such enzymes are 

primarily derived from mammals and mollusks (Blundell & Almond, 2006; Christner et 

al., 1979; Meyer & Palmer, 1934; Nebinger et al., 1983). ɓ-GUSs from bovine liver and 

mollusks (P. vulgata, P. barbara, and H. pomatia) are examples of commercially 

available ɓ-GUSs that active towards HA. This does not mean, however, that all ɓ-GUSs 

are active against HA. Based on their structural characteristics, Pollet et al. 

(2017) suggested that structural features of some ɓ-GUSs from the gut 

microbiota should prevent them from utilizing GAG oligosaccharides (Pollet et al., 

2017), testing seven different glucuronidases to support this hypothesis. To our 

knowledge, there are no reports on any bacterial ɓ-GUSs active against HA. Usually 

GUSs are designed to catabolize glucuronides small in size. They can interfere with 

drug metabolism (Dashnyam et al., 2018; Wallace et al., 2015). 

Typically, commercially available ɓ-GUSs are unsuitable for extensive industrial 

applications involving oHAs. This is due to the high cost of preparation, which is a result 

of their isolation from native producers or recombinant eukaryotic production. In 

https://www.sciencedirect.com/topics/chemistry/hyaluronate
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mollusc
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/patella-vulgata
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/helix-pomatia
https://www.sciencedirect.com/science/article/pii/S014486172300543X?via%3Dihub#bb0275
https://www.sciencedirect.com/science/article/pii/S014486172300543X?via%3Dihub#bb0275
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/intestine-flora
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/intestine-flora
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addition, they may contain contaminating interfering enzymes or compounds mimicking 

reaction products (Ainslie-Waldman et al., 2013; Bl§hov§ et al., 2016; NAKAMURA 

et al., 2011; Scott & Williams, 2004). In the case of prokaryotic expression systems, 

main challenge has been the removal of endotoxins from the final protein products 

(Petsch & Anspach, 2000; Schwarz et al., 2014). The level of endotoxins in the final 

product is a critical parameter when the recombinant enzyme is intended for application 

in biological systems. However, we should anticipate a very low content of endotoxin 

contamination in reaction products of such enzymes, because the enzyme to substrate 

ratio is low. The risk of endotoxin contamination is even more decreased when 

immobilized enzymes are used, as they can be easily removed from the reaction mixture 

upon termination. Thus, a ɓ-GUSs for the analysis and preparation of specific oHAs 

should ideally be of a prokaryotic origin, making it readily recombinantly producible in 

large quantities and simple to purify by downstream methods, such as affinity 

chromatography and tangential filtration. 

 

1.3.2. Structure and activity of bacterial ɓ-GUSs 

Bacterial ɓ-GUSs, particularly those produced by gut bacteria, have been extensively 

studied for both their activity and structure (D. Kim et al., 1995; Pellock & Redinbo, 

2017; Wallace et al., 2015). For some of them, their ability to hydrolyze GAGs was 

confirmed (Dabek et al., 2008; Pellock & Redinbo, 2017; Salyers & OôBrien, 1980).  

ɓ-GUSs exist mainly as homotetramers and share a similar overall tertiary structure, 

including an N-terminal jelly-roll domain, a middle region with an immunoglobulin 

heavy chain-like structure, and a C-terminal triosephosphate isomerase (TIM) barrel 

domain (Dashnyam et al., 2018). The active sites of ɓ-GUSs are located at the center of 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gene-expression-system
https://www.sciencedirect.com/topics/chemistry/endotoxin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/immobilized-enzyme
https://www.sciencedirect.com/topics/chemistry/affinity-chromatography
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzymatic-hydrolysis
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the TIM barrel, which consists of eight ɓ-sheets and eight Ŭ-helices connected by Ŭ/ɓ 

and ɓ/Ŭ loops. However, there are differences near their active sites, such as the 

conservation of a hairpin insertion in the jelly-roll domain in some bacterial ɓ-GUSs, or 

the addition of an additional carbohydrate-binding domain at its C-terminus, or the 

variation in length of the loop 3 shaping the active-site architecture of bacterial ɓ-GUSs 

(Hassan et al., 2013; Jain et al., 1996; Pollet et al., 2017) (Fig. 6). 

 

Figure 6. Comparison of the dimeric structures of the five gut bacterial ɓ-GUSs. Top and side views of 

the dimers of the tetrameric (a) BifdGUS, (b) RgGUS, (c) CpGUS (d) EcGUS and (e) BfGUS. The 

highlighted loops (red) are located either at the periphery of the TIM barrel (loop 3) or at the jelly-roll 
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domain (Ŭ2-helix loop). (a) Each Ŭ2-helix loop in BifdGUS stretches to the aglycone-binding site of the 

adjacent subunit. Each loop 3 of CpGUS (c) and EcGUS (d) exists in an open form and extends from its 

own subunit to the aglycone-binding site of the adjacent subunit. Conversely, both loops 3 are not in 

contact with the adjacent subunit in RgGUS (b). The dimeric interface of BfGUS (e) is oriented differently 

than in the other ɓGUSs as the active site of the two monomers do not face each other. Abbreviations: 

RgGUS, ɓ-GUS from Ruminococcus gnavus; BifdGUS, ɓ-GUS from Bifidobacterium dentium; CpGUS, 

ɓ-GUS from Clostridium perfringens; EcGUS, ɓ-GUS from Escherichia coli (Dashnyam et al., 2018). 

The aglycone-binding site architecture in BfGUS is not similar to other ɓ-GUSs due to 

its short loop 3. The N-K motif can be employed as a fingerprint to identify ɓ-GUSs, 

and the catalytic center contains two catalytic glutamic acid residues (Fig.7). Wallace et 

al. demonstrated that ɓ-GUSs contain Asparagine and Lysine residues (N-K motif) in 

their active site that coordinates the carboxylate group unique to glucuronic acid relative 

to galactose (Wallace et al., 2015) The active-site architecture of bacterial ɓ-GUSs is 

shaped by the variation in length of the loop 1 and the activity rate of GAG cleavage 

can be regulated by the combination of the Carbohydrate Binding Module and the length 

of loop 1 (Dashnyam et al., 2018; Ervin et al., 2019; Wallace et al., 2015). 
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Figure 7. Catalytic center of BfGUS described as the active center, including the Asparagine N581 and 

Lys K583 amino acids (N-K motif), and the binding site which is a Carbohydrate Binding Module (CBM1 

and CBM2) of BfGUS (Dashnyam et al., 2018; Wallace et al., 2015) 

 

1.3.3. Mechanism of action for ɓ-GUSs 

Hydrolysis is typically achieved through a two-step mechanism, which is a retaining 

double-displacement mechanism involving a covalent glycosyl-enzyme intermediate 

(Fig. 8). This reaction passes through an oxocarbenium ion-like transition state and 

requires acid/base and nucleophilic assistance from two amino acid side chains, 

typically glutamate or aspartate. In the glycosylation step, one residue acts as a 

nucleophile, displaces the anomeric center, and the other residue acts as an acid catalyst, 

protonating the glycosidic oxygen. In the deglycosylation step, the glycosyl enzyme is 

hydrolyzed by water, with the other residue acting as a base catalyst. The pKa value of 

the acid/base group cycles between high and low values during catalysis to optimize its 

role at each step (Koshland & Neet, 1968; McIntosh et al., 1996). 
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Figure 8.  Catalytic retaining mechanism of action for ɓGUSs (Structural and Functional Comparison of 

Polysaccharide-Degrading Enzymes: Critical Reviews in Biochemistry and Molecular Biology: Vol 35, 

No 3) (cazypedia org). 

2. Aim of the thesis 

(I) The aim of the thesis was to embark on a multifaceted research project focusing, 

primarily, on the preparation and characterization of a recombinant BfGUS (rBfGUS) 

with a potential industrial application for specific enzymatic reactions with oHAs.  

(II ) Secondly, we explored the role of the gut microbiota in HA metabolism and their 

potential to cleave HA, shedding light on the metabolic pathway and intermediates 

available for host utilization.  

(I) The set goals for the preparation of rBfGUS went as follows: 

1. To develop the process workflow of rBFGUS.  
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More particularly, we focused on the development of the upstream process, which 

included the preparation of the construct containing the rBfGUS gene, screening of 

cloned strains and verification of the produced recombinant protein. Additionally, we 

worked towards refining particular cultivation aspects of the selected strain. 

Furthermore, we aimed to optimize the downstream process of the enzyme which 

entailed the purification workflow as well as the immobilization of rBFGUS on 

magnetic cellulose beads. 

Last section of the process development was to focus on the reproducibility of the 

development process as well as stability studies concerning the final product(s).  

2. To characterize rBfGUS activity  

Specifically, using chromogenic ɓ-GUS substrate and oHAs, we examined the enzymeôs 

optimal conditions and kinetic parameters. Additionally, we evaluated rBfGUSôs 

activity towards oHAs on native, modified, and derivatized oHAs of various sizes and 

types. 

Our overall goal is to obtain a prokaryotic ɓ-GUS that can be used for the preparation 

of specific oHAs and the analysis of HA-derivative materials. 

(II ) Considering the second part of the project, the goal was to test the cleavage of HA 

mediated by bacterial strains of the oMM12 model, in vitro, in order to confirm the ex 

vivo results done by other colleagues of the research team (Ġimek et al., 2023). We 

aimed to observe which particular strains are able to cleave HA and monitor the 

respective HA products. 

Thus, we examined if high-Mw 13C-HA and oHAs are utilized by the oMM12 strains 

individually, in vitro. If so, to what extent they cleaved the substrates. We also focused 



23 
 

on detecting qualitatively and quantitatively HA products (longer oligosaccharides, 

disaccharides & short chain fatty acids). Lastly, we examined the conversion percentage 

of high-Mw HA substrate to the respective HA products. 
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3. Experimental Methods & Materials 

3.1. Naming HA oligosaccharides  
 

Naming HA oligosaccharides (oHAs) varies in literature. Abbreviations pointing out 

monosaccharides on ends of an oHA followed by number depicting the length are 

applied in this article.  

For example, AN8 stands for octasaccharide with ɓ-D-glucuronic acid (GlcA) on non-

reducing and ɓ-N-acetyl-D-glucosamine (GlcNAc) on reducing end: Ÿ 4)-ɓ-D-GlcA-

(1 Ÿ 3)-ɓ-D-GlcNAc-(1 Ÿ 4)-ɓ-D-GlcA-(1 Ÿ 3)-ɓ-D-GlcNAc-(1 Ÿ 4)-ɓ-D-GlcA-(1 

Ÿ 3)-ɓ-D-GlcNAc-(1 Ÿ 4)-ɓ-D-GlcA-(1 Ÿ 3)-ɓ-D-GlcNAc-(1Ÿ;  

NN7 is a heptasaccharide with ɓ-D-GlcNAc on both ends: Ÿ3)-ɓ-D-GlcNAc-(1 Ÿ 4)-

ɓ-D-GlcA-(1 Ÿ 3)- ɓ-D-GlcNAc-(1 Ÿ 4)-ɓ-D-GlcA-(1 Ÿ 3)-ɓ-D-GlcNAc-(1 Ÿ 4)-

ɓ-D-GlcA-(1 Ÿ 3)-ɓ-D-GlcNAc(1Ÿ.  

A symbol ȹ means 4,5 unsaturated ɓ-D-GlcA at non-reducing end of an 

oligosaccharide.  

An AA5 pentasaccharide with ɓ-D-GlcA at both ends has the following structure: Ÿ 

4)-ɓ-DGlcA-(1 Ÿ 3)-ɓ-D-GlcNAc-(1 Ÿ 4)-ɓ-D-GlcA-(1 Ÿ 3)-ɓ-D-GlcNAc-(1 Ÿ 4)-

ɓ-D-GlcA-(1Ÿ.  

A NA8 octasaccharide, with ɓ-D-GlcNAc at the nonreducing end and ɓ-D-GlcA at the 

reducing end, has the following structure: Ÿ3)-ɓ-D-GlcNAc-(1 Ÿ 4)-ɓ-D-GlcA-(1 Ÿ 

3)-ɓ-D-GlcNAc-(1 Ÿ 4)- ɓ-D-GlcA-(1 Ÿ 3)-ɓ-D-GlcNAc-(1 Ÿ 4)-ɓ-D-GlcA-(1 Ÿ 

3)-ɓ-D-GlcNAc-(1 Ÿ 4)-ɓ-D-GlcA-(1Ÿ.  

The examples of the mentioned structures are given in Fig 9. 
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Figure 9. (A) Scheme of enzymatic reaction of BfGUS with oHA. The substrate has GlcA at non-

reducing and GlcNAc on reducing end, GlcA and oHA with GlcNAc at both ends are released as 

products. (B) Octasaccharide with GlcNAc at non-reducing and GlcA at reducing end (NA8). (C) 

Pentasaccharide with GlcA at both ends (AA5). (D) Hexasaccharide with unsaturated GlcA at non-

reducing and GlcNAc at reducing end (ȹAN6). 

 

3.2. Methods applied in Upstream Process of rBfGUS  

3.2.1. Design of gene sequence for the recombinant rBfGUS 
 

The sequence, used for cloning, was selected from GenBank with code: CR626927.1. 

(complete genome), CAH06099.1 (putative ɓ-galactosidase [Bacteroides fragilis NCTC 

9343]). The gene sequence of BfGUS was modified for recombinant expression in E. 

coli K12 strain using JCat codon optimization tool (Grote et al., 2005). During the 

design process, some elements were added, eliminated and altered, as follows:  
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1) the signaling peptide that was included in the primary BfGUS sequence was omitted. 

Thus, the recombinant expression and location of rBfGUS takes place intracellularly.  

2) 6-His tag was added at the C-end of the protein sequence. The sequence is needed for 

the purification of rBfGUS by Immobilized Metal Ion Affinity Chromatography 

(IMAC) chemistry and for the immobilization of the enzyme with Macroporous 

cellulose beads fixed with iminodiacetic acid (MBC-IDA).  

3) Other elements such as an enhancer, as well as enzymatic restriction sites were added, 

as can be seen in Figure 10.  

4) Gene synthesis of rBfGUS was outsourced by ATG Biosynthetics GmbH, 

Merhzausen, Germany and supplied in the form of plasmid pGH-BfGUS.  

Figure 10. Optimized rBfGUS gene sequence. The highlighted letters indicate the following 
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characteristics: XbaI, SacI, Enhancer, Shine-Dalgarno, ATG ,6His-tag, TAA EcoRI, XhoI, SmaI, XmaI, 

BamHI. 

rBfGUS protein sequence has theoretical isoelectric point (pI) 6.51, molecular weight 

(MW) 76.5 kDa, and is constituted by 701 amino acids (Fig. 11) (Bjellqvist et al., 1993, 

1994, Expasy.org):  

 

Figure 11. Optimized protein sequence of rBfGUS. 
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3.2.2. Gene cloning and expression of rBfGUS 

 

Table 1. E.coli strains, plasmids and primers used for expression and verification of rBfGUS gene 

sequence. 

 

 

The plasmid that was used for cloning of rBfGUS sequence was the pTYB11 vector 

(Table 1). pTYB11 (NEB) is an E. coli plasmid cloning vector designed for recombinant 

protein expression and purification using the IMPACTÊ Kit (NEB CAT No. E6901). 

The restriction enzymes that were used for double digestion of the plasmid pTYB11, as 

well as pGH-rBfGUS and pTYB11-rBfGUS (Fig. 12) were XbaI (NEB) and BamHI 

(NEB) enzymes. rBfGUS gene sequence was excised from the pGH vector and cloned 

into the pTYB11, thus creating pTYB11-rBfGUS vector. The prepared construct was 

verified by PCR (SYBR Green Mix kit, CAT No. 1725120, Bio-Rad) using 

manufacturerôs protocol. Then, the pTYB11-rBfGUS vector was transformed into E. 

coli expression strains (BL21ai, RV308ai and ER2566) via electroporation for screening 
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tests. More specifically, competent E. coli competent cells were thawed on ice. 2 ɛg of 

pTYB11-rBfGUS were mixed with 80 ɛL of competent cells. The mixture was 

transferred into a chilled cuvette and placed in the electroporation apparatus. The 

conditions for electroporation were set at 2.5 kV voltage and 10 ms pulse strength. The 

cells were electroporated by electrical pulse and right after the cuvette was removed 

from the device and placed on ice. The mixture was transferred to 2 mL of fresh Luria-

Bertani (LB) media (tryptone 10 g L-1, yeast extract 5 g L-1, NaCl 10 g L-1) and the cells 

were incubated at T= 37 oC for 2 h. The cells were plated in LB agar plates containing 

100 ɛg mL-1 ampicillin. The transformed colonies were the ones that grew in the 

presence of ampicillin. The transformed colonies were tested if they contained pTYB11-

rBfGUS. Thus, plasmid DNA was isolated by QIAGEN Plasmid Mega Kit (CAT. No. 

12181, Qiagen) according to manufacturerôs protocol and the isolated plasmid samples 

ran in 1% agarose gel. More specifically, 1% of agarose was dissolved in Tris-acetate-

EDTA (TAE) buffer (10x TAE: 400mM Tris-acetate, 10 mM EDTA) and heated until 

completed dissolution. Agarose cooled down to 50 oC and placed into a gel casting tray 

until it solidified. DNA samples were prepared by mixing them with DNA Gel loading 

dye (CAT No. R0611, Thermo ScientificTM) (1 ɛL loading dye to 10 ɛL of DNA 

sample). DNA samples were loaded along with supercoiled DNA ladder (CAT No. 

N0472S, NEB) and the gel ran at 120 V until the dye migrated about Ĳ of the gel length. 

After electrophoresis the gel was placed onto a UV transilluminator (Accuris) to verify 

the anticipated plasmid length. rBfGUS sequence was identified by Sanger sequencing 

(SEQme s.r.o). Data analysis was done using the ApE software (M. Wayne Davis).  

Strains, containing the pTYB11-rBfGUS plasmid, were incubated overnight on LB agar 

medium and 100 ɛg mL-1 ampicillin, centrifuged at 3000 g for 5 min and resuspended 
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with 25% glycerol solution. The glycerol cell suspensions were aliquoted into sterile 

1mL cryovials and placed at -80 ÁC freezer for long-term storage. 

 

Figure 12. pTYB11-BfGUS vector/construct. 

 

In order to test which strain, containing the construct, expressed the rBfGUS, screening 

tests were performed. Three E.coli strains (BL21ai, RV308ai, and ER2566) (Table 1) 

were selected for the screening process.  

3.2.3. Cultivation of ER2566 strain 

Flasks with 450 mL Terrific Broth (TB) medium (12 g L-1 tryptone, 24 g L-1 yeast 

extract, 5 g L-1 glycerol, 2.3 g L-1 KH2PO4, 12.5 g L-1 K2HPO4) were inoculated with 

ER2566 E. coli strain containing plasmid pTYB11-BfGUS and incubated at 37 ÁC 

overnight with shaking at 150 rpm. The culture was used for inoculation of 10 L TB 

medium in 30L Techfors fermenter (Infors HT, Bottmingen, Switzerland). When A600 

reached around 0.8, gene expression was induced by addition of IPTG to final 
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concentration 0.2 mM (for more details see below). During cultivation, the temperature 

and pH were maintained at T= 37 ÁC and pH= 7.0, stirring at 150 rpm, aeration at 1 vvm 

(volume of air per volume of media and minute), pO2 20-30 and feeding 3%. pO2 was 

regulated based on the sequence shown at Table 2. To maintain exponential cell growth, 

the oxygen level was monitored and adjusted by glycerol feed; approximately 0.5 kg 

glycerol was added in total for a 10L cultivation. ER2566 cultivation was terminated 

after 8 h. 

Table 2. Regulation of pO2 by stirring and aeration during ER2566 cultivation. 

 

 

3.2.4. Induction of rBfGUS gene expression by IPTG   

 

Isopropyl Ç-D-1-thiogalactopyranoside (IPTG) plays a pivotal role in triggering the 

transcription of the lac operon, making it a valuable tool for inducing gene expression 

when the gene is under the control of the lac operon (Jacob & Monod, 1961). Four 

concentrations of CIPTG (0, 100, 200, 400, and 1000 ɛM) were tested during cultivation 

of the ER2566 strain in 5 individual 2L bioreactors (Minifors 2, INFORS HT, AG). 

Upon inoculation of ER2566-rBfGUS in the bioreactors, A600 was monitored in each 
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bioreactor, and when A600 reached a value of 0.8, IPTG was added in the bioreactor to 

induce rBfGUS expression and synthesis of the enzyme. Following cultivation which 

lasted cca. 7 h, the biomass of each bioreactor was collected and immediately frozen for 

further analysis. To ensure a valid comparison of activity across different IPTG 

concentrations, an equal amount of biomass was analyzed for each sample. These 

samples were dissolved in loading buffer (50 mM sodium phosphate buffer, 500 mM 

sodium chloride, pH 8.0), and the A600 was measured again. Cell numbers were 

calculated based on A600 to ensure consistent cell amounts. The enzyme purification 

process was standardized using SigmaPrep spin 2mL columns, with the same Sepharose 

matrix with Ni2+ (Ni Sepharose 6 Fast Flow, Cytiva) and purification buffers (described 

below). This resulted in equal volumes of elution fractions. Subsequently, the protein 

content of the elution fractions was analyzed via Sodium Dodecyl Sulfate 

Polyacrylamide Gel Electrophoresis (SDS-PAGE) according to (Schªgger & von 

Jagow, 1987). The SDS-PAGE gel was analyzed using a gel reader (G-box, Syngene) 

and the density was analyzed by software GeneTools (Syngene). In order to reveal the 

impact of IPTG concentration on the production of rBfGUS protein, the activity of 

rBfGUS was measured by quantification of released of GlcA ɛg mL-1, at timepoint t= 8 

min of incubation, at temperature T= 25 oC, using the K-URONIC kit (Megazyme Ltd.) 

according to manufacturerôs protocol. 

3.3. Methods for Downstream process of rBfGUS - Purification & 

Immobilization  

3.3.1. Purification of rBfGUS enzyme 
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ER2566 biomass was harvested by centrifugation at 17600 g for 10 min in a Sorvall 

Lynx 6000 centrifuge (Thermo Fisher Scientific, Waltham, MA, USA) precooled to 

4 ÁC. Cells were resuspended in Loading buffer (50 mM sodium phosphate buffer, 500 

mM NaCl, pH 8.0) at a 1:3 ratio and then disrupted by sonication (230V, 50/60Hz, 2A, 

IKA -WERKE, GMBH & CO, Germany) on ice, in 200-mL batches (10 Ĭ 1 min cycles, 

with 5 min cooling on ice between each cycle). The supernatant fraction of the lysate 

was separated from cell debris by centrifugation at 17.600 g for 10 min at 10ÁC. The 

lysate was filtered through Whatman GF/F Glass Microfibre filter (CAT No. 1825-150, 

GE Healthcare, Life Sciences). rBfGUS protein contains in its sequence 6 histidines in 

its carboxylic end (His-tag) and, thus, subjected to IMAC purification on a HiScale 

10/20 column (Cytiva, Vienna, Austria) filled with 25 mL Sepharose Fast Flow resin 

(Cytiva, Vienna, Austria), charged with nickel (Ni2+). The resin was packed as a 50% 

slurry, and with 7 cm final bed height. Prior to purification, the IMAC column was 

equilibrated with three column volumes (CV) of Equilibration buffer (50 mM sodium 

phosphate buffer, 10 mM Imidazole, 500 mM NaCl, pH 8.0) at constant flow rate of 5 

mL min-1. The lysate was diluted three-fold in Equilibration buffer and loaded onto the 

column at a ratio of 20 mg total protein per 1 mL of resin, at a flow rate 5 mL min-1. 

Next, the column was washed with 3 Column volumes of Washing buffer (50 mM 

sodium phosphate buffer, 20 mM Imidazole, 500 mM NaCl, pH 8.0) at a flow rate 3 mL 

min-1, and then rBfGUS protein was eluted in Elution buffer (50 mM sodium phosphate 

buffer, 200 mM Imidazole, 500 mM NaCl, pH 8.0) at a flow rate 3 mL min-1. The elution 

fraction was ultrafiltrated by Tangential Flow Filtration system (TFF) (Spectrum 

Laboratories, Inc., Rancho Dominguez, CA, USA) with a 30-kDa Molecular Weight 

Cut-off filter membrane (Pall Laboratory). During TFF, Transmembrane Pressure was 

kept at cca. 2 bars, crossflow rate 300 cm/s, at temperature T= 20 oC and final volume 
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VrBfGUS= 150 mL. Final formulation of rBfGUS was done by buffer exchange to 0.1 M 

acetate buffer pH 5.2) with 10 kDa filter cutoff centrifugal ultrafiltration (VivaspinÈ 20 

Centrifugal Concentrator, Sartorius) at 6000 g. Aliquots of the concentrated sample was 

either kept at T= 4oC for 1 month or diluted in glycerol to give a final glycerol 

concentration of 50% (v/v). Final rBfGUS product had a concentration of 15.53 Ñ 3.25 

mg mL-1 and was placed at ï20 ÁC for long-term storage. The total protein concentration 

in the samples was determined using Bradford assay by Marion M. Bradford (Bradford, 

1976), according to manufacturerôs protocol (Bio-Rad Protein Assay Kit, CAT No. 

5000001, Bio-Rad). In order to observe the protein profile of the chromatography 

fraction, samples ran in 2-Dimensional (2D) SDS-PAGE (Bio-Rad) according to 

manufacturerôs protocol. The gels were then stained by Coomassie Blue staining (Bio-

SafeÊ Coomassie Stain, CAT No. 1610786, Bio-Rad) or Silver staining (PierceÊ 

Silver Stain Kit, CAT No. 24612, Thermo Scientific). The SDS-PAGE gel was analyzed 

using a gel reader (G-box, Syngene) and the density was analyzed by software 

GeneTools (Syngene). 

 

3.3.2. Immobilization of rBfGUS on Magnetic Macroporous Cellulose 

(MBC) beads 

rBfGUS was immobilized on Magnetic ɀacroporous Bead Cellulose (MBC), 

(Iontosorb, Usti nad Labem, CZ) beads using a standard method based on periodate 

oxidation of MBC beads according to a previously published protocol (Holubova et al., 

2014; Kaġparov§ et al., 2018; KuchaŚ et al., 2010) with slight modifications, as follows. 

1 mL of settled MBC beads was rinsed 10 times with ultrapure water to remove storage 

stabilizers. Thereafter, hydroxyl functional groups were oxidized by the addition of 2 

mL 0.2 M sodium periodate (CAT No. 311448, Sigma-Aldrich) and with incubation at 
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room temperature for 90 min with gentle mixing. Oxidized cellulose beads were washed 

7 times with ultrapure water and 3 times with ultrapure 0.1 M acetate buffer pH 5.0, and 

then functionalized by the addition of 1500 Õg rBfGUS, in 0.1 M acetate buffer pH 5.0, 

followed by incubation overnight at 4ÁC upon gentle mixing. The resulting carrier 

MBC-rBfGUS was washed 10 times with 0.1 M acetate buffer pH 5.0 and stored at 4ÁC. 

Immobilization efficiency was estimated using standard SDS-PAGE with Silver 

staining, as described in section 3.3.1, and concentration of immobilized rBfGUS was 

measured by the decrease of unbound Coomassie dye at absorbance A465 (Bio-SafeÊ 

Coomassie Stain, CAT no. 1610786, Bio-Rad)  according to Bonde et al., 1992 . 

 

3.3.3. Immobilization of rBfGUS on magnetic macroporous cellulose 

beads with fixed iminodiacetic acid (MBC-IDA)  

According to a previously described methodology with slight modifications (PŚikryl et 

al., 2006), standard IMAC chemistry was utilized to immobilize rBfGUS on magnetic 

macroporous bead cellulose with fixed iminodiacetic acid (MBC-IDA, Iontosorb, Usti 

nad Labem, CZ). MBC-IDA was pre-activated using cobalt chloride (CoCl2) (CAT No. 

232696, Sigma -Aldrich) as a chelating agent. Firstly, 1 mL of magnetic particles was 

washed 10 times with ultrapure water to remove storage stabilizers. MBC-IDA beads 

were then charged by the addition of 0.4 M CoCl2 followed by gentle mixing for 3 min. 

After chelation, the beads were washed with ultrapure water 2 times and oxidation was 

achieved by the addition of 2 mL 0.05% hydrogen peroxide (CAT No. 107298, Supelco 

Merck). Next, the magnetic beads were washed 7 times with ultrapure water plus 3 times 

with 0.1 M acetate buffer pH 5.0 and functionalized by the addition of 2000 Õg rBfGUS, 

in 0.1 M acetate buffer pH 5.0 followed by incubation overnight at 4ÁC upon gentle 
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mixing. The resulting carrier (MBC-IDA-rBfGUS) was washed 10 times with 0.1 M 

acetate buffer pH 5.0 and stored at 4ÁC. Immobilization efficiency was estimated using 

standard Tris/glycine SDS-PAGE with silver staining, and concentration of 

immobilized rBfGUS was measured by the decrease of unbound Coomassie dye at A465 

as described above. 

 

3.4. Methods for rBfGUS activity  
 

3.4.1. Activity of rBfGUS towards pNP-GlcA 

 

Enzymatic activity was measured using the end-point method with p-nitrophenyl-ɓ-D-

glucuronide (pNP-GlcA, CAT No. N1627, Sigma-Aldrich) as a standard substrate; the 

hydrolyzed 4-nitrophenol (pNP) produced was quantified at A405. The reaction mixture 

with volume 2 mL contained 0.1 M buffer at a saturating concentration of substrate. 

Samples were collected every 30 s up to 2 min, and at each timepoint, 800 ɛL of 0.1 M 

borate buffer pH 9.5 was added to 200 ɛL of the reaction mixture and the concentration 

of the liberated pNP was determined. The initial reaction rate (v0) was calculated as 

moles of pNP released per minute, per milligram of protein (mole pNP min-1 mg-1). 

Initial velocity was calculated from the initial linear area of the curve (i.e., v0 = d 

[pNP]/dt = d[pNP-GlcA] / dt) for a given concentration of pNP-GlcA, via Origin Pro 

(Originlab, Northampton, USA) software using the non-linear curve fit, exponential 

category, and asymptotic function. 
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3.4.2. Activity tests for pH, temperature range of rBfGUS and the 

effect of NaCl addition 

ȷctivity of the soluble form of rBfGUS, for pNP-GlcA and oHAs, was determined in 

various conditions by using 0.1 M of various buffers, based on the pKa (dissociation 

constant) of each buffer, with a pH range of 2.0 to 8.0. Buffers were prepared according 

to McIlvaine TC, 1921 and Buffer calculator (Merck KGaA, Darmstadt, Germany): (1) 

0.1 M sodium phosphate buffer pH (2.0ï3.5), (2) 0.1 M universal McIlvaine buffer pH 

(2.2ï8.0), (3) 0.1 ɀ glycine buffer pH (2.2ï3.5), (4) 0.1 M acetate buffer pH (3.0ï6.0), 

(5) 0.1 M citrate buffer pH (3.0ï6.0), (6) 0.1 M MES buffer pH (5.0ï6.5), (7) 0.1 M 

potassium phosphate pH (5.8ï6.4), and (8) 0.1 M HEPES buffer pH (6.0ï8.0). 

Concerning the immobilized forms of rBfGUS, the activity towards pNP-GlcA and 

oHAs was tested at a pH range of 3.0ï6.0, using 0.1 M acetate buffer at saturating 

concentrations of the substrates. Moreover, rBfGUS activity using pNP-GlcA and oHAs 

substrates was tested in the temperature range between 25 and 65 ÁC.  

 

3.4.3. Determination of Michaelis-Menten constant (Km) and 

maximum reaction rate (Vmax) 

Standard Michaelis-Menten plots (Fig. 13) of recorded reaction velocities in correlation 

to substrate (S) concentration were demonstrated for pNP-GlcA, AN4, and AN8. The 

curvesô data points correspond to individual experiments, which are based on the end-

point method and depict the rate of product (P) formation with time (t). Initial velocity 

is then calculated from the initial linear area of the curve (i.e., vo = d[P]/dt = d[S]/dt) for 

a given concentration of substrate. Additional tests at various S concentrations are done, 

and the resulting plot is then fitted to the Michaelis-Menten model, from which Vmax 
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and Km are determined. Studies were conducted at 25 oC with a volume of reaction 

solution V = 1.8 mL in 0.1 M acetate buffer at pH according to the pH optima for the 

individual substrates. 

 

Figure 13. Michaelis-Menten plot graph. Taken from Michael Blaber, LibreText Libraries.   

 

3.5. Analytical techniques for rBfGUS characterization 
 

3.5.1. Identification of rBfGUS protein sequence by Mass 

Spectrometry  

Verification of recombinantly expressed rBfGUS was investigated using peptide 

mapping method. For protein digestion trypsin enzyme was used and bovine serum 

albumin (BSA) was used as an internal standard for each protein digestion. Desalting of 

protein, protein denaturation and digestion were carried out according manufacturerôs 

protocols (Promega Corporation. Sequencing Grade Modified Trypsin Protocol. 

Promega Corporation, n.d.,).  After digestion step, peptides are separated using UPLC 

system (Waters UPLC Acquity Class-I) with Acquity BEH C18 2.1x100 mm analytical 
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column. The aqueous mobile phase was 0.1% formic acid in water and acetonitrile was 

used as organic phase. The following gradient was applied: 0-1 min 0.5% ACN, 1-5 min 

0.5-5% ACN, 5-32 min 5-50% ACN, 32-35 min 50-95% ACN, column was then flushed 

with 95% ACN for 4 min and then equilibrated with 5% ACN for 10 min. The flow rate 

of mobile phase was set at 0.2 mL min-1. The column temperature was 30ÁC. 

Chromatographic system was coupled with mass spectrometer Waters Synapt G2-Si 

operating in Full Scan MSe mode with following parameters: capillary voltage 2.5 kV, 

cone voltage 30V, source offset 40 V, desolvation temperature 350 ÁC, desolvation gas 

flow (N2) 800 L h-1. The data were acquired in MassLynx software (Waters, UK) and 

evaluated in BiopharmaLynx (Waters, UK). 

 

3.5.2.  Quantification of oHAs via HPLC 

 

Enzymatic activity of rBfGUS was determined based on the quantification of oHA (n-

1) products after cleavage of one molecule of glucuronic acid from the non-reducing 

end of the HA(n) oligosaccharide. The reaction mixture contained 0.1 M reaction buffer 

(3.4.2 section) at saturating concentrations of substrates. During the enzymatic reaction, 

samples were collected every 30 s up to 2 min, and at each timepoint 200 ÕL of the 

reaction mixture were thermally inactivated at 100 oC for 5 min. Analysis and 

quantification of the HA fragments were performed via high performance liquid 

chromatography (HPLC). Two Shimadzu LC-20AD pumps equipped with a SIL-20A 

autosampler were used for the analysis of HA oligosaccharides through an anion-

exchange QA-825 column (75 Ĭ 8 mm, Waters, Milford, USA) held at 25ÁC. SPD-

M20A photodiode array detector (Shimadzu, Kyoto, Japan) set at 210 nm was used to 

detect oligosaccharides present in the analyzed samples. Data were collected using LC 
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solution software. The chromatographic eluent consisted of a binary phase made of 20 

mM NaCl (A) and 250 mM NaCl (B) pumped at 1 mL min-1 with the following gradient 

mode: B held at 0% for 5 min, increased from 0 to 67% over 30 min, then increased to 

100% over 1 min, held at 100% for 5 min, decreased to 0% over 1 min, and finally held 

at 0% for other 8 min. Injection volume was 30 ÕL. Mobile phases were filtered through 

Nylaflo nylon membrane filter (0.2 Õm, 47 mm diameter, Pall Corporation). Initial 

reaction rates (v0) were calculated based on ɛmol of oHA(n-1) product released per min 

per mg of protein (ɛmole oHA min-1 mg-1), via Origin pro software. 

 

3.5.3. Analysis of oHAs via LC-MS  

 

For quantification of oHA, standards of AN8 and NN7 were used for calibration and the 

mixture of 13C-labeled oligosaccharides (AN4, AN6 and AN8) were used as internal 

standard. Oligosaccharides were separated using UPLC Acquity Class-I system 

(Waters, Milford, USA) connected with mass spectrometer Xevo TQ-XS (Waters, 

Milford, USA). Chromatographic separation was performed on Atlantis Premier BEH 

C18 AX column (50Ĭ2.1 mm, 1.7 ɛm) (Waters, Milford, USA) maintained at 60 ÁC 

with 10 mmol Lī1 ammonium acetate buffer (pH 5.0) and acetonitrile as mobile phases. 

The flow rate was set at 0.4 mL minī1 and the following gradient of acetonitrile was 

applied: 5% in 0ï0.5 min, 5ï60% in 0.5ï5.0 min, 60% 5.0ï6.0 min, 60ï5% 6.0ï6.3 min 

and 5% in 6.3ï8.0 min. The data were acquired in negative multiple reaction monitoring 

mode in MassLynx software and evaluated in TargetLynx (both Waters, Milford, USA). 
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3.6. Materials & Methods for degradation of HA by oMM 12 

microbiota 

3.6.1. List of oMM 12  strains  

The oMM12 strains were obtained from the DSMZ-German Collection of 

Microorganisms and Cell cultures GmbH. The list of oMM12 strains is depicted in Table 

3 (Garzetti D, Brugiroux S, Bunk B, Pukall R, McCoy KD, Macpherson AJ, Stecher B., 

2017).  

Table 3. List of oMM12 strains by name of strain, DSMZ number and Genome accession link, containing 

their numbers according to DSMZ as well as access to links for acquiring genomic information. 

STRAIN DSMZ 

number 

Genome accession link 

Clostridium] innocuum I46 26113 https://www.ncbi.nlm.nih.gov/nuccore/CP022722  

 

Bacteroides caecimuris I48 26085 https://www.ncbi.nlm.nih.gov/nuccore/NHMU00000000 

Lactobacillus reuteri I49 32035 https://www.ncbi.nlm.nih.gov/nuccore/NHMT00000000 

 

Enterococcus faecalis KB1 32036 https://www.ncbi.nlm.nih.gov/nuccore/CP022712 

 

Acutalibacter muris KB18 26090 https://www.ncbi.nlm.nih.gov/nuccore/CP021422 

 

Bifidobacterium animalis 

subsp. animalis YL2 

26074 https://www.ncbi.nlm.nih.gov/nuccore/NHMR00000000 

 

Muribaculum intestinale YL27 28989 https://www.ncbi.nlm.nih.gov/nuccore/CP021421 

 

Flavonorifractor plautii 26117 https://www.ncbi.nlm.nih.gov/nuccore/NHMQ00000000 

 

Clostridium clostridioforme 

YL32 

26114 https://www.ncbi.nlm.nih.gov/nuccore/NHTR00000000 

 

Akkermansia muciniphila 

YL44 

26127 https://www.ncbi.nlm.nih.gov/nuccore/CP021420 

 

Turicimonas muris YL45 26109 https://www.ncbi.nlm.nih.gov/nuccore/NHMP00000000 

 

https://www.ncbi.nlm.nih.gov/nuccore/CP022722
https://www.ncbi.nlm.nih.gov/nuccore/NHMU00000000
https://www.ncbi.nlm.nih.gov/nuccore/NHMT00000000
https://www.ncbi.nlm.nih.gov/nuccore/CP022712
https://www.ncbi.nlm.nih.gov/nuccore/CP021422
https://www.ncbi.nlm.nih.gov/nuccore/NHMR00000000
https://www.ncbi.nlm.nih.gov/nuccore/CP021421
https://www.ncbi.nlm.nih.gov/nuccore/NHMQ00000000
https://www.ncbi.nlm.nih.gov/nuccore/NHTR00000000
https://www.ncbi.nlm.nih.gov/nuccore/CP021420
https://www.ncbi.nlm.nih.gov/nuccore/NHMP00000000
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Blautia coccoides YL58 26115 https://www.ncbi.nlm.nih.gov/nuccore/CP022713 

 

 

 

3.6.2. Glycerol stocks preparation, cultivation materials and growth 

conditions of oMM12 strains 

The following protocol, according to Weiss A. et al. was applied for the preparation 

process of glycerol stocks and cultivation media (Weiss et al., 2022). The ampoule, 

which contains freeze-dried monoculture bacterial culture stock, is opened by a sharp 

file at the middle of its shoulder about one cm from the tip. The ampoule is then 

transferred in the anaerobic chamber (Concept 400, Ruskinn Technology LTD) filled 

with a gas mixture (7% H2, 10% CO2, 83% N2) (Linde) and is stroked with a file or large 

forceps to remove the tip. The cotton plug is gently raised and the upper part of the inner 

vial is sterilized with tissue paper soaked in 70% ethanol. According to Darien et al. 

approximately 0.5 mL of anoxic minimal medium is added to resuspend the lyophilized 

cell pellet and the suspension is transferred to a falcon with the basal cultivation medium 

(5 to 10 mL) (Derrien et al., 2004). The culture is incubated with slightly loosened cup 

in the anaerobic chamber at 37 oC. 

After overnight incubation, half of the amount of the culture is distributed in cryovials 

for the preparation of glycerol monoculture stocks (cca. 0.5 mL in each) for storage at -

80 oC. The rest of the amount is reseeded to fresh liquid media and solid blood agar 

plates. The new cultures are then incubated inside the chamber at 37oC for 24-48 h.  

Bacterial cultures were prepared from frozen monoculture stocks in a 10 mL culture and 

subculture in cell culture flasks (flask T25, Sarstedt) previous to all experiments. 

Cultures were incubated at 37 ÁC without shaking under strictly anaerobic conditions. 

https://www.ncbi.nlm.nih.gov/nuccore/CP022713
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All experiments were carried out using Anaerobic Fermentation (AF) medium (18 g Lï 1 

brain-heart infusion (Oxoid), 15 g Lï1 trypticase soy broth (Oxoid), 5 g Lï1 yeast extract, 

2.5 g Lï1 K2HPO4, 1 mg Lï1 haemin, 0.5 g Lï1 D-glucose, 0.5 mg lï1 menadione, 3% 

heat-inactivated fetal calf serum, 0.25 g Lï1 cysteine- HCl H2O). For experiments testing 

the influence of specific substrates on community composition, AF medium was 

prepared with 15 g Lï1 trypticase soy broth without added glucose (USBiological), as 

well as with the following substitute for brain-heart infusion: 6 g Lï1 meat extract, 8 g 

Lï1 nutrient broth (Difco) and 1.25 g Lï1 Na2HPO4. Using an enzyme-based colorimetric 

assay (Invitrogen, EIAGLUC), glucose concentration in this glucose-reduced AF 

medium was determined as 0.6 g L-1. Depending on the experimental condition, mucin 

was added at a final concentration of 0.025%, fucose, xylose, arabinose, rhamnose and 

lyxose were added 0.5 g L-1 each, xylan from beechwood (Roth) and inulin from chicory 

extract (Roth) were added 2 g L-1 each and starch (Roth) was added 2 g L-1. For pH 

adjustment to 6.8, media was titrated with NaOH and HCl. 

 

3.6.3. Cultivation of oMM 12 strains, individually, with high -Mw 13C-HA 

and AN8 

AF medium (~40 mL) was added into Wheaton glass bottles (Duran Wheaton Kimble) 

(V= 100 mL) and 2 mL of overnight, freshly grown liquid culture with A600 ~ 0.3-0.5 

(under conditions described above) were inoculated. Experiments were done in 

duplicates and for Bacteroides caecimuris in triplicates as this strain was used as a model 

for other subsequent analyses. When a visible growth was observed, reaching cca. A600 

0.5, 10 mL of each culture was collected (t= 0 min), then HA was added, and time 

measurement started. For high molecular weight 13C-labeled HA (high-Mw 13C-HA) 

final concentration in culture media was C= 500 ɛg mL-1 and for AN8 the final 
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concentration in culture media was C= 50 ɛg mL-1. After inoculation with the substrates 

of interest, strains were incubated under anaerobic conditions at 37oC. At timepoints of 

5, 6 & 24 h, 10 mL of the culture of each strain were collected. In a laminar flow box 

with the lights turned off, the media was separated from the biomass by centrifugation 

at 7000 g for 7 min. The supernatant part of each strain was collected, rapidly transferred 

to new 2 mL vials and then stored at ï80oC. The biomass part of the samples was washed 

at least two times with reduced sterile 1x PBS (137 mM NaCl. 2.7 mM KCl. 10 mM 

Na2PO4. 1.8 mM KH2PO4 - pH 7.4).  After the last centrifugation [5000 g for 5 min], 

PBS was discarded and the biomass of each strain was stored at ï80 oC. 

 

3.6.4. Preparation of samples for LC-MS analysis  

 

For the detection and quantification of 13C-HA products, 100 ɛL of sample, from section 

3.6.3, was added to 400 ÕL of chilled methanol (-80ÁC). The samples were then vortexed 

for 30 min at 4ÁC and incubated for 2 h at -80ÁC. The samples were then centrifuged at 

15,000 g and 4ÁC for 10 min. The methanol supernatant was collected, and methanol 

extraction was repeated, and supernatants were pooled. Solvent from the samples was 

then evaporated with a stream of nitrogen and the residue was redissolved in 100 Õl of 

10 mM NH4AcO. 

The Acquity UPLC chromatographic system (Waters, Wilmslow, UK) was connected 

to a Xevo TQ XS Mass Spectrometer (MS) equipped with a triple quadrupole as a mass 

analyzer (Waters, Wilmslow, UK). Ionization of the sample was performed by 

electrospray ionization in negative mode. In the negative mode, the voltage on the 

capillaries was 2.7 kV, the source offset was 30 V, the cone gas flow was 150 L/h and 

the desolvation temperature was 500 ÁC. Nitrogen was used as a misting gas at a pressure 
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of 7 bar and as a drying gas at a flow rate of 1000 L h-1. MS spectra were measured once 

per second. The results of LC-MS analyze were evaluated using MassLynx software 

(Waters, Wilmslow, UK). An analytical column Atlantis Premier BEH C18 AX, 1.7 ɛm, 

2.1 x 50 mm (Waters) was used for chromatographic separation. 10 mM ammonium 

acetate pH 5.0 was used as mobile phase A and acetonitrile was used as mobile phase 

B. The analytical column was heated to 60ÁC and the flow rate of the mobile phase was 

0.4 mL min-1. Gradient elution was used in the following format: 0-0.5 min 5% B, 0.5-

5 min 5-60% B, 5-6 min 60% B, 6-6.3 min 60 5% B and 6.3-7.5 min 5% B. The amount 

of sample injected was 5 ÕL. MS detection of oHAs such as saturated and unsaturated 

oHAs, disaccharides took place in Multiple Reaction Monitoring mode. 
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4. Results 
 

4.1. Upstream process development of rBfGUS  

4.1.1. Preparation and verification of rBfGUS vector 

We selected pTYB11 as vector for the expression of rBfGUS gene. The size of the vector 

is 5.8 kbp and the size of the BfGUS sequence was 2 kbp (Methods 3.2.2). Consequently, 

the size of the expected construct would be 7.8 kbp. The construct was verified by 

double digestion, using the restriction enzymes XbaI and BamHI. The agarose gel 

confirmed that the digested DNA fragments were of the expected size. (Fig. 14A). 

Moreover, the construct was also verified by PCR. The size of the expected PCR product 

using primers pVKI and BfGUSR2 would be 2.2 kbp. The PCR result confirmed our 

construct (Fig. 14B). The sequence of the construct is verified by Sanger sequencing 

(SEQme s.r.o) (Fig. 14C). The verified construct was transformed into several E.coli 

expression strains BL21ai, RV308ai, and ER2566. 
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Figure 14. Preparation and verification of the pTYB11-rBfGUS construct. (A) From left the supercoiled 

ladder, the final construct pSPHL-BfGUS at 7.8 kbp, the fragments of the pTYB11 vector (5.8 kbp) and 

the rBfGUS gene (2.0 kbp) after double-endonuclease digestion (XbaI & BamHI), the 2-log ladder. (B) 

From left the 2-log ladder, a PCR product using the primers pVKI and BfGUS R2 with expected product 

size at 2.2 kbp .C) Verification of pTYB11-rBfGUS construct by Sanger sequencing. The grey areas 

depict the parts of the sequence connecting the plasmid pTYB11 and the insert rBfGUS gene sequence; 

in other words the restriction sites of XbaI and BamHI endonucleases. 

 

4.1.2. Cloning and verification of rBfGUS  

After cultivation, the plasmid constructs were isolated and found to be present in all the 

tested BL21ai, RV308ai and ER2566 strains. However, considering the protein 

expression, we were not able to obtain conclusive results concerning the first two strains 

BL21ai, RV308ai. SDS-PAGE analysis of proteins isolated from non-transformed 

(control) ER2566 strain, and transformed and induced ER2566 strain revealed, however, 

a prominent protein band of the expected size 76 kDa in the induced strain, which was 

not present among proteins from the non-transformed control strain (Fig. 15). For the 

control sample we used a non-transformed strain as we had observed gene expression 

leakage in the transformed, but non-induced strain. 
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Figure 15. Distinct protein bands (red arrows) that depict the potential heterologous synthesis of rBfGUS 

in E. coli strain ER2566 (concentrated intracellular content of ER2566) opposed to non-transformed 

negative-control strain (control) in SDS-PAGE. 

 

We excised the distinct protein band of the SDS-PAGE (Fig. 15) and analyzed the 

protein content of the band, via Mass Spectrometry. The results of the analysis were 

correlated to the theoretical protein sequence of the rBfGUS protein sequence. The 

protein content was identified via Mass Spectrometry as the rBfGUS enzyme with 

mapping coverage 97 % (Fig.16). 
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Figure 16. rBfGUS protein Identification and Mapping Coverage, via Mass Spectrometry. The 

highlighted amino acid sequence was detected in the tested sample and correlated to the theoretical 

sequence of BfGUS (97 % correlation). 

 

We then checked if the intracellular content of the transformed and induced strain, 

containing the rBfGUS protein, has a ɓ-GUS activity towards HA. We tested its activity 

with AN8 using HPLC methodology. We observed elimination of AN8 while a peak 

with retention time of NN7 appeared (Fig. 17). The control sample from the non-

transformed strain showed no enzymatic contaminating activity towards AN8 that might 

interfere with rBfGUS activity.  
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Figure 17.  ɓ-GUS activity of ER2566 intracellular content, containing rBfGUS, towards AN8 substrate. 

The experiment was done via HPLC and the graph depicts the Control (fuschia) and rBfGUS sample 

(grey). The rBfGUS sample contained only the NN7 product, after cleavage of AN8 substrate. 

 

4.1.3. Optimization of rBfGUS production in bioreactors -Induction of 

rBfGUS by IPTG  

We proceeded in upscaling the cultivation of the strain in bioreactors in order to 

optimize the production of rBfGUS. The cultivation conditions and recipe were already 

optimized for ER2566 strain from previous projects (Rizkia et al., 2014, 2015). Thus, 

we mainly focused on obtaining a high yield of active rBfGUS per gram of ER2566-

rBfGUS biomass. In order to do so, we tested the most costly compound used during 

cultivation, which is the IPTG, and more specifically, the concentration of IPTG added 

during the cultivation. Isopropyl ɓ-D-1-thiogalactopyranoside (IPTG) plays a pivotal 

role in triggering the transcription of the lac operon, making it a valuable tool for 

inducing protein expression when the gene is under the control of the lac operon. To 

optimize the cultivation process, 1L bioreactors were employed, with 500 mL culture 

broth. Various concentrations of IPTG (CIPTG = 0, 100, 200, 400, and 1000 ɛM) were 
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tested during cultivation of the ER2566 strain. Subsequently, the protein content of the 

elution fractions was analyzed via SDS-page to reveal the impact of IPTG concentration 

on the expression of rBfGUS protein (Fig. 18A). The protein expression, as well as the 

activity of rBfGUS with AN8 demonstrated a noticeable increase with increasing CIPTG 

concentrations, peaking at 200 ɛM, and then plateauing up to 1000 ɛM, indicating the 

cost-effective usage of IPTG at 200 ɛM (Fig. 18B).  

 

Figure 18. A) Protein synthesis analysis of rBfGUS induced by various concentrations of IPTG during 

7-hour cultivation of ER2566 strain, B) Enzymatic activity of rBfGUS, showing the release of GlcA 5 

min after incubation with AN8 substrate. Measurements were performed in triplicates and error bars are 

calculated based on Standard Deviation (STDEV). 
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4.2. Downstream process optimization of rBfGUS  

4.2.1. Protein purification of rBfGUS  

When we purified rBfGUS, containing the His-tag in its protein sequence, via IMAC 

chromatography charged with nickel (Ni2+) according to Wallace et al. (Wallace et al., 

2015) we observed that the purity of the final eluate was quite low (Fig. 19A), so we 

modified the workflow for a final pure enzyme. We, firstly, optimized the sample 

amount, which we applied to an IMAC chromatography column with Sepharose 

Ni2+ï NTA resin. Thus, we increased the initial biomass from 100 g to 150 g, which we 

disrupted with equilibration/loading buffer, centrifuged and the intracellular content was 

collected and filtered. The Loading sample was applied to a 25-mL volume column with 

a 7-cm bed height. To improve column binding efficiency of rBfGUS we added 10 mM 

imidazole in the Equilibration/loading buffer to eliminate impurities with weak Ni2+-

binding/ affinity properties. To further refine the process, we reduced the flow rate of 

both Washing and Elution steps to 3 mL min-1, from 5 mL min-1, ensuring efficient 

separation of the target protein. After IMAC chromatography, we employed 

ultrafiltration with a 30-kDa cut-off TFF system to exclude low-Mw proteins and, thus, 

further purify the elution fraction, For buffer exchange and the final formulation of 

rBfGUS (0.1 M Acetate buffer, pH 5.5, T= 4 oC, CBfGUS= 1 mg mL-1 , or 1:1 0.05 M 

Acetate buffer: 50% Glycerol, T= -20 oC, CBfGUS=12 mg mL-1) we utilized a Vivaspin 

concentrators with a 10-kDa cutoff, resulting in a concentrated and purified enzyme 

product (Fig. 19B, 20B).  
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Figure 19. A) Left : First trial of rBfGUS purification according to Wallace et al 2015. The IMAC 

chromatogram shows the purification process. More specifically, from 0 to 400 mL the sample passes 

through the column and the UV sensor detects the flow through fraction, as rBfGUS binds to the resin. 

From 400 to 460 mL the column is washed and from 465 mL to 600 mL the peak shows the eluted 

rBfGUS. Right: The SDS-PAGE of the fractions stained with Coomassie blue. Lanes from the Left:  L 

(Ladder), Lyz (Lysate, initial sample), W (Wash fraction), Ft (Flow through fraction), El & El. P (Elution 

Peak) shows an insufficient purification process. The elution peak at the IMAC chromatogram, as well 

the elution fraction (EL. P) at the SDS-PAGE gel (highlighted by red oval), both show low purity of the 

eluate containing the enzyme.  The elution fraction was diluted 2, 5, 10, 20, 50 and 100 times to check 

the fractionôs purity.  B) Left:  The chromatograph depicts the steps: Equilibration (up to 0 mL), Sample 

Application (10 ï 195 mL), Wash (196- 260 mL) of purification and a sharp elution peak (at ~275 mL). 

Right:  The SDS-PAGE, stained with Coomassie blue. Lanes from the Left:  L (Ladder), Lyz (Lysate, 

initial sample), Ft (Flow through fraction), W (Wash fraction), El. P ( Elution Peak), show the fractions 

throughout the chromatography process. The final elution fraction highlighted in red is diluted 1, 20, 50 

and 100 times and demonstrates a sufficiently purified rBfGUS protein.  
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We monitored the purification workflow by checking the purity of the final rBfGUS 

product by the 2-Dimensional SDS-PAGE technique. While we can identify additional 

proteins in the 2-D ELFO gel stained with silver (Fig. 20D), it is important to note that 

silver staining is a qualitative rather than a quantitative method for assessing purity. To 

obtain a more accurate measurement of purity, we relied on Coomassie blue staining 

and Gel analysis, which estimated the purity of the final product to be approximately 

87% (Fig. 20). These data indicate that the purification process is optimized in terms of 

purity of rBfGUS, providing consistent and reliable results in the preparation of the 

recombinant enzyme. 

 

 

Figure 20. A) Optimized purification process or rBfGUS. The red highlighted peak shows the collected 

elution fraction. B) Protein profile of chromatography fractions, Lyz:  initial, loaded sample. Ft:  flow 

through fraction. W:  washing fraction, El.P: Elution-peak fraction. L:  ladder. C, D) Analysis of the purity 

for final rBfGUS by 2D-SDS-PAGE analysis using C) Coomassie Blue Staining and D) Silver staining. 
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4.2.2. Immobilization of rBfGUS on Magnetic Macroporous Bead 

Cellulose particles  

To increase reusability and ensure the preparation of enzyme-free oHA products, 

rBfGUS was immobilized on two types of magnetic macroporous bead cellulose 

particles. Two types of immobilization methods were selected for rBfGUS 

immobilization. For non-oriented binding hydrophilic magnetic macroporous cellulose 

(MBC) beads were used and for oriented MBC with fixed iminodiacetic acid (MBC-

IDA). These types of magnetic particles were selected due to advantages of non-toxicity, 

low non-specific sorption, and high surface area for specific binding, which makes them 

good candidates for biomedical and industrial applications. In the case of non-oriented 

immobilization, rBfGUS was linked covalently to the MBC carrier via a standard 

reductive amination strategy, in which the hydroxyl functional groups of the magnetic 

particles are converted to aldehyde groups through periodate oxidation, which 

subsequently react with the amine groups of the enzyme. The mechanism of this reaction 

has already been described (Hermanson et al. 2013). Regarding the oriented 

immobilization of rBfGUS to the MBC-IDA carrier, the His-tag motif in the rBfGUS 

sequence was exploited for binding based on the interaction between the Co3+ ions of 

the activated particles and the His-tag sequence of the enzyme. To optimize the 

appropriate amount of enzyme for immobilization leading to the highest binding 

efficiency, various amounts of enzyme were tested for immobilization to 1 mL of settled 

carriers. Based on the selection criteria of binding efficiency (%), it was concluded that 

for 1500 ɛg of rBfGUS loaded onto 1 mL of settled MBC carrier, the immobilization 
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efficiency of rBfGUS was 96 %. In comparison, the binding efficiency for 2000 ɛg of 

rBfGUS in 1 mL of settled MBC-IDA carrier was 86% (Table 4). 

Table 4.  Binding efficiency (%) of rBfGUS to MBC and MBC-IDA carriers. The amount of rBfGUS 

bound to the carriers was optimized. Various amounts of the enzyme (500ï2000 ɛg) were loaded into 1 

mL of carrier. After immobilization, the yield of immobilized enzyme was quantified by measuring both 

the immobilized protein and the supernatant fraction using the Bradford methodology in the absorption 

at A465. SDS-PAGE analysis with silver staining also confirmed the immobilization efficiency. 

Measurements were performed in triplicates and deviation is calculated based on STDEV. 

 

 

 

4.3. Reproducibility & Stability tests for rBfGUS preparation process  

For the finalization of the process workflow, we aimed to check the reproducibility of 

the process. The criteria were based on the obtained ER2566 biomass, the amount of 

enzyme produced and the activity of rBfGUS from 3 independent 10-L batches. 

According to Table 5, ER2566 biomass resulted in yield of 475 Ñ 52.3 g and final, 

purified rBfGUS enzymatic yield 284.4 Ñ 62.65 mg 100 g-1 of ER2566 biomass. Soluble 

rBfGUS product had concentration of 15.53 Ñ 3.25 mg mL-1 in storage buffer (1:1 0.1 

M acetate buffer pH 5: glycerol) and was placed at ï20 ÁC for long-term storage. 

Reaction rates appear to be similar among batches, when tested towards oHAs AN6 and 

AN8 (Fig. 21).  Lastly, we concluded about the specific activity of rBfGUS (Table 6) 

being 143.37 Ñ 15.93 mg h-1 mg-1 rBfGUS for AN8 and 130.22 Ñ 28.02 mg h-1 mg-1 
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rBfGUS for AN6. As a result of the investigation, we established the upstream and 

downstream processes for the preparation of the rBfGUs. Our next goals in the following 

chapters are to conclude on the operational and storage stabilities of the immobilized 

forms of rBfGUS, investigate the enzyme in terms of activity and conclude in the 

characterization of the free and immobilized forms of the enzyme. 

Table 5. Overall process of rBfGUS preparation from 10-L batch. Steps and their duration in hours (h) 

of the upstream and downstream processes are shown, as well as the ER2566 biomass  in grams (g) and 

enzymatic yield in mg of rBFGUS per 100 g of ER2566 biomass. 
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Figure 21. Reproducibility tests, among 3 independent 10-L batches (designated as Batch 110 (orange), 

111 (grey), 112 (blue)), concerning rBfGUS activity (oHA mg mL-1 min-1) with AN6 (A) and AN8 (B) 

as substrates. The graphs show degradation (concentration mg mL-1) of the AN6 and AN8 in time (min) 

measured via HPLC.  

Table 6. Specific enzymatic activity of rBfGUS towards AN6 and AN8 substrates. The values of specific 

activity derive from the average enzymatic activity of the batches and the deviation of the reproducibility 

tests is calculated based on STDEV (Fig. 21).  

 

 

4.3.1. Operational and storage stabilities of MBC-rBfGUS and MBC-

IDA -rBfGUS 

Immobilized enzymes are intended to be reused repeatedly; therefore, their operational 

and storage stabilities must be sufficient. The operational stability of the carriers was 

tested using pNP-GlcA and AN8 as substrates in the optimized reaction in 0.1 M acetate 

buffer at optimal pH according to figure 23. Both MBC-rBfGUS and MBC-IDA-



59 
 

rBfGUS showed high operational stability using the chemical substrate pNP-GlcA. 

After 8 consecutive runs, both immobilized forms of rBfGUS retained activity over 

80 % of the initial enzymatic activity (Fig. 22A). When we checked the operational 

stability of the carriers toward the AN8 substrate, the carriers did not show high 

operational stability, and the enzymatic activity dropped with each run. The MBC-IDA-

rBfGUS retained 35 % of its initial activity after eight runs, while MBC-rBfGUS 

retained 55 % (Fig. 22A). 

Regarding the immobilized carriers' long-term storage stability, we observed their 

stability over the course of 8 weeks of storage in 0.1 M acetate buffer pH 5.0 at 4 oC. 

Weekly measurements of the carriers' activity toward pNP-GlcA in 0.1 M acetate buffer 

pH 4.0 were conducted, and they were compared to the initial enzymatic activity. After 

8 weeks of storage, both carriers were stable and maintained more than 75% of their 

initial activity (Fig. 22B). 



60 
 

 

Figure 22. MBC-IDA-rBfGUS and MBC-rBfGUS Operational (A) and Storage (B) stabilities. (A) Each 

immobilized carrier was monitored for operational stability in 8 consecutive runs, with the same amount 

of immobilized carrier recycled each time. The operational stability of the carriers was tested using two 

substrates, pNP-GlcA (solid) and AN8 (dashed). During reactions, for all substrates and carriers, the 

reaction buffer used was 0.1 M acetate buffer at 25 oC. For pNP-GlcA, the pH of the reaction was set at 

4.0, and for AN8, the pH was set at 3.5. (B) Storage stability of MBC-IDA-rBfGUS (solid) and MBC-

rBfGUS (dashed) in 0.1 M ultrapure acetate buffer at pH 5.0 and 4 oC. The reaction mixtures contained 3 

M pNP-GlcA and ran at 25 oC. Values are an average of quadruplicates and error bars were calculated 

based on STDEV. 
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4.4. Characterization of free and immobilized forms of rBfGUS  

In this part of our investigation, we examined rBfGUS's activity on native, modified, 

and derivatized oHAs. The following sections investigate the parameters of activity for 

both soluble and immobilized forms (MBC-rBfGUS & MBC-IDA-rBfGUS) of 

rBfGUS. Using pNP-GlcA as standard substrate and oHAs, we characterized the 

enzyme's optimal conditions and kinetic parameters. Additionally, we evaluated 

rBfGUS's activity towards oHAs of various sizes and types. The following findings of 

this research, including the Immobilization section and Operational and Storage 

stabilities of immobilized BfGUS, have been published (Chatzigeorgiou et al. 2023). 

4.4.1. Optimal conditions of activity for free rBfGUS using pNP-GlcA 

and oHAs as substrates 

To set the optimal conditions for rBfGUS, we investigated some parameters that affect 

the enzyme's activity. Since enzymatic activity is significantly influenced by reaction 

conditions and reaction media, the type of buffers, the reactionôs pH and temperature, 

as well as the presence of NaCl in the reaction were optimized. Using pNP-GlcA, a 

widely used chromogenic substrate for ɓ-GUSs, and AN4 and AN8 oHAs, the activity 

of rBfGUS at saturating substrate concentrations was evaluated. Considering the activity 

of rBfGUS for pNP-GlcA, various buffers were tested to cover the pH range between 

2.0 and 8.0 (Fig. 23). For most of the buffers tested in the pH range 2.0ï8.0, an activity 

peak was observed at pH 5.8ï6.0. At pH 5.8, the activity in potassium phosphate buffer 

was 11.57 ɛmol pNP min-1 mg-1. Interestingly, a second peak was observed at pH 3.0ï

4.0 for acetate and glycine buffers. With a reaction rate of 14.55 ɛmol pNP min-1 mg-1 

in acetate buffer at pH 3.5, rBfGUS demonstrated the highest activity. rBfGUS was also 

tested with sodium phosphate at a pH range of 2.0ï3.5. We observed activity at pH 3.5, 

https://www.sciencedirect.com/topics/chemistry/pharmacokinetics
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but it was approximately ten times lower than that in acetate buffer. In contrast, when 

citrate and universal McIlvaine buffers were tested, rBfGUS showed no activity at pH 

3.0ï4.0. 

 

Figure 23. Activity of free form of rBfGUS using pNP-GlcA as a substrate in selected buffers and pH. 

Reaction buffers at 0.1M: (1) sodium phosphate buffer pH (2.0ï3.5), (2) McIlvaine universal buffer pH 

(2.2ï8.0), (3) glycine buffer pH (2.2ï3.5), (4) acetate buffer pH (3.0ï6.0), (5) citrate buffer pH (3.0ï6.0), 

(6) MES buffer pH (5.0ï6.5), (7) potassium phosphate buffer pH (5.8ï6.4), and (8) HEPES buffer pH 

(6.0ï8.0). Values are average of triplicates and error bars were calculated based on STDEV. 

In the reactions with AN4 and AN8 substrates, rBfGUS showed somewhat different pH-

dependent behavior compared to that of pNP-GlcA. For both tested substrates, rBfGUS 

reached maximum activity at pH 3.5 in acetate and glycine buffers. The highest reaction 

rate for AN8 was 3.71 ɛmol NN7 min-1 mg-1, and for AN4 3.12 ɛmol NN3 min-1 mg-1 

in acetate buffer (Fig. 24). At higher pH values, the activity of rBfGUS in other tested 

buffers was comparably close to zeros. 
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Figure 24. Optimization of pH and temperature for soluble/free rBfGUS towards AN8 and AN4. (A) The 

activity of the free form of rBfGUS for AN4 and AN8 in various pH values. rBfGUS showed noticeable 

activity with glycine at pH (2.2ï3.5) (triangle) (1), (3) and acetate pH (3.0ï6.0) (2), (4) buffers at 0.1 M. 

(B) Temperature range of cleaving efficiency for the free form rBfGUS using pNP-GlcA, AN8, and AN4 

as substrates in 0.1 M acetate buffer at pH 3.5. The enzymatic activity was measured over the range 25ï

65 oC in 5 oC increments. Due to variable reaction rates among various substrates, the temperature range 

was depicted in accordance with the percentage (%) of cleaving efficiency of rBfGUS. Values are average 

from quintuplicates and error bars are calculated based on STDEV. 

 

4.4.2. The effect of NaCl on rBfGUSôs activity at varying pH  

At various pH values, the dependence of rBfGUS activity on NaCl concentration was 

monitored. When pNP-GlcA was used as a substrate at pH 3.5, salt concentration in the 

reaction considerably affected the activity of rBfGUS, diminishing its activity at the 

highest salt concentration tested (400 mM) (Fig. 25). At pH 4.5, rBfGUS's activity was 

slightly reduced as salt concentration increased. Lastly, salt concentration did not have 

an effect on rBfGUSôs activity at pH 5.5. When oHAs were used as substrates, the 

addition of NaCl had a significant effect on rBfGUS activity, which decreased by 90% 

even at low NaCl concentration (C= 10 mM) (Fig. 26). 
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Figure 25. The activity of rBfGUS with pNP-GlcA at three pH values (pH 3.5, 4.5, and 5.5) and varying 

concentrations of NaCl (0ï400 mM) at 25 oC. The pNP-GlcA concentration was saturating at 2.5 M. 

Measurements were performed in quadruplicates and error bars were calculated based on STDEV. 

 

 

Figure 26. The activity of BfGUS in 0.1 M acetate buffer at pH 3.5, with and without the addition of 

NaCl (10 mM) at 25 oC. The concentration of AN8 as substrate was tested at 20 ɛg mL-1. Measurements 

were performed via LC-MS in triplicates and error bars are calculated based on STDEV. 
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4.4.3. Free-form rBfGUS kinetic parameters with pNP-GlcA and 

oHAs 

Using pNP-GlcA and the oHAs AN8 and AN4 as substrates at different concentrations, 

the kinetic parameters of the rBfGUS enzyme were determined. The kinetic parameters 

(Vmax and Km) were calculated based on the Michaelis-Menten equation (ɀethods). In 

all cases, the reaction rates fit into the hyperbolic curves. Vmax for pNP-GlcA (Fig. 27A) 

was 14.52 ɛmol pNP min-1 mg-1, a value higher than that in the case of AN8 with Vmax 

= 3.65 Ñ 0.09 ɛmol NN7 min-1 mg-1 and AN4 with a Vmax = 3.05 ɛmol NN3 min
-1 mg-1 

(Fig. 27B). The highest affinity of rBfGUS, according to the Michaelis constant (Km), 

was found to be for AN8, with the lowest Km value (Km = 0.003 mM), while it was 

lower for AN4 and pNP-GlcA, with higher Km values (Km = 0.073 mM and 0.076 mM, 

respectively). 

 

Figure 27. Kinetic plots and parameters of rBfGUS in free form with substrates pNP-GlcA (A), AN4 and 

AN8 (B). Michaelis-Menten plots for the evaluation of kinetic parameters were based on the initial 

reaction rates of rBfGUS (v0) per concentration of substrate. The pNP reaction products were measured 

spectrophotometrically at 405 nm and expressed in v0 [ɛmol pNP min-1 mg-1 rBfGUS]. NN(n-1) products 

were measured using LC-MS and expressed in v0 [ɛmol NN min-1 mg-1 rBfGUS]. Reactions were 
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performed at 0.1 M acetate buffer at pH 3.5 and temperature 25 oC. Measurements were performed in 

triplicates (n=3). 

4.4.4. Optimal conditions for rBfGUSôs activity after immobilization 

The impact of pH on the activity of the immobilized forms of the rBfGUS enzyme was 

tested in the acidic range (pH 3.0ï6.0), since no activity was observed for free rBfGUS 

in the near neutral range using AN8 as a substrate. Both immobilized forms of rBfGUS 

showed an activity peak at pH 4 with pNP-GlcA, compared to an optimal pH of 3.5 for 

the free form (Fig. 28A). Moreover, activities of the immobilized carriers were retained 

efficiently and decreased more gradually as the pH rose, compared to the free form. The 

activity for the free form of rBfGUS with AN8 as substrate peaked at pH 3.5 and 

remained unchanged after immobilization (Fig. 28B). 

 

Figure 28. Activity of the free and immobilized forms of rBfGUS in the pH range 3.0ï6.0. pNP-GlcA 

(A) and AN8 (B) were used as substrates. The difference in cleaving efficiency of GlcA from the non-

reducing end of the substrates between the soluble and immobilized forms of rBfGUS was shown as a 

percentage of the maximum activity. Measurements were performed in triplicates and error bars are 

calculated based on STDEV. 
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4.4.5. Kinetic parameters of immobilized rBfGUS 

For the utilization of the newly prepared carriers, and their comparison to the free form 

later on, our objective was to firstly correlate the reaction rates of the immobilized 

carriers for varying substrate concentrations of pNP-GlcA and AN8 in order to obtain 

the respective kinetic parameters. In all cases, the reaction rates fitted into the Michaelis-

Menten hyperbolic curves, and the kinetic parameters were calculated on the basis of 

the Michaelis-Menten equation. The kinetic plots, with initial reaction rates catalyzed 

by the MBC-IDA-rBfGUS carrier, reached a Vmax of 20.12 ɛmol pNP min
-1 mL-1 carrier 

for pNP-GlcA and a Vmax of 6.35 ɛmol NN7 min
-1 mL-1 carrier for AN8. These Vmax 

were higher compared to the Vmax of MBC-rBfGUs with pNP-GlcA (Vmax = 11.54 ɛmol 

pNP min-1 mL-1 carrier) and AN8 (Vmax = 4.11 ɛmol NN7 min
-1 mL-1 carrier) (Fig. 29A 

& B). Regarding the kinetic parameters between the free and immobilized forms, we 

observed a decrease in affinity for all substrates (increase of the Km value) after 

immobilization in both the oriented and non-oriented types of immobilized rBfGUS 

(Fig. 30).  

 

Figure 29. Kinetic parameters of immobilized forms of rBfGUS. A) The pNP reaction products were 

measured spectrophotometrically at A405 and expressed in v0 [ɛmol pNP min-1 mL-1 carrier]. B) NN7 
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products were measured using LC-MS and expressed in v0 [ɛmol NN7 min-1 mL-1 carrier]. Reactions 

were performed at 0.1 M acetate buffer at pH 4.0 for pNP-GlcA and pH 3.5 for AN8 and temperature 

25 oC. Measurements were performed in triplicates. 

 

 

 

Figure 30. Comparison of Michaelis-Menten kinetics of soluble and immobilized rBfGUS for both pNP-

GlcA (A) and AN8 (B) substrates. A) The pNP reaction products were measured spectrophotometrically 

at 405 nm and expressed in v0 [ɛmol pNP min-1 mg-1 rBfGUS]. B) NN(n-1) products were measured using 
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LC-MS and expressed in v0 [ɛmol NN min-1 mg-1 BfGUS]. Reactions were performed at 0.1 M acetate 

buffer at pH 4.0 for pNP-GlcA and pH 3.5 for AN8, at temperature T=25 oC. Measurements were 

performed in triplicates. 

4.4.6. Activity screening of rBfGUS towards various sizes and types of 

oHAs 

We carried out activity screening using various oHAs as substrates to assess the extent 

of rBfGUSôs applicability for the preparation of various oHA products. Some of these 

substrates included native ANn (Table 7, Fig. 31, 32), with n varying from 2 to 20 

monosaccharides, and derivatives of oHAs with number (z) of substituted butyric acid 

molecules (z C4-ANn). Furthermore, we checked oHAs with modified ends, such as 

oHAs with glucuronic acid at both ends (AAn), oHAs with N-acetylglucosamine at both 

ends (NNn), substrates with N-acetylglucosamine at the non-reducing end and GlcA at 

the reducing end (NAn) and lastly, unsaturated oHAs (ȹANn). The results showed that 

rBfGUS is capable of cleaving oHAs of various types (native oHAs, oHAs with 

modified ends, and oHA derivatives) and sizes (Table 7). 
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Figure 31. Graphs (A-D) depict the activity of rBfGUS towards various sizes of oHAs, via HPLC. At 

each graph there are 5 chromatographs, each showing the consumption of the substrate ANn and the 

production of AN(n-1) at consecutive timepoints, t = 0-120 s of the reaction. The chromatograph in black 

depicts the reaction at t = 0 s, and fuschia, blue, red and green chromatographs represent the reactions at 

30, 60, 90 and 120 s, respectively. Buffer used 0.1 M acetate buffer at pH 3.5 and temperature of reaction 

at T= 37 oC. 
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Figure 32. The purple chromatogram (A) of the rBfGUS depicts the enzymatic reaction containing 

substrate AN6 and product NN5 and (B) its respective mass spectrum . C) The reaction substrate (AN6) 

(red chromatogram) and E) product (NN5) (black chromatogram) were analyzed by Reversed Phase 

Chromatography with Mass Spectrometry detection. The AN6 and NN5 oligomers form optical isomers. 

The oligomers AN6 and NN5 elute at the same time, and thus the peaks of AN6 substrate and NN5 

product overlap, thus the need for extracted chromatograms using a particular software function. 

Individual extracted ion chromatograms of the NN5 oligomer (black) and AN6 oligomer (red) and their 
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respective mass spectrums D) and F) on the right. The buffer that was used for the experiment was 0.1 M 

acetate buffer at pH 3.5. 

 

Table 7.  Activity screening of free and immobilized (MBC- and MBC-IDA-) rBfGUS towards various 

sizes of native oHAs, modified oHAs, and their derivatives. The activity of free and immobilized rBfGUS 

was measured in ɛmoles of cleaved products per minute per milligram of rBfGUS. The substrate 

concentration was the same for all substrates (C= 2.5 M), and the reactions were performed in 0.1 M 

acetate buffer at pH 3.5 at 25 ÁC. Measurements were performed in triplicates and deviation is calculated 

based on STDEV. 
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4.5. In vitro  degradation of HA by oMM12 microbiota 

During a broad research project, which was conducted by colleagues and cooperators, 

investigating the metabolism of orally-administered HA, it was observed degradation of 

HA, ex vivo, in the oMM12 mouse model. For the part of the project, which I was 

responsible for, we tested these bacterial strains individually, in vitro, in order to confirm 

the ex vivo results, as well as to observe which particular strains are able to cleave HA 

and monitor the respective HA products. The results of this study are a part of a general 

investigation of HA that focused on bioavailability of orally administered HA dependent 

on its Mw and gut microbiota. The findings of this investigation are published (Ġimek 

et al. 2023). 

 

4.5.1. In vitro  degradation of high-Mw 13C-HA by oMM 12 microbiota 

In our investigation, we conducted a comprehensive analysis of the metabolic responses 

of the oMM12 strains when cultivated, individually, using high-Mw 13C-HA as substrate 

(Table 8). After a 24-hour incubation period, most strains exhibited a slight decrease of 

around 10% in high-Mw 13C-HA, while in the case of I48 B. caecimuris, there was a 

significant consumption of high-Mw 13C-HA, amounting to approximately 85%. 

Furthermore, we observed intracellularly traces of 13C-labeled unsaturated HA 

disaccharides (13C-ȹAN2) in YL32 C. clostridioforme (less than 0.01 ɛg g-1), YL58 B. 

coccoides (less than 0.1 ɛg g-1), while in I48 B. caecimuris was high concentration of  

10.6 ɛg g-1 3C-ȹAN2. The media of YL32 C. clostridioforme contained a low 

concentration of 13C-ȹAN2 (approximately 1.33 ɛg mL-1), while B. caecimuris 

exhibited a notably higher concentration of 13C-ȹAN2 (around 45 ɛg mL-1) 

Additionally, in the culture media of B. caecimuris, approximately 7.3 ɛg mL-1 of 13C-

acetic acid was detected, along with traces of other 13C-Short chain fatty acids (13C-
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SCFAs), such as propionic and butyric acid. We werenôt able to measure 13C-SCFAs in 

the cells due to very low amount of remaining sample. Interestingly, no longer 13C-oHAs  

(e.g. AN4- AN22) were detected in the media or intracellularly in B. caecimuris. 

Table 8. Metabolic response of oMM12 strains after 24h incubation with high-Mw 13C-HA. The percentage 

of cleaved substrate was calculated by comparing the initial amount of high-Mw 13C-HA substrate with 

the amount remaining in the media after 24 h  . By longer 13C-oHA we describe oHAs with 4 to 22 

monomers. By 13C-ȹAN2 we describe unsaturated disaccharides. The intracellular HA products (Cells), 

were quantified as ɛg of oHAs per gram of cells. The extracellular level of 13C-HA (Culture Media) was 

quantified as ɛg of 13C-HA product  per mL of culture media. By the term 13C- SCFAs, we describe short 

chain fatty acids. The designation ñ-ñ means zero, not present, no observed change, n/a: not applicable. 

 

We present the metabolic conversion of high-Mw 13C-HA to HA products in B. 

caecimuris. When B. caecimuris is cultivated with high-Mw 13C-HA, approximately 
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85% of high-Mw 13C-HA undergoes cleavage in the culture media, which occurs during 

a 15-h period (Fig. 33A). From the cleaved high-Mw 13C-HA, roughly 10% is further 

converted into 13C-ȹAN2 (Fig. 33B), while approximately 2% of the cleaved high-Mw 

13C-HA is converted into 13C-acetic acid, which is detected in the culture media (Fig. 

33C). These conversions represent metabolic steps of high-Mw 13C-HA, yielding HA 

products potentially available to the host organism and other strains in the 

microenvironment.  

 

Figure 33. A)  Presence of high-Mw 13C-HA  (ɛg mL-1) in cultivation media of B. caecimuris during a 

24 h period, B) Production of 13C-ȹAN2 in B. caecimuris cultivation media, C) Production of 13C-Acetic 

acid in B. caecimuris cultivation media. Measurements were performed in triplicates and error bars are 

calculated based on STDEV. 
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4.5.2. In vitro  degradation of AN8 by oMM12 microbiota 

We wanted to investigate whether bacteria which appear not to degrade high-Mw HA 

(or degrade it at low rate) are able to feed on oHAs. Therefore we chose AN8 as a 

substrate and searched for the products of its metabolism. Our investigation concerning 

the metabolic process of the individual oMM12 strains when AN8 oligosaccharide is 

used as substrate and its products revealed the following findings. For this experiment, 

because the substrates high-Mw HA and AN8 are not labeled with 13C and we do not 

have a method to quantify the substrate and products, the findings were in accordance 

with the relative abundance of substrate and products and not on quantitative results 

(Table 9). What we came across is firstly, on an intracellular level, we detected the 

presence of AN8 in various strains, with the highest concentrations observed in L. 

reuteri and B. coccoides. However, in most of these strains, we did not detect any further 

cleavage of AN8. Traces of various lengths of oHAs (mainly AN6, AN4) were found in 

C. innocuum, B. animalis, B. coccoides, and L. reuteri, while disaccharides were only 

detected in C. innocuum among the mentioned strains. Notably, in the case of B. 

caecimuris, we observed a time-dependent decrease in the substrate within the culture 

media and absence of AN8 intracellularly. Instead, we noted a slight time-dependent 

increase of oHAs (AN6, AN4) and disaccharides, including ȹAN2 and AN2, both 

intracellularly (cells) and in the culture media. These findings provide valuable insights 

into the complex dynamics of AN8 metabolism, with B. caecimuris exhibiting unique 

temporal changes in substrate utilization and product formation.  

Table 9. Metabolic characteristics of individual oMM12 strains using AN8 as a substrate in initial 

concentration 50 ɛg mL-1. The results are presented in a qualitative manner based on the relative 
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abundance of substrate and products. The abbreviations n/a: not applicable. The designation ñ-ñ means 

not present, no observed change. The designation ñ+ñ means present in the sample. 
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5. Discussion BfGUS 

The thesis focuses on the enzymatic degradation of HA in the gut and the utilization of 

a specific HA-degrading enzyme as a tool for sequencing of HA in combination with 

other enzyme(s), as well as the preparation of oHAs and derivatives. 

In the first part of our research, we were engaged in the study to prepare and characterize 

a recombinant ɓ-GUS for potential application as an industrial tool for specific reactions 

with oHAs.   

Our main questions to be answered towards this goal were as follows: A. Could we 

prepare a recombinant ɓ-GUS enzyme which is active in oHAs and is able to be 

produced with high yield and purity, sufficient for industrial purposes? B. How could 

we achieve obtaining enzyme-free HA products as well as recycle and reuse the enzyme. 

C. Moreover, what are the optimum conditions of activity for this enzyme in order to 

achieve the highest reaction rate? D. Will this ɓ-GUS enzyme be able to cleave oHAs 

and if so, up to which substrate size will it be able cleave and what other types of oHAs 

will it be able to react with? Based on our findings, we were able to answer all the 

questions in our study. 

 

A.   

a. Substrate specificity of rBfGUS 

Pollet et al. (2017) analyzed protein structural differences among a large number of beta-

glucuronidases, including rBfGUS. They pointed out that the presence and length of 

specific amino acid loops in proximity of the active center could have a substantial 

impact on substrate specificity of a particular enzyme. These non-conservative amino 
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acid sequences, present in a significant part of the studied sequences, prevent the 

enzymes from processing larger substrates, such as GAGs. It was hypothesized that, 

based on its structure, rBfGUS should be active to GAG oligosaccharides. It was 

confirmed that a heparosan nonasaccharide (with a structure similar to HA, but all 

glycosidic bonds are 1,4 and with GlcA on both ends) is indeed a substrate for rBfGUS 

(Pollet et al., 2017). Here, for the first time, we present proof that the enzyme is also 

active on oHAs. Using this enzyme we were able to prepare NNn-1 type oHA of different 

lengths from ANn substrates. The enzyme is also active on AAn type substrates and on 

ANn substrates carrying butyrate chains, while no activity was observed with NNn or 

ȹANn substrates. These findings can be utilized in preparation of tailored oHAs and 

oHA derivatives, as well as in analysis of HA-based materials. 

 

b. Process development of rBfGUS 

The crystal structure of BfGUS is released in Research Collaboratory for Structural 

Bioinformatics (RCSB) database entry under entry code 3CMG (RCSB:3CMG) 

(Berman et al., 2003; https://www.rcsb.org/structure/3CMG). The enzymeôs structure 

was described and, later on, its classification was updated to that of a ɓ-GUS (Dashnyam 

et al., 2018; Wallace et al., 2015, Wallace et al., 2010). The enzyme was prepared 

recombinantly and the specificity of the enzyme to glucuronide metabolites was 

thoroughly investigated. Our main goals, during the development process of rBfGUS, 

were to express recombinantly our enzyme of interest, to achieve high enzymatic yield 

during the upstream developmental process and to obtain a sufficiently pure enzyme. 

For those reasons, we exploited the pTYB11 plasmid vector that was used by other 

authors to express recombinant enzymes in high yield (J W Dubendorff et al., 1991, S 
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Chong et al., 1998).  We confirmed that cloning and preparation of the construct, 

containing the enzyme gene, was successful via PCR (Fig. 14). We screened several E. 

coli strains in order to check which strain was able to express the BfGUS gene and 

produce the respective protein. During cultivation of the E. coli ER2566 strain, we were 

able to observe a distinct protein band in the tested sample. We also noticed traces of 

the expressed protein in the control sample, the transformed strain without gene 

induction by IPTG produced traces of the recombinant protein probably due to promoter 

leakage (Huang et al., 2015; Sanchez et al., 2013). In our case, promoter leakage 

resulting in the expression of the recombinant protein could be misleading in our study. 

Consequently, we proceeded to compare our tested sample with ER2566 strain as 

control, without being transformed with the vector containing the BfGUS gene. 

Furthermore, the content of excised protein band, from the SDS-PAGE, was tested via 

Mass Spectrometry. The protein sequences of the sample were correlated with the 

theoretical BfGUS protein sequence found in the database 3CMG (RCSB:3CMG). The 

correlation of the sequences reached 97% mapping coverage. Thus, the rBfGUS protein 

sequence successfully confirmed its geneôs presence in the tested sample. 

Our next goal was to develop a cultivation process for obtaining a high enzymatic yield 

of rBfGUS. The main parameter that we focused on was the optimization of the IPTG 

level (Abedi et al., 2012; Guti®rrez-Gonz§lez et al., 2019). We wanted to check if the 

level of rBfGUS expression was dose-dependent to IPTG induction and if so, what was 

the ideal concentration of IPTG. As the project is intended for industrial production, this 

experiment is needed in order to conclude to the most cost-effective solution as IPTG is 

one of the most costly components of the upstream process (Cardoso et al., 2020). Our 

findings showed that at concentration 200 ɛM of IPTG we achieved the highest protein 
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expression; at higher concentrations the protein expression reached a plateau (Fig.18A). 

Same result was observed also with BfGUS activity (Fig.18B). 

It should be noted that the occurrence of inclusion bodies have been a common challenge 

during the heterologous production of proteins in E.coli (S. M. Singh et al., 2012; S. M. 

Singh & Panda, 2005). In our case, due to high titer, yield and purity of active rBfGUS 

we did not proceed with the investigation regarding the occurrence of inclusion bodies 

during our study. 

Considering the downstream process of the rBfGUS preparation, first steps to purify 

rBfGUS via IMAC chromatography with Sepharose Fast flow Ni2+ resin were done 

according to Wallace et al. (Wallace et al., 2015). However, the results of purity and 

yield of rBfGUS were not satisfactory (~55%), (Fig. 19A) so we altered certain 

parameters in order to optimize its purity and yield (He et al., 2015; Riguero et al., 2020; 

Sharma & Agarwal, 2001). More specifically, we optimized the concentration of the 

loading sample, buffer composition of the equilibration buffer by adding low 

concentration of imidazole in order to avoid any weakly-bound unspecific molecule. To 

improve column binding efficiency of rBfGUS we added 10 mM imidazole in the 

Equilibration/loading buffer to eliminate any weakly-bound unspecific molecules to the 

Ni2+ metal ions according to (Bornhorst & Falke, 2000). To further refine the process, 

we reduced the flow rate of both Washing and Elution steps to 3 mL min-1, ensuring 

efficient separation of the target protein. 
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B.  

a. Immobilization of rBfGUS 

There have been numerous reports describing successfully immobilized ɓ-GUSs 

(Correa et al., 2020; Rapatz et al., 1988; Song et al., 2014). Corea et al., explored a 

number of immobilization strategies for ɓ-GUS from Patella vulgata that comprised a 

specific combination of biomimetic silica and magnetic nanoparticles. Immobilization 

of P.vulgata ɓ-GUS with magnetic nanoparticles provided the advantage of reusing the 

biocatalyst via magnetic separation up to six times. For Rapatz et al., immobilization 

via crosslinking with glutaraldehyde, in presence of BSA, turned out to be the optimal 

procedure for the immobilization of ɓ-GUS from Helix pomatia. Song et al., prepared 

mesoporous silica particles for efficient immobilization of the ɓ-GUS from E.coli 

through a biomimetic mineralization process, in which the solution containing lysozyme 

and ɓ-GUS were added into the pre-hydrolyzed tetraethoxysilane solution. Our 

immobilization study was focused on the exploitation of a ɓ-GUS that could be 

produced in large amounts along with a low cost immobilization carrier that could result 

in an immobilized enzyme with high activity and stability, keeping the costs relatively 

low (Table 7). Kaġparov§ et al., 2018 had produced and characterized these 

biocompatible MBC beads functionalized with Streptococcus pneumoniae HA lyase 

(SpnHL) and showed that MBC-SpnHL bead preparation had better yield and activity 

than that of the MBC-IDASpnHL preparation (651 mU/mL settled beads and 216 

mU/mL settled beads, respectively). Magnetic macroporous cellulose beads aimed to be 

used in our study are low cost and effective materials and at the same time the 

immobilization yield of rBfGUS with these carriers turned out to be quite high (Table 

4). The increase in enzyme stability after immobilization is dependent on the conditions 

of the immobilization process (Knezevic et al., 2006; Kumar et al., 2021). By 
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immobilizing enzymes, they become more stable and resistant to changes in temperature 

and pH (Ahmed et al., 2019; Mukhopadhyay & Chakrabarti, 2015). Additionally, 

immobilization often alters the optimal reaction conditions of the enzymes (Guis§n et 

al., 1994). In our case, when pNP-GlcA standard substrate was used, the pH optimum 

was slightly higher, in both variants of the immobilized enzymes (Fig. 28A) and the 

activity of the carriers was retained more efficiently as the pH raised, compared to the 

free form of rBfGUS. However, we observed no shift in pH optimum in either variant 

of immobilized enzyme compared to the free enzyme when AN4 and AN8 were 

investigated (Fig. 28B). Regardless of the method used, immobilization forces the 

enzyme to interact with a molecular environment that may be considerably different 

from its environment of origin or when being in its soluble form. Various factors, 

including decreased substrate accessibility to the catalytic active center (e.g., due to 

substrate diffusional limitations or an unfavorable orientation of the enzyme molecule), 

loss of the enzymeôs dynamic properties, and/or modification of the enzymeôs 

conformational integrity may have an impact on the catalytic activity (JoŚenek, 2015; 

Rodrigues et al., 2013; Talbert & Goddard, 2012).  

 

b. Operational and storage stability of immobilized rBfGUS 

After eight consecutive runs, the immobilized enzyme in both variants retained over 

80 % of its initial enzymatic activity when pNP-GlcA was used as a substrate (Fig. 22A). 

We observed decrease in activity with AN8, which was more pronounced in the MBC-

IDA-rBfGUS variant. In case of MBC-rBfGUS variant, approximately 55 % of original 

activity was retained after 8 runs, which we consider a satisfactory result (Fig. 22A). 

Thin layer surrounding particles is often of different chemical properties from the bulk 
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solution. Gradient of substrate and product can be formed in area near particle surface 

and within pores. Transfer in this microenvironment is accomplished mostly by 

diffusion (Bolivar & Nidetzky, 2019; Hoarau et al., 2017). Possibly, -NN reaction 

products are restrained inside particle pores and near surface area, decreasing the 

accessibility of the enzyme active site during repeated use. The storage stability was 

evaluated over 7 weeks. The results were similar in both variants, with 75 % of retained 

activity compared to the original values (Fig. 22B). 

 

C.  

a. Optimal reaction conditions of rBfGUS  

First, we investigated the optimal reaction condition of rBfGUS with pNP-GlcA as a 

substrate. Interestingly, besides the expected high activity at pH 5.5ï6.0, a second peak 

of high enzymatic activity was observed at around pH 3.0ï3.5 (Fig. 23). The second 

peak of activity was observed only in acetate and glycine buffers, while very low activity 

in phosphate, citrate and universal buffers was observed in the same acidic pH range. 

We repeated the experiments with AN4 and AN8 and the only activity peak was 

observed at pH 3.5, with no activity at the near-neutral area (Fig. 24A). Pollet et al. 

found that the pH optimum of rBfGUS using pNP-GlcA in HEPES buffer was pH 5.5 

and, contradictory to our findings, they observed enzymatic activity at this pH with 

heparosan nonasaccharide as a substrate (Pollet et al., 2017). According to literature, 

optimal activity at pH 3.5 is at least unusual for bacterial ɓ-glucuronidases. Niemann 

and Buddecke observed wide pH optima 3.5ï4.2 for rat liver ɓ-glucuronidase (Niemann 

& Buddecke, 1982). Values close to neutral pH are reported as optimal for gut bacteria 

(Nugent et al., 2001; Pan et al., 2021; Wexler & Goodman, 2017). Therefore, we decided 
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to compare the activity of a commercially available E. coli ɓ-GUS (rEcGUS) with 

rBfGUS. Our results show that rEcGUS had an optimal pH 6.0 (using pNP-GlcA 

substrate) when tested in various buffers while it did not show any activity at pH lower 

than 4 (Fig. 34). Also, rEcGUS was not active with either AN4 or AN8 in acidic or near-

neutral pH (Fig. 34). The phenomenon that a specific buffer, depending on its chemical 

composition, affects the intermolecular interactions responsible for the enzymeôs 

stability and therefore its activity, is already known (Pavani et al., 2021; Salis et al., 

2007, 2020, Ugwu & Apte, 2004). Salis et al. observed buffer-specific shifts of pH 

optimum for a lipase (Salis et al., 2007). Therefore, it is quite important to optimize not 

only the pH range, but also the buffer composition for the particular enzyme. Based on 

literature, buffers containing NaCl are frequently used for ɓ-GUSs, and in general for 

enzymes located primarily in the gut (Dashnyam et al., 2018; Ndeh et al., 2020; Pellock 

& Redinbo, 2017; Pollet et al., 2017; Wallace et al., 2015). Therefore, we tested the 

influence of NaCl addition on the enzymatic activity of rBfGUS. As figure 25 shows, 

the presence of NaCl in acetate buffer has a pH-dependent effect on the initial reaction 

rate of rBfGUS with pNP-GlcA. More specifically, the negative effect on the reaction 

rate was enhanced by increasing the NaCl concentration and decreasing the pH. 

Consequently, when we chose an acetic buffer with 100 mM NaCl for our pH-optimum 

experiment, we observed the highest enzymatic activity at around pH 4.5 (Fig. 25). 

When we tested 400 mM salt concentration, the peak activity shifted to pH 5.5, whereas 

at pH 3.5 the activity was not observable. Our results correspond to Niemann and 

Buddecke (1982) who observed also pH optimum shifts and changes in kinetic 

parameters of a rat liver ɓ-GUSs dependent on NaCl presence in the buffer, which were 

also substrate specific (Niemann & Buddecke, 1982). Interestingly, in the same study, 

activity to AN4 is largely suppressed in the presence of NaCl. This finding was 
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concluded also in our study, where we tested the addition of NaCl to the reaction of 

rBfGUS with AN8 as a substrate. In this case, the activity of rBfGUS decreased by 90 

% even in the lowest concentration 10 mM NaCl and pH 3.5 (Fig. 26). Addition of 

different salt, such as Na2SO4, to glucuronidase reaction mixture was studied by Graef 

et al. (Graef et al., 1977). The positive or negative effect of salt addition on enzymatic 

activity depends on the enzyme type, origin (Helix pomatia, bovine, or E. coli) as well 

as type of substrate. Taken together, optimal buffer composition cannot be predicted by 

comparison with data acquired from other, even very similar enzymes and should be 

investigated for every enzyme ï substrate combination. Based on our results, the optimal 

reaction conditions to acquire the highest activity for rBfGUS runs in 100 mM acetic 

buffer pH 3.5 without addition of NaCl. Figure 24B depicts the relation between 

enzymatic activity and incubation temperature. While the curves were similar for both 

AN4 and AN8 substrates, maximum enzymatic activity for pNP-GlcA shifted to higher 

temperature. Optimal temperature for oHAs was 43 ǓC and 55 ǓC for pNP-GlcA. 

Temperature optima for different substrates of a single enzyme is rarely compared in 

the literature (Utekal et al., 2014). Different pH was used in our experiment for pNP-

GlcA, which could influence the profile of the temperature curve, similarly to findings 

of Herlet et al. (Herlet et al., 2017). 
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Figure 34. Activity of free form of a ɓ-GUS from Escherichia coli (EcGUS) in selected buffers and pH. 

Graphs from (1) to (4) depict the activity on pNP-GlcA and graphs (5) & (6) on AN8 substrates. Reaction 

buffers at 0.1 M: (1) & (6) acetate buffer pH (3.0ï6.0), sodium phosphate buffer pH (2.0ï3.5), (2) HEPES 

buffer pH (6.0ï8.0), (3) & (5) McIlvaine universal buffer pH (2.2ï8.0), (4) potassium phosphate buffer 

pH (5.8ï6.4). Taken from (Chatzigeorgiou et al., 2023). 

 

b. Kinetic parameters of soluble and immobilized forms of rBfGUS  

Considering the free form of the enzyme, the highest Vmax is achieved with the standard 

substrate, among all substrates (Fig. 27). We also observed differences in kinetic 

parameters between the oHAs tested, with higher Vmax and by one order lower Km found 

in AN8 (Fig. 27B), compared to AN4. Possibly, the length of AN4 is not sufficient for 

the optimal interaction with the active center of the enzyme. Such an effect, of the 

dependance of enzymatic activity on substrate length, has been observed for another 

enzyme active on HA, bovine testis hyaluronidase (BTH) (Highsmith et al., 1975). Our 

results are in accordance with those of Niemann and Buddecke (1982), who tested rat 

liver ɓ-glucuronidase with AN8 and AN4, as substrates. The pNP-GlcA reaction rate 

for rBfGUS in reaction buffer (50 mM HEPES with 50 mM NaCl) is 560 nmol pNP 

min-1 nmol rBfGUS-1 and heparosan cleavage is around 37 % after 24 h (Pollet et al., 

2017). These results are not similar to our data at which the optimum conditions resulted 

in 1332 nmol pNP min-1 nmol rBfGUS-1 and complete cleavage of the oligosaccharides 

was observed after 1 h. This is probably due to incomparable reaction conditions and/or 

different substrates. We compared enzymatic activities of rBfGUS and rEcGUS towards 

pNP-GlcUA under same conditions (0.1 M potassium phosphate buffer pH 5.8, 2.5 M 

pNP-GlcA, 25ǓC). One milligram of rEcGUS had activity of 25.5 Ñ 1,97 ɛmole pNP 

min-1, and the same amount of BfGUS had activity of 11.57 Ñ 0.08 ɛmole pNP min-1. 
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While enzymatic activity of rEcGUS on pNP-GlcUA is two-times higher than the 

activity of rBfGUS, rEcGUS is not active on HA oligosaccharides (Fig. 34) 

(Chatzigeorgiou et al., 2023). In our case, changes in kinetic parameters are also 

observed upon immobilization of the enzyme. More specifically, considering the tested 

pNP-GlcA and AN8, Km values of the immobilized rBfGUS increase approximately 7 

and 5 times, respectively, compared to the free form of the enzyme (Fig.18 A & B). On 

the other hand, changes in Vmax values for AN8 upon immobilization are not substantial. 

The non-oriented MBC-rBfGUS carrier appears to be slightly more effective than the 

oriented MBC-IDA-rBfGUS carrier based on Vmax, which could be due to the fact of 

the higher immobilization yield (Fig. 17 & 18). Therefore, we can say that the Vmax 

parameter is only slightly affected by immobilization in both variants. Consequently, 

upon immobilization efficient reaction rates are achieved with appropriate substrate 

concentrations. 

 

D. rBfGUS application as a biotech tool 

Our aim is to utilize the immobilized rBfGUS in two ways. Firstly, we plan to use it for 

production of new oHA derivatives with a potential biological activity. Secondly, we 

aim to apply it for the analysis of HA derivates that need to be characterized via 

sequencing, in combination with other enzymes. In the second case, the substrate for 

characterization is cleaved by hyaluronidases and the HA fragments are identified by 

Mass Spectrometry and/or Nuclear Magnetic Resonance. rBfGUS will contribute to 

identification of the position of a modification. Our findings from the screening process 

show that rBfGUS is able to cleave native oHAs that differ by a disaccharide unit (AN4 

ï AN20) (Table 7, Fig. 31). However, rBfGUS is not able to cleave the disaccharide 
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AN2. Additionally, rBfGUS demonstrates activity towards AA5, resulting in NA4 

products while it is not active towards the NNn, NAn and ȹANn oligosaccharides of 

any length. Due to the advantage of the high immobilization yield of rBfGUS for both 

carriers, we observed a higher activity rate in most cases of substrates when the carriers 

are used, compared to the free form of rBfGUs. In the case of AN4, immobilized 

rBfGUS reaches the highest activity rate in comparison to the rest of the substrates, 

which is in contrast to what was observed with the activity rate of the free form of 

BfGUS (Table 7). This could be due to the size and conformation of immobilized 

rBfGUS in combination with the porosity of the carriers. In contrast to hyaluronidases, 

the enzymatic activity of rBfGUS decreases with the length increase of the substrate. 

Similar effect is observed not only for ɓ-GUSs, such as rEcGUS with clustered sugar 

substrates, but also for a different enzyme active on oligosaccharides, a N-

acetylhexosaminidase (Brissonnet et al., 2019; Katta et al., 2013).  

 

Bacterial metabolization of HA 

Proceeding to the second project of research, our team shed light on the faith of orally-

administered HA, by investigating the metabolization of HA in the gut. The 

bioavailability of orally administered HA is significantly influenced by the 

gastrointestinal microbiota's metabolism. After oral administration of high-Mw HA, 

unsaturated disaccharides ȹAN2 are the products of cleavage by extracellular or cell-

surface bacterial lyases, as evidenced by the presence of ȹAN2 in urine (Ndeh et al., 

2020; Oiki et al., 2017; Ġimek et al., 2023). However, there is a plethora of enzymes 

that are known to be involved in the bacterial degradation of HA in the HGM. 
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Ġimek et al. extracted the contents of the small intestine and cecum of rodents colonized 

with the defined oMM12 bacterial mixture and, afterwards, the contents were cultivated 

with high-Mw 13C-HA ex vivo in order to identify additional metabolites and reveal 

potential metabolic changes in the intestine. The authors came across that 13C-HA 

substrate is completely metabolized by the cecal content within 120 min, as evidenced 

by the LC-MS quantification of 13C-HA (Fig. 35). On the contrary, 13C-HA present in 

the small intestine does not undergo degradation even after 4 h (Ġimek et al., 2023). Five 

bacterial phyla that are naturally abundant in the murine GIT, including Actinobacteria, 

Bacteroidetes, Firmicutes, Proteobacteria, and Verrucomicrobia, are present in the 

oMM12 mixture (Eberl et al., 2020). According to our findings, B. caecimuris is the sole 

high-Mw HA-cleaving bacterium in the synthetic microbial community of the oMM12 

mixture (Table 5, Fig.33). Its abundance in the cecum of oMM12 mice is significantly 

greater than that in the small intestine (Yilmaz et al., 2021). This aligns also with the in 

vivo data for WT mice, indicating that bacteria-degrading HA are predominantly present 

in the mouse cecum (Ġimek et al., 2023). In general, 20% of the Bacteroides genome is 

dedicated to the complex metabolism of glycans. The presence of Bacteroides spp. in 

the HGM is closely associated with the degradation of HA, as they are prominent 

degraders of GAGs, polysaccharides, and N- glycans (L. S. McKee et al., 2021). 
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Figure 35. Ex vivo degradation of 13C-HA by oMM12 microbiota. Kinetics of 13C-HA degradation and 

the formation of its metabolites (Ġimek et al., 2023). 

Ġimek et al. also observed the production of ȹAN2 along with the decrease of high Mw 

13C-HA concentration in the cecal content of oMM12 mice (Fig. 35) (Ġimek et al., 2023). 

Interestingly, no other unsaturated oligosaccharides were identified, despite the fact that 

B. thetaiotaomicronôs surface lyase is found to be able to produce longer unsaturated 

oligosaccharides (Ndeh et al., 2020). In spite of this, the 13C-label was further identified 

in numerous low-Mw metabolites (Fig. 35, 36, 37). ȹAN2 is phosphorylated on GlcNAc 

and subsequently cleaved into unsaturated GlcA and N-acetylglucosamine-phosphate 

(GlcNAc-P) in accordance with the metabolic pathway proposed for gram-positive and 

gram-negative bacteria (Oiki et al., 2017). The metabolite of unsaturated GlcA was 

identified as having a high level of incorporation (>25%) in C6H12O6. Similarly, Ġimek 

et al. showed the 13C-label is highly incorporated in GlcNAc-P (>30%) and uridine 

diphosphate N-acetylglucosamine (UDP-GlcNAc) (>12%). The high level of 

incorporation and the presence of eight 13C atoms in GlcNAc- P and UDP-GlcNAc 

suggest that these molecules are produced through direct conversion from ȹAN2 (Fig. 

37B), which is consistent with the proposed metabolic pathway (Ġimek et al., 2023). 

The metabolization of HA into UDP-GlcNAc implies that the HA not only functions as 
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a source of energy but also that its metabolites could serve as building blocks for the 

synthesis of complex glycans. This was also recently demonstrated in human hepatic 

endothelial cells (Ġimek et al., 2021).    

 

The authors also showed that upon administration of high-Mw HA the structures of short 

chain fatty acids (SCFA) and hydroxy acids (lactate, succinate) also exhibited a 

substantial incorporation of 13C (Fig. 25B, Fig. 24). SCFAs are end products of 

anaerobic bacterial fermentation that can be produced through a variety of metabolic 

pathways that are specific to each bacterial phylum (Fusco et al., 2023). A substantial 

number of 13C-succinate and 13C-propionate molecules contain three 13C atoms (Fig. 36, 

37B). These data indicate that the succinate pathway, which is characteristic of 

Bacteroides spp., is responsible for the formation of the preponderance of propionate 

(Reichardt et al., 2014). The butyryl-CoA pathway is responsible for the formation of 

half of 13C-butyrate molecules, which contain 2ï4 atoms of 13C. The other half, on the 

other hand, contain only 1 atom of 13C, which is the result of the fixation of 13C-CO2 

(Fig.37 A) (Ġimek et al., 2023). These data indicate that Bacteroides spp. can not only 

cleave HA, but also utilize it and complete the metabolization process into SCFA and 

CO2.  
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Figure 36. The kinetics of 13C-label incorporation within the structures of short chain fatty acids during 

the degradation of high-Mw 13C-HA by cecal content of oMM12 mice. Relative exchange represents the 

ratio between signals of molecules containing 1-4 13C atoms and signals of molecules without any 13C 

atoms. Values of relative exchange were corrected for the natural 12C/13C ratio (Ġimek et al., 2023). 
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Figure 37. A) Schematic diagram of bacterial degradation of 13C-HA, taken from Ġimek et al., 2023. 
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B) Relative exchanges of 13C in selected metabolites from ex vivo degradation of high-Mw 
13C-HA. DHU: 

4-deoxy-l-threo-5-hexosulose-uronic acid, DK-II: 3-deoxy-d-glycero-2,5-hexodiulosonic acid, KDG: 2-

keto-3-deoxy-d-gluconic acid, KDGP: 2-keto-3-deoxy-6-phosphogluconic acid, G3P: glyceraldehyde-3-

phosphate, UDP-GlcNAc: uridine diphosphate N-acetylglucosamine, GlcNAc: N-acetylglucosamine) 

(Ġimek et al., 2023). 

 

According to Ġimek et al., these results indicate that the host may experience advantageous 

outcomes as a result of the absorption of bacterial metabolites that originate from 

administered HA. For instance, SCFAs can enhance the gastrointestinal barrier's 

functionality and possess significant immunomodulatory properties (Parada Venegas et al., 

2019). Conversely, UDP-GlcNAc is a substrate in numerous protein glycosylation 

pathways, which has a significant impact on the proteome (Biwi et al., 2018). Metabolomic 

analyses of plasma and liver of wild type mice were conducted following the p.o. 

administration of high-Mw 13C-HA and 13C-ȹAN2 (150 mg kg-1), in order to assess the 

bioavailability of the identified HA metabolites. 13C-label was not incorporated into these 

metabolites (e.g. GlcNAc, UDP-GlcNAc) or these metabolites (e.g. KDG, DHU) were not 

found, as revealed by the LC-MS analysis. These data suggest that the host is unable to 

access the intermediate metabolites of the intracellular metabolism of the bacterial 

degradation of HA. Nevertheless, this may not be the case with SCFAs, which are end 

products of the bacterial metabolism of HA and are effectively assimilated in the colon 

(Parada Venegas et al., 2019). Significant metabolization of 13C-HA into 13C-SCFA was 

observed in the cecum and colon (Fig. 38). This suggests that HA supplementation may 

result in a substantial increase in SCFA that contributes to intestinal homeostasis (Parada 

Venegas et al., 2019). 
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Fig. 38. 13C-SCFA production in the cecum and colon after oral administration of 13C-labeled ȹAN2 and 

high-Mw HA (1600 kDa). Relative exchange represents the ratio between summary signal of molecules 

containing 1-4 13C atom (Ġimek et al., 2023). 

 

6. Conclusion 
 

In conclusion, this thesis provides a thorough examination of both the enzymatic 

processing of HA and the involvement of gut microbiota in HA metabolism. We 

successfully developed a recombinant ɓ-glucuronidase from B. fragilis (rBfGUS) to create 

a biocatalyst with industrial potential. Our effective development of high-yield upstream 

and downstream procedures, including rBfGUS immobilization, produced a stable, 

reusable enzyme with adequate purity and activity on HA substrates. Furthermore, 

enzymatic characterization indicated ideal operating settings and kinetic parameters, 

confirming rBfGUS's ability to function on native, modified, and derivatized HA 

oligosaccharides. These findings provide valuable insights into the enzyme's potential for 

industrial applications in the production of HA derivatives as well as its application in HA 

analysis, particularly when used in conjunction with other enzymes for HA sequencing, 

thereby expanding their use in the cosmetic and pharmaceutical industries. 
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Beyond enzymatic mechanisms, this study investigates the metabolic fate of orally 

administered HA in the gut. By studying the capacity of various bacterial strains from the 

oMM12 microbiota to digest HA, we discovered B. caecimuris as an essential factor in HA 

breakdown, yielding HA disaccharides and acetic acid as principal products. This 

demonstrates the gut microbiota's critical involvement in HA metabolism, providing fresh 

insights into how HA supplementation may exert physiological effects in the host. This 

unique knowledge of bacterial HA breakdown paves the way for additional research into 

its bioavailability and therapeutic potential. 

Although this study offers valuable insight to the fields of gut microbiota research and 

enzymatic processes, there are still limitations. For example, rBfGUS immobilization has 

shown promising results; however, additional research is necessary to enhance its long-

term operational stability in large-scale industrial applications. Furthermore, although B. 

caecimuris was identified as the primary consumer of HA, future research is required to 

examine the interactions among the strains of oMM12 and determine whether the product 

of B. caecimuris can serve as a substrate for the others. 

Looking ahead, there is a number of intriguing prospects that this study presents for further 

investigation. The creation of more economical and successful methods for the analysis 

and production of HA derivatives, especially through the immobilization of enzymes, may 

improve the biocatalysts' capacity for scalability and sustainability. Further understanding 

of the relationship between HA and the gut microbiota may also open the door to the 

detailed comprehension of HAôs mechanism of action, leading to new therapeutic uses of 

HA. All things considered, this thesis has advanced our knowledge of the metabolic destiny 

of HA in the gut, as well as, its enzymatic processing, with wide-ranging consequences for 

both industrial and medicinal applications. 
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7. Abbreviations 

13C-HA ï 13C-labeled hyaluronic acid  

2D SDS-PAGE ï two-dimensional sodium dodecyl sulfate polyacrylamide gel 

electrophoresis 

AN4 ï hyaluronic acid tetrasaccharide 

AN8 ï hyaluronic acid octasaccharide 

CAT No. ï catalogue number 

CS ï chondroitin sulphate 

DS ï dermatan sulphate 

GAG ï glycosaminoglycan 

GH ï glycoside hydrolase 

GlcNAc ï N-acetyl glucosamine 

HA ï hyaluronan / hyaluronic acid 

Hep ï heparan/heparin/heparosan 

HGM ï human gut microbiota 

High -Mw ï high molecular weight  

HPLC ï high performance liquid chromatography 

IMAC ï ion metal affinity chromatography 

IPTG ï isopropyl Ç-D-1-thiogalactopyranoside 
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LC-MS ï liquid chromatography- mass spectrometry  

Low-Mw ï low molecular weight 

MBC ï macroporous bead cellulose 

MBC-IDA ï macroporous bead cellulose with iminodiacetic acid 

oHA ï hyaluronic acid oligosaccharide 

oMM12 ï oligo mouse microbiota 12 

PCR ï polymerase chain reaction 

pKa ï acid dissociation constant 

PL ï polysaccharide lyase 

pNP-GlcA ï p-nitrophenyl-ɓ-D-glucuronide 

rBfGUS ï recombinant ɓ-glucuronidase from Bacteroides fragilis 

RCSB ï research collaboratory for structural bioinformatics 

SCFA ï short chain fatty acid 

TFF ï tangential flow filtration 

TIM barrel ï triose-phosphate isomerase barrel 

ɓ-GUS ï ɓ-glucuronidase 

ȹȷɁ2 ï unsaturated hyaluronic acid disaccharide 
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