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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 β-D-

glucuronidases (β-GUS). β-GUSs catalyze the hydrolysis of a β-D-

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

However, lack of specificity towards HA for most β-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 

β-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 enzyme’s optimal reaction conditions and 

kinetic parameters, using chromogenic β-GUS standard substrate and HA 

oligosaccharides (oHAs). We also demonstrated rBfGUS’s activity on 

native, modified and derivatized oHAs. Our findings suggest that native and 

derivatized-oHA materials can be prepared using this bacterial β-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, β-

glucuronidase, bacterial strains, oMM12 microbiota, Bacteroides, industrial 

use 

Abstrakt 

Hyaluronan (HA) je jednoduchý glykosaminoglykan, který se nachází ve 

všech tkáních obratlovců jako základní složka extracelulární matrix. Jeho 

molekulová hmotnost se může lišit od několika megaDaltonů až po méně 

než jeden kiloDalton. Na základě své velikosti získává četné biologické 

vlastnosti a lze jej tak využít v kosmetickém a farmaceutickém průmyslu 

pro různé aplikace. 

Tato výzkumná oblast se v současné době zabývá dvěma hlavními výzvami, 

kterými jsou: A) Vývoj nových nástrojů pro analýzu a přípravu nových a 

nákladově efektivních produktů HA. Enzymatické nástroje hrají klíčovou 

roli ve vývoji nových materiálů na bázi HA. Kategorií takových slibných 

enzymů jsou β-D-glukuronidázy (β-GUS). β-GUS katalyzují hydrolýzu 

zbytku kyseliny β-D-glukuronové z neredukujícího konce různých 

substrátů. Nicméně nedostatek specifity vůči HA u většiny β-GUS spolu s 

vysokou cenou a nízkou čistotou těch β-GUS, které jsou aktivní na HA, 

brání jejich široké aplikaci. Cílem této studie bylo prozkoumat β-GUS z 

Bacteroides fragilis (rBfGUS). Abychom toho dosáhli, zaměřili jsme se na 

vývoj procesů produkce (upstream) a purifikace a imobilizace 

(downstream) rekombinantní formy rBfGUS a prozkoumali jsme parametry 

její aktivity a kinetiku. Naše zjištění naznačují, že jsme vyvinuli proces s 

vysokou výtěžností produkce aktivního rBfGUS na HA a dostatečnou 

čistotou. Pro zvýšení znovupoužitelnosti rBfGUS a zajištění přípravy HA 

produktů bez enzymů jsme úspěšně imobilizovali enzym na dvou typech 

magnetických-makroporézních-perliček-celulózových částic. Obě 

imobilizované formy rBfGUS vykazovaly dostatečnou provozní a 

skladovací stabilitu. Poté jsme charakterizovali optimální podmínky a 

kinetické parametry enzymu pomocí chromogenního standardního 

substrátu β-GUS a HA oligosacharidů (oHA). Také jsme demonstrovali 

aktivitu rBfGUS na nativních, modifikovaných a derivatizovaných oHA. 

Naše zjištění naznačují, že pomocí tohoto bakteriálního β-GUS lze připravit 

nativní a derivatizované materiály oHA, a tak byl vyvinut nový 



 

biokatalyzátor se zlepšenými provozními parametry s potenciálem pro 

průmyslové využití. 

B) Zkoumání biologické dostupnosti a osudu perorálně podávané HA ve 

střevě. Schopnost HA jako doplňku stravy vykazovat četné fyziologické 

výhody byla prokázána v několika klinických studiích, avšak mechanismus 

jejího účinku zůstává nejasný. Abychom pochopili mechanismus účinku, je 

zásadní určit osud hyaluronanu ve střevě. Proto jsme se zde zabývali 

degradací HA in vitro se zaměřením na specifické bakteriální kmeny, které 

obsahují mikrobiotu oMM12. Použitím 13C-značené HA a nativních oHA 

jako substrátů jsme testovali jednotlivě 12 kmenů. Bacteroides caecimuris 

byl hlavním konzumentem HA, který degradoval substrát během 24 hodin 

a produkoval HA nenasycené disacharidy a kyselinu octovou. 

Klíčové slová: Kyselina hyaluronová, oligosacharidy, 13C-značená HA, β-

glukuronidáza, bakteriální, mikrobiota oMM12, Bacteroides, průmyslové 

využití 
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INTRODUCTION 

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

Hyaluronic acid (HA) is a glycosaminglycan (GAG) found naturally in 

numerous living organisms, including animal tissues and bacteria. It is a 

linear polyanion with a two-disaccharide repeating unit of one β-D-

glucuronic acid (GlcA) and one N-acetyl-glucosamine (GlcNac). HA has 

significant size up to 25,000 disaccharide units or 107 Da 1,2. Its 

hydroviscous nature allows it to bind up to 1000 times its weight in water, 

forming a voluminous, expanded random coil structure. Historically, HA 

was thought to be an extracellular macromolecule due to its expansive size 

and polyanionic properties1. HA is a versatile substance found in 

extracellular and pericellular matrices, as well as intracellularly. Its 

molecular weight (Mw) varies significantly, with high-Mw HA carrying out 

viscoelastic and rheological functions, while low-Mw HA impacts wound 

healing, inflammation, and cancer biology3. HA is present in perinuclear 

areas in pre-mitotic and mitotic cells, creating a proper environment for cell 

division and microtubule-linked functions4,5. HA metabolism involves 

synthesis and breakdown by hyaluronidases, which can be used 

therapeutically in inflammatory and infectious diseases6. HA fragments 

activate innate and adaptive immunity, and changes at the 

microenvironmental level contribute to HA modification and activation of 

signaling pathways7. HA, despite its simple structure, has numerous 

biological activities that make it useful in medicine, nutrition, and 

cosmetics. Its biocompatibility and regenerative properties have led to 

extensive research in tissue engineering, particularly in vascular, cartilage, 

bone, and skin regeneration. HA has gained popularity as a cosmetic 

ingredient for skin rejuvenation and as a dietary supplement due to its anti-

inflammatory attributes8–16. High-Mw HA, with a molecular weight over 1 

MDa, exhibits anti-inflammatory properties and facilitates the homeostasis 

and viability of epithelial cells17–20. High-Mw HA can be used in the 

treatment of rheumatoid and osteoarthritis, as well as in the healing process 

of tympanic membrane perforations21,22. Low-Mw HA facilitates the 

maturation of monocytes into macrophages. HA fragments, known as HA 

oligosaccharides (oHAs), enhance the expression of proinflammatory 

chemokines and inducible nitric oxide synthase in macrophage cell lines 

and alveolar macrophages derived from wounded lungs23. Factors 

contributing to this dependence on size include receptor clustering, 

absorption, intra- and extracellular signaling, and interactions with HA 

ligands 24,25. 
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Clinical trials have shown a positive impact of HA taken orally, but there is 

conflicting data on its bioavailability and mode of action26. Several theories 

have been proposed for the potential mechanisms, including HA absorption 

and action at the site of action, triggering a specific cell response, or 

additional metabolites in the intestine or organism27,28. High-Mw HA may 

hinder its free passage through the intestinal wall, but gut microbiota can 

break it down into smaller pieces, allowing the human intestinal epithelium 

to absorb HA more readily29. Human Gut Microbiota (HGM) may play a 

key mediating role in the absorption of HA taken orally. Previous research 

has shown that HA is transported throughout the blood, skin, and joints, 

with an estimated bioavailability of more than 16% 30,31. To address these 

limitations, 13C-labelling and LC-MS analysis have been developed to 

examine the metabolism of HA following intravenous administration32. 

1.2 GAG metabolism by Human Gut microbiota  

HGM plays a crucial role in the digestion and metabolism of dietary and 

complex host-derived GAGs. The gut microbiome is a complex ecosystem 

with diverse microbial communities that influence normal physiology and 

disease susceptibility33,34. HGM uses various strategies to process and 

metabolize GAGs, with gut bacteria divided into "generalists" and 

"specialists." HGM is dominated by Bacteroidetes and Firmicutes, with 

Actinobacteria, Verrucomicrobia, and Proteobacteria also contributing 35–

38. Gut microorganisms are members of a metabolic network, where by-

products from one organism can serve as resources for another39. Up to 20% 

of their genome is dedicated to the complex metabolism of GAGs, with 

genes encoding enzymes active on carbohydrates40. Bacteroides 

thetaiotaomicron expresses genes encoding PLs, GHs, transport and 

binding proteins, and binding proteins that show binding and cleaving 

activity against GAGs, including HA40. 

1.2.1 Gnotobiology and the Microbiome 

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 41.  Gnotobiotic mice are used as experimental models and  

can be produced through microbial reconstitution, introducing fecal 

transplants, single organisms, or specific microbial consortia from mice or 

humans into germ-free mice 42,43. Recent research has focused on isolating 

bacteria from human and mouse specimens and establishing collections of 

these cultures 44,45. One model, the Oligo-Mouse-Microbiota (oMM12), has 

been devised using twelve bacterial strains derived from the mouse gut 

microbiota46,47 (Table 1). This consortium offers a wide range of 
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phylogenetic diversity and long-term stability in gnotobiotic mice 46. The 

oMM12 mouse model is used by over 30 research groups worldwide to 

address fundamental questions related to microbial ecology, metabolism, 

mucosal immunology, and infection biology 48,49. 

1.2.2 Metabolic pathway of GAGs in B. thetaiotaomicron 

B. thetaiotaomicron, a Bacteroides species, is extensively studied for its 

role in the metabolism of GAGs in human gastrointestinal diseases (HGM) 
29,40. The species has several polysaccharide utilization loci (PULs) linked 

to GAG catabolism, including Chondroitin sulfate (CS), Dermatan Sulfate 

(DS), Heparan (Hep), and HA. PULCS/DS/HA uses synergy between exo- and 

endo-lyases for CS and DS degradation, glucoside hydrolases and an endo-

acting 4-O-sulfatase for HA metabolism 50. The PL33 lyase plays a crucial 

role in GAG metabolism within the Bacteroides genus 51. 

1.2.3 Bacteroides fragilis 

Bacteroides fragilis is a Gram-negative, rod-shaped bacterium found in the 

human colon's normal microbiota. It belongs to the Bacteroidaceae family 

and can cause infection if displaced into the bloodstream or surrounding 

tissue after surgery, disease, or trauma52,53. B. fragilis expresses a β-

glucuronidase (BfGUS), which utilizes xenobiotic glucuronides as 

substrates54. The catalytic activity of BfGUS varies among substrates due 

to its unique structure. It is generally commensal but can cause infection if 

displaced. 

1.3 Enzymes as biotechnological tools for the modification 

of HA 

Enzymes are used to modify HA for the preparation of HA products and for 

analytical purposes. They provide a non-toxic, more biocompatible solution 

compared to chemical reactions4,55,56. However, using soluble forms of 

enzymes for pure products can lead to contamination and increased costs 57. 

HA-active enzymes vary depending on the reaction type, with types such as 

hyaluronate lyases, hyaluronidases, N-acetyl-hexosaminidases, and β-

GUSs and are applied for analysis and preparation of oHAs57–60. β-GUSs 

are primarily derived from mammals and mollusks, with commercially 

available β-GUSs from bovine liver and mollusks being active towards HA 
58. However, there are no reports on any bacterial β-GUSs active against 

HA54,59. Closely available β-GUSs are unsuitable for extensive industrial 

applications involving oHAs due to high costs, isolation from native 

producers, and potential contamination by contaminating interfering 

enzymes or compounds mimicking reaction products60–63. A challenge in 

prokaryotic expression systems is the removal of endotoxins from the final 
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protein products 64,65. However, the risk of endotoxin contamination is low 

due to the low enzyme to substrate ratio. Immobilized enzymes can be 

easily removed from the reaction mixture upon termination, reducing 

endotoxin contamination risk. Therefore, β-GUSs utilized for the analysis 

and preparation of specific oHAs should be of prokaryotic origin, readily 

recombinantly producible in large quantities, and simple to purify by 

downstream methods. 

1.3.1 Structure and activity of bacterial β-GUSs 

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

extensively studied for their activity and structure59,66,67. They 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 domain54. The active 

sites of β-GUSs are located at the center of the TIM barrel, which consists 

of eight β-sheets and eight α-helices connected by α/β and β/α 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 

β-GUSs, the addition of an additional carbohydrate-binding domain at its 

C-terminus, or the variation in length of the loop 358,68,69. The active-site 

architecture of bacterial β-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 
54,59,70. 

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.  

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 
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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 β-GUS substrate and oHAs, we examined 

the enzyme’s optimal conditions and kinetic parameters. Additionally, we 

evaluated rBfGUS’s activity towards oHAs on native, modified, and 

derivatized oHAs of various sizes and types. 

Our overall goal is to obtain a prokaryotic β-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 71. 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 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  

 

Figure 1. (A) Scheme of enzymatic reaction of BfGUS with oHA. The substrate has a glucuronic acid (GlcA) at non-

reducing and N-acetyl-glucosamine (GlcNAc) on reducing end, as reaction products, GlcA and oHA with GlcNAc at 

both ends are released. (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 (ΔAN6). 

3.2.1. Gene sequence and protein information for the recombinant 

rBfGUS 

The cloning sequence for rBfGUS was selected from GenBank and modified for 

recombinant expression in E. coli K12 strain using JCat codon optimization tool. The 

design process included omitting the signaling peptide, adding a six histidines (His-

tag) at the C-end for purification and immobilization, and adding elements like an 

enhancer and enzymatic restriction sites. Gene synthesis of rBfGUS was outsourced 

by ATG Biosynthetics GmbH, Merhzausen, Germany, and supplied in the form of 

plasmid pGH-BfGUS. rBfGUS protein sequence has theoretical isoelectric point (pI) 

6.51, molecular weight (MW) 76.5 kDa, and is constituted by 701 amino acids.    

3.2.2. Gene cloning and expression of rBfGUS 

The pTYB11 vector (NEB) was used for cloning the rBfGUS sequence in E. coli 

IMPACT™ Kit (NEB CAT No. E6901). The rBfGUS gene sequence was extracted 

from the pGH vector and cloned into the pTYB11, creating a pTYB11-rBfGUS 

construct. The restriction enzymes that were used for double digestion of the plasmid 

pTYB11, as well as pGH-rBfGUS and pTYB11-rBfGUS were XbaI (NEB) and 

BamHI (NEB) enzymes. The construct was transformed into E. coli expression strains 

via electroporation for screening tests. Competent E. coli cells were thawed, mixed 
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with pTYB11-rBfGUS, and electroporated. The transformed colonies were tested for 

pTYB11-rBfGUS. The plasmid DNA was isolated using the QIAGEN Plasmid Mega 

Kit (CAT. No. 12181, Qiagen) and ran in a 1% agarose gel. The pTYB11-rBfGUS 

construct was verified by PCR and Sanger Sequencing (SEQme s.r.o) and data analysis 

was done using ApE software. Strains containing the pTYB11-rBfGUS plasmid were 

incubated overnight, centrifuged, and resuspended with glycerol solution. The glycerol 

cell suspensions were stored at -80°C for long-term storage. 

3.2.3. Cultivation of ER2566 strain 

The ER2566 E. coli strain carrying the plasmid pTYB11-BfGUS was cultured in 

Terrific Broth (TB) medium in flasks. The culture was then inoculated into a Techfors 

fermenter (Infors HT, Bottmingen, Switzerland) and gene expression was induced by 

adding IPTG. The temperature, pH, stirring, aeration, pO2, and oxygen levels were 

maintained. The cultivation was terminated after 8 h. 

3.1.1 Purification of rBfGUS 

The rBfGUS enzyme was purified using a Sorvall Lynx 6000 centrifuge. The lysate 

was separated from cell debris and filtered through a Whatman GF/F Glass Microfibre 

filter (CAT No. 1825-150, GE Healthcare, Life Sciences). The rBfGUS protein, which 

contains six histidines (His-tag) in its carboxylic end, was subjected to IMAC 

purification on a HiScale 10/20 column filled with Sepharose Fast Flow resin (Cytiva, 

Vienna, Austria). 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 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 (Vivaspin® 20 

Centrifugal Concentrator, Sartorius). The final rBfGUS product had a concentration 

of 15.53 ± 3.25 mg mL-1 and was stored at –20 °C for long-term storage. The total 

protein concentration was determined using Bradford assay. The protein profile of the 

chromatography fraction was observed using 2-Dimensional (2D) SDS-PAGE, stained 

by Coomassie Blue or Silver staining. The SDS-PAGE gel was analyzed using a gel 

reader (G-box, Syngene) and the density was analyzed using GeneTools software 

(Syngene). 

3.1.2 Immobilization of rBfGUS on Magnetic Macroporous bead 

Cellulose (MBC) and MBC with fixed iminodiacetic acid 

(MBC-IDA) 

The immobilization of rBfGUS was done on Magnetic Macroporous Magnetic Bead 

Cellulose (MBC) (Iontosorb, Usti nad Labem, CZ) particles using a standard method 

based on periodate oxidation 57,72,73. The beads were rinsed, hydroxyl functional groups 

were oxidized by the addition of 2 mL 0.2 M sodium periodate (CAT No. 311448, 

Sigma-Aldrich), and functionalized with 1500 µg rBfGUS in 0.1 M acetate buffer pH 

5.0. The resulting carrier MBC-rBfGUS was washed and stored at 4°C. The 

immobilization efficiency was estimated using standard SDS-PAGE with Silver 
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staining, and the concentration of immobilized rBfGUS was measured (Bio-Safe™ 

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

standard IMAC chemistry was applied to immobilize rBfGUS on magnetic 

macroporous bead cellulose using fixed iminodiacetic acid (MBC-IDA). The process 

involved washing magnetic particles, charging the beads with CoCl2 (CAT No. 

232696, Sigma-Aldrich), oxidation with hydrogen peroxide (CAT No. 107298, 

Supelco Merck), and functionalizing the beads with 2000 µg rBfGUS in 0.1 M acetate 

buffer pH 5.0 followed by incubation overnight at 4°C upon gentle mixing. The 

resulting carrier (MBC-IDA-rBfGUS) was then stored at 4°C. The immobilization 

efficiency was estimated using Tris/glycine SDS-PAGE, and concentration was 

measured by decreasing unbound Coomassie dye at A465. 

3.1.3 Analysis of rBfGUS activity towards pNP-GlcA and oHAs 

The rBfGUS activity was measured using the end-point method with p-nitrophenyl-β-

D-glucuronide (pNP-GlcA) as a standard substrate. The hydrolyzed 4-nitrophenol 

(pNP) was quantified at A405. Samples were collected every 30 seconds to 2 minutes, 

and the initial reaction rate was calculated. 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. 

The Michaelis-Menten constant (Km) and maximal response rate (Vmax) for pNP-GlcA, 

AN4, and AN8 were calculated using typical Michaelis-Menten plots. The initial 

velocity is computed using the curve's linear area, whereas Vmax and Km are 

calculated using the Michaelis-Menten model. The experiments were carried out at 

25°C and pH. 

The enzymatic activity of rBfGUS was determined by quantifying oHA (n-1) products 

after cleaving one molecule of glucuronic acid from the non-reducing end of the HA(n) 

oligosaccharide. Samples were collected every 30 seconds and thermally inactivated 

at 100°C for 5 min. High performance liquid chromatography (HPLC) was used to 

analyze HA oligosaccharides, with data collected using LC solution software. The 

chromatographic eluent consisted of a binary phase made of 20 mM NaCl (A) and 250 

mM NaCl (B). Initial reaction rates were calculated using Origin pro software. 

The quantification of oHA was also performed using AN8 and NN7 standards and a 

mixture of 13C-labeled oligosaccharides. Oligosaccharides were separated using a 

UPLC Acquity Class-I system and mass spectrometer Xevo TQ-XS. Chromatographic 

separation was performed on an Atlantis Premier BEH C18 AX column. Data were 

acquired and evaluated using MassLynx software. 

3.2 List of oMM12 bacterial strains 

Table 1. List of bacterial strains that constitute the Oligo-Mouse-Microbiota (oMM12) model 
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3.2.1 Glycerol stocks preparation, cultivation materials and 

growth conditions of oMM12 strains 

The process of preparing glycerol stocks and cultivation media for oMM12 strains 

involves opening an ampoule containing freeze-dried monoculture bacterial culture 

stock, transferring it to an anaerobic chamber, sterilizing the upper part of the vial, and 

adding anoxic minimal medium. The suspension is then transferred to a falcon with 

basal cultivation medium and incubated at 37°C. After overnight incubation, half of 

the culture is distributed in cryovials for glycerol monoculture stocks, while the rest is 

reseeded to fresh liquid media and solid blood agar plates. Bacterial cultures are 

prepared from frozen monoculture stocks and subcultured in cell culture flasks. The 

experiments are carried out under strictly anaerobic conditions using Anaerobic 

Fermentation (AF) medium. The glucose concentration in the glucose-reduced AF 

medium is determined using an enzyme-based colorimetric assay. 

3.2.2 Cultivation and analysis of oMM12 strains, individually, 

with high-Mw 13C-HA  

The study involved adding AF medium to Wheaton glass bottles and inoculating liquid 

cultures with A600 - 0.3-0.5. The growth was observed and 10 mL of each culture was 

collected. High molecular weight 13C-labeled HA was added and time measurement 

started. Strains were incubated under anaerobic conditions and collected at different 

timepoints. The media was separated from the biomass by centrifugation, and the 

supernatant was stored at -80 oC. The biomass was washed twice with reduced sterile 

PBS and discarded after centrifugation. 

The study used 13C-HA products to detect and quantify them using a method that 

involved adding 100 μL of sample to 400 µL of chilled methanol, vortexed, incubated, 

centrifuged, and redissolved in NH4AcO. The Acquity UPLC chromatographic system 

was connected to a Xevo TQ XS Mass Spectrometer (MS) equipped with a triple 

quadrupole. The sample was ionized using electrospray ionization in negative mode, 

and the results were evaluated using MassLynx software. The analytical column was 

heated to 60°C and the mobile phase was acetonitrile. MS detection of oHAs, such as 

saturated and unsaturated oHAs, was performed in Multiple Reaction Monitoring 

mode. 
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4 Results and Discussion 

4.1 Verification of gene and protein sequence of rBfGUS 

and its activity on HA 

The crystal structure of BfGUS was published in the RCSB database entry 

under entry code 3CMG (RCSB:3CMG) 74. The enzyme was prepared 

recombinantly and its specificity to glucuronide metabolites was 

investigated. The main goals were to express the enzyme, achieve high 

enzymatic yield, and obtain a sufficiently pure enzyme. The pTYB11 

plasmid vector was used to clone and prepare the construct 73,  74. Several E. 

coli strains were screened to determine which strain could express the 

BfGUS gene and produce the protein. The gene construct pTYB11-rBfGUS 

was verified by Sanger sequencing (Fig. 2A)  and the protein sequence was 

confirmed by a 97% mapping coverage correlation with the theoretical 

BfGUS protein sequence found in the database 3CMG (Fig 2B). The 

activity of rBfGUS towards oHAs was confirmed, first time by us (Fig.3) 
75. 

 

Figure 2. A) 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. B) rBfGUS protein 

Identification and Mapping Coverage, via Mass Spectrometry. The highlighted amino acid sequence 
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was detected in the tested sample and correlated to the theoretical sequence of BfGUS (97 % 

correlation). 

 

Figure 3.  β-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. 

4.2 Purification of rBfGUS 

The rBfGUS preparation process involved purifying rBfGUS via IMAC 

chromatography with Sepharose Fast flow Ni2+ resin 59. However, the purity 

and yield were not satisfactory, leading to optimization of parameters 76–78 

(Fig 4). The loading sample concentration and buffer composition were 

optimized, with imidazole added to improve column binding efficiency 79. 

The flow rate of Washing and Elution steps was reduced to ensure efficient 

protein separation. 

 

Figure 4. 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. 
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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. 

4.3 Reproducibility of process for the production of 

rBfGUS  

Reproducibility of the process workflow was conducted by analyzing the 

yield of ER2566 biomass, the produced enzyme, and the activity of rBfGUS 

from three independent 10-L batches. The purified rBfGUS protein yield 

was 284.4 ± 62.65 mg 100 g-1 of ER2566 biomass. The soluble rBfGUS 

product had a concentration of 15.53 ± 3.25 mg mL-1 in storage buffer and 

was stored at -20°C for long-term storage. The specific activity of rBfGUS 

was 143.37 ± 15.93 mg h-1 mg-1 for AN8 and 130.22 ± 28.02 mg h-1 mg-1 

for AN6. 

4.4 Immobilization of rBfGUS 

Previous studies have explored various strategies for immobilizing β-GUSs 

from Patella vulgata, Helix pomatia, and E.coli 80–82. The aim of our study 

was to produce a high-quantity, low-cost immobilization carrier that can 

result in an enzyme with high activity and stability while keeping costs 

relatively low. The increase in enzyme stability after immobilization is 

dependent on the conditions of the immobilization process 83,84. 

Immobilization often alters the optimal reaction conditions of the enzymes, 

and the pH optimum is slightly higher when using pNP-GlcA standard 

substrate. However, no shift in pH optimum was observed when 

investigating AN4 and AN8. Operational and storage stability of 

immobilized rBfGUS were evaluated after eight consecutive runs (Fig. 5A). 

After eight runs, the immobilized enzyme retained over 80% of its initial 

enzymatic activity when using pNP-GlcA as a substrate. However, activity 

decreased with AN8, which was more pronounced in the MBC-IDA-

rBfGUS variant. In the case of MBC-rBfGUS variant, approximately 55% 

of original activity was retained after eight runs, which is considered a 

satisfactory result (Fig. 5A). The thin layer surrounding particles has 

different chemical properties from the bulk solution, and transfer in this 

microenvironment is mostly by diffusion 85,86. It is possible that -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, and the results were 

similar in both variants, with 75% of retained activity compared to the 

original values. 
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Figure 5. MBC-IDA-rBfGUS and MBC-rBfGUS (A) Operational and (B) Storage 

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. 

4.5 Optimal conditions of rBfGUS activity 

The study investigated the optimal reaction conditions of rBfGUS with 

pNP-GlcA as a substrate. It was found that rBfGUS had high activity at pH 

5.5–6.0 and a second peak of high enzymatic activity at around pH 3.0–3.5. 

The only activity peak towards AN8 was observed at pH 3.5, with no 

activity at the near-neutral area, which is unusual for β-GUSs. Pollet et al. 

found that the pH optimum of rBfGUS using pNP-GlcA in HEPES buffer 
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was pH 5.5, which is unusual for bacterial β-GUSs 58. We also compared 

the activity of a commercially available E. coli β-GUS (rEcGUS) with 

rBfGUS. Results showed that rEcGUS had an optimal pH 6.0 towards pNP-

GlcA when tested in various buffers while it did not show any activity at 

pH lower than 4.0. Moreover, EcGUS did not show activity towards oHAs. 

Furthemore, we showed that the presence of NaCl in the reaction has a pH-

dependent effect on the initial reaction rate of rBfGUS with pNP-GlcA. The 

negative effect on the reaction rate was enhanced by increasing the NaCl 

concentration at lower pH values. The optimal buffer composition cannot 

be predicted by comparison with data acquired from other enzymes and 

should be investigated for every enzyme-substrate combination. The 

optimal reaction conditions to acquire the highest activity for rBfGUS are 

concluded in 100 mM acetic buffer pH 3.5 (Fig.6A) without the addition of 

NaCl. The optimal temperature for oHAs was 43 ◦C and 55 ◦C for pNP-

GlcA (Fig. 6B). Different pH was used in the experiment for pNP-GlcA, 

which could influence the profile of the temperature curve, similar to 

findings of Herlet et al 87.  

 

Figure 6. 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 (2.2–3.5) (triangle) 

(1), (3) and acetate pH (3.0–6.0) (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 25–65 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. 
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4.6 Kinetic parameters of free and immobilized forms of 

rBfGUS 

We investigated the kinetic parameters of soluble and immobilized forms 

of rBfGUS. Concerning, the results showed that the free form of rBfGUS 

the highest Vmax is achieved with the standard substrate, and there are 

differences in kinetic parameters between the oHAs tested, with higher Vmax 

and lower Km found in AN8 compared to AN4. This effect is similar to 

Niemann and Buddecke's 1982 study, which tested rat liver β-GUS with 

AN8 and AN4 88. According to Pollet et al. pNP-GlcA reaction rate for 

rBfGUS in reaction buffer is 560 nmol pNP min-1 nmol rBfGUS-1 and 

heparosan cleavage is around 37% after 24 h 58. However, 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 oHAs was 

observed after 1 h. It should be noted that changes in kinetic parameters are 

also observed upon immobilization of the enzyme, with Km values of 

immobilized rBfGUS increasing approximately 7 and 5 times compared to 

the free form of the enzyme (Fig. 7). However, changes in Vmax values for 

AN8 upon immobilization are not substantial (Fig. 6). The non-oriented 

MBC-rBfGUS carrier appears to be slightly more effective than the oriented 

MBC-IDA-rBfGUS carrier based on Vmax, possibly due to higher 

immobilization yield. Thus, the Vmax parameter is only slightly affected by 

immobilization in both variants, indicating that efficient reaction rates are 

achieved with appropriate substrate concentrations upon immobilization. 
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Figure 7. Comparison of Michaelis-Menten kinetics of soluble and immobilized 

rBfGUS for AN8 as substrates. NN(n-1) products were measured using LC-MS and 

expressed in v0 [μmol 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 

4.7 Application of rBfGUS as biotechnological tool 

We investigated the applicability of rBfGUS with the aim to prepare oHA 

products using various substrates. The screening tests included native ANn, 

derivatives of oHAs with substituted butyric acid molecules, modified 

oHAs with glucuronic acid at both ends (AAn), GlcNac at both ends (NNn), 

substrates with GlcNac the non-reducing end and GlcA at the reducing end 

(NAn), and unsaturated oHAs (ΔANn). The results showed that rBfGUS 

can cleave oHAs of various types and sizes, demonstrating its potential for 

various oHA product preparations (Table 2). 

Table 2.  Activity screening of free and immobilized (MBC-rBfGUS 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 μmoles 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 °C. Measurements were performed in 

triplicates and deviation is calculated based on STDEV. 
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4.8 In vitro degradation of high-Mw 13C-HA by oMM12 

microbiota 

The study analyzed the metabolic responses of oMM12 strains when 

cultivated using high-Mw 13C-HA as a substrate. Most strains showed a 

slight decrease in 13C-HA consumption after 24 h, while I48 B. caecimuris 

consumed approximately 85% of it (Fig.8). Intracellular traces of 13C-

labeled unsaturated HA disaccharides (13C-ΔAN2) were observed in YL32 

C. clostridioforme and YL58 B. coccoides, while I48 B. caecimuris had a 

high concentration of 13C-ΔAN2. B. caecimuris culture media contained 7.3 

μg mL-1 of 13C-acetic acid and traces of other 13C-SCFAs (Fig.8). No 13C-

oHAs were detected in the media or intracellularly in B. caecimuris. 

 

 

Figure 8. A) Presence of high-Mw 13C-HA (μg mL-1) in cultivation media of B. caecimuris during 

a 24 h period, B) Production of 13C-ΔAN2 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. 

The study investigates the metabolization of HA in the gut, revealing that 

the bioavailability of HA is significantly influenced by the gut microbiota's 

metabolism. After oral administration of high-Mw HA, unsaturated 

disaccharides ΔAN2 are produced by extracellular or cell-surface bacterial 

lyases. The presence of five bacterial phyla in the murine gut, including 

Actinobacteria, Bacteroidetes, Firmicutes, Proteobacteria, and 
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Verrucomicrobia, is present in the oMM12 bacterial mixture89. B. 

caecimuris is the sole high-Mw HA-cleaving bacterium in the synthetic 

microbial community of the oMM12 mixture. 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 90.The 

metabolization of HA into UDP-GlcNAc implies that HA not only 

functions as a source of energy but also its metabolites could serve as 

building blocks for the synthesis of complex glycans32. Upon administration 

of high-Mw HA, the structures of short chain fatty acids (SCFA) and 

hydroxy acids (lactate, succinate) also exhibit a substantial incorporation of 
13C 71.  These data indicate that Bacteroides spp. can not only cleave HA 

but also utilize it and complete the metabolization process into SCFA and 

CO2 
71. 

5 Conclusions 

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 β-glucuronidase from 

B. fragilis (rBfGUS) in order 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 

derivative,s 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. 

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, 
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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 HA’s 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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