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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 Hased materials. A category of such
promis ng enzyDaglsu au reo A WHSa) GEISH cqtalyze the hydrolysis
o f -B-gluburonic acid residue from the noaducing end of various substrates.

However, | ack of s pe c-GlSsalong with theohigracosiasmd HA f o1
low purity of those active on HA, have prevented their widespread application.
Therefore, t he aim of -GUSifremBactenoidey fragilss t o i |

(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 wh highvyield production of active rBfGUS on HA, and sufficient purity. To
increase reusability of rBfGUShd ensure the preparation of enzyfree HA products,

we successfully immobilized the enzyme on two types of magmetioporoushead
cellulose particles. Both immobilized forms of rBfGUS demonstrated sufficient

operational and storage stabilities. We c |
conditions and kinetic -dSstandartd substate andsi ng ¢
HA oligosacthar i des (oHAs) . We al so demonstrated

modified and derivatized oHAs. Our findings suggest taive and derivatizedHA
mat erials can be pr-6pSand thusasavel lgocatalystwith b act er
enhanced operational parameters has been developed with a potential for industrial use.

B) The investigation of bioavailability and fate of oraflgministered 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 acagrsrem
unclear. To understand the mechanism of action, determining hyaluronan's fate in the
gut is crucial. Here, we looked into the degradation ofifditro, focusing on specific
bacterial strains which comprise the oNAvhicrobiota. By usind*C- labeledHA and

native oHAs as substrates, we tested individually 12 strBiasteroides 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, oligosaccharidé-1 a b e | e-gdluciohidaseh bacterial
strains, oMM?microbiota,Bacteroidesindustrial use



Abstrakt

Hyaluronan (HA) je jednoduchl glykosaminog!]|
obratlovcT jako z8kladn2 slogka extracel ul
mTge | igit od nhDkolika megaDaltonT ag po m
velikog i z2sk8vsg§ | etn® biologick® vlastnost:i
farmaceutick®m prTmyslu pro rTzn® aplikace

Tato vizkumng8 oblast se v soulasn® dobhD za
jsou: A) VIivoj novich n8strojT pro anallzu
produktT HA. Enzymatick® n8stroje hraj? kil
bg8zi KHAegori2 takovich-Dglliuknlr ohGUesgzy nb[ bj s ¢
GUS katalyzuj?2 hydrDdITwkiurzobnyotvk zk yrseerl @ chuyk ub
rTznTch substr§tT. Ni cm®nnD ne-GOSspautse k s pec
vysokou cendwtaourGdlcdukbleirs® j sou aktivnz n

girok® aplikaci. C2 | em -GU® iz Bactesoidesdfragdis by | o p
(rBf GUS). Abychom toho dos&§hl i produkeemNDSi | i
(upstream) a purifikaca imobilizace(downstreamy e k o mbi nant n2 f or my |
prozkoumal i j sme parametry jej?2 aktivity a
vyvinuli proces s vysokou vIiHRgamoddst ptreldmd
| i stotou. Pro zvigen2 znovupougitelnost.: rl
enzymT j s me Yas pRDgnNnD i mobilizovali- enzym
makr opop ®@zlxckedéukl - zov T ch | §8stic. ObnN i mobil
vykazovay dost atel nou provozn? a skladovac? S
opti m8Il n2 podm2nky a kinetick® parametry
standar dn? HcdJSs wb sHtAr Sotlu glosachari dT (oHA) . T

aktivitu rBfGUSfn&ornanieh2 ahdemodati zovanl
naznaluj2, ge pomo€EG®UStbhetpSbpkaeri §hathwon ]
materi 8ly OoOHA, a tak byl Vyvinut novl bi
parametry s potencudilte2m pro prTmyslov® vy

B) Zkoum8n? bi ol ogick® dostupnwveti.t evwldud
Schopnost HA jako dopl Rku stravy vykazov.
prok8z8na v nhRkolika klinicklTch studi?2ch,
nejasnl . Abychom pochopili mechani smus %l i
ve st Sevsiime Preotzode zabTvali degradac?2 HA in
bakteri 8l n2 kmeny, kteéer ®Pob'Catmaaphen @i KHAo i
nativn2ch oHA | dkect eubabtit r §teld nBaddehoielas) 1 2 k

caecimurih y | hl avn2m konzumentem HA, kterlT degr
produkoval HA nenasycen® disacharidy a kys:
Kl 2] ov® sl ov§: Kyselina ¥ayaadlueondoviBA, of |

glukuroni d8za, bakt’8acter8ides2pr Minkslobv ®t ay w diMt
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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 polyepeating, disaccharide structueef -D-glucuronic acid

( GI ¢ A) -N-acetgtD-gbl ucosami ne ( ®d-GINAG()1 Y{B0-1Y 3)

GlIcA-] (Fig.1). It can be several thousands of monosaccharideqlangpc2 k L Jr a
et al., 1998; Rodrigues et al., 2015) St r uct ur al studies of HAOGs
waterbased medium solution showed that it assumes-aisazcharide unit helix (two

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

tertiary level revealed thathven 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 H&an 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 unit$ Bal@elpech et al., 1997).

In particular, high molecular weight (Higlw) HA is a hydroviscousubstance, 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
1



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 AJell oo. | nt er eMsyHA varges withtheh o we v er
context in which it is found (Lapc2zk L Jr
CH,
8 1,3-glycosidic

0 bonds 0

HOH.C B-1,4-glycosidic bonds OH NH

OH NH

CHy "

Hydrophilic groups ~ Hydrophobic moieties Hydrogen bonds

Figure 1. Structure of hyaluronic acid monomeBiue color denotes the hydrophilic functional groups,
yellow color depicts the hydrophobic moieties and gréashed lines shows the presence of hydrogen

bonds (Bjellgvist 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 |l ater by Laurent. |l nvel 986, Bz
to Ahyaluronic acido since, at physiologi c:
dissociated and thus attract cations, such ds®ka an intracellular level, in 1976, the

laboratory of Richard and Rene Margolis (Margolis et al., 1976) isalatéxdain 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 itsnjpwlia 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
2



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 tlextracellular and pericellular
matrices but has also been shown to occur intracelluespite its rather simple basic
structure, HA has a remarkably diverse array of biological activities that can vary
significantly based on its molecular weight{MStern et al., 2007; Volpi et al., 2009).

The primary role of Ha with a high molecular weightgh-Mw HA) is to carry out
numerous processes related to its viscoelastic and rheological properties. These
functions include tissue hydration, shock absorptieduction of friction, and space

filling activities (Almond, 2007; Gupta et al., 2019; Karbownik & Nowak, 2013). HA
with a low molecular weighigw-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; Stuhimei2@06). The involvement of lowly HA in several
physiological and pathological processes is aeltunented, 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;dbesvel et al., 2008; Girish

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

On anintracellularievel, HA is believed to create a proper environment for cell division,
spindle pole stability, and microtubdlieked functions (Evanko & Wight, 1999;

Hascall et al., 2004). It is present in perinuclear areas irmpogic and mitotic

3



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 cabike structures, where CD4&xpressing inflammatory

cells arerecruited and adhere. Milinkovic and colleagues demonstrated the selectivity
of the interaction between HA and lymphocytes, suggesting specific structural features
on hyaluronan chains recognized by CEshring inflammatory cells (Milinkovic et

al., 2004.

HA uptakeis another major mechanism that involves receptediated endocytosis or
macropinocytosis after degradation (Greyeeral., 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 donditions of limited nutrient
availability (Bryant et al., 2014; Gouirand & Vasseur, 2018; Qian et al., 2016). The
receptor for hyaluronamediated motilit RHAMM ), a hyaluronasbinding protein, is

most commonly localized in the cytoplasm and canaatewith calmodulin, the mitotic

spindle, centrosomes, and the microtubule organizing cékdsmann et al., 2001)

1.1.3. HA metabolism (synthesis & degradation)

HA metabolism is a fascinating process, with -timed of the human body's HA
turnover daily (TriggsRaine & Natowicz, 2015). Balance between HA synthesis and

breakdown by hyaluronidases or oxidative and nitrative stresses determines HA content
4



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).

Hyaluronidasemediated catabolism is still poorly understood, with several
hyaluronidases identified (McAtee et al., 2014). These proteins, including Hyall, Hyal2,
and PH20, are involved in HA degradation and have been proposed as tumor
biomarkers. Hyall s an endoglycosidase active at an acidic pH, found within
lysosomes, serum, and extravascular space (FRggse et al., 1999). In the skin,
Hyall triggers adaptive immunity by generating HA oligosaccharides, activating TLR4
and CD44, leading to increasedlergic inflammation and improved clearance of
bacterial skin infections (Taylor et al., 2004, 2007; Yamasaki et al., 2009b). Hyal2 is a
GPlanchored protein with an acidic pH that hydrolyzes WghHA into intermediate
length HA that is internalized for further degradation by Hyall (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 hasalmg 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 frdime 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).



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 examplecaiph 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; Rgaty 2012).

HA has also been used as a dietary supplement for an extended period due to its
recognized antinflammatory attributes, as well as its capacity to increase skin
hydration and all eviate chronic knee discol
Y. Kim et al., 2017; Oe et al., 2016; Ricci et al., 2017). The size of HA is an essential
variable in determining itactivity. Numerous studies have provided evidence
indicating that highM\, HA with a molecular weight more than 1 MDa possesses anti
inflammatory properties and facilitates the homeostasikviability of epithelial cells.
Therefore, it has been observed that Hiih 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 -amtammatory and aribrotic
properties of highMyw 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 (Hellstr°m & Laurent,



that highM\w 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, {dy HA facilitates the maturation of
monocytes into macrophages, as evidenced by the increased production oflikesulin

growth factorl (Noble et al., 1993) anddL b ( Lazr ak et al ., 2015;
2009a). HA fragments, with lengths ranging from 4 36 dimers, typically
correspondingto 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 macrophagdsrived 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 clusterirgnd activation of receptors, the absorption of
molecules by cells, the distinction between inttad extracellular signaling, and the
interactions with HA ligands, such as the heavy chains oftstem hi bi t or (1 Ul )
et al., 1998). These factors mhag 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).



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
substarially 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 hostderived GAGs. Gut bacteria can be roughly divided into "generalists" and
"specialists”" depending on the variety of resources they are able to use (Koropatkin et
a., 2012). HGM is dominated by two main phylBacteroidetesand Firmicutes

( D6Argeni o &  SHumanaMiocoobi@me Prajéctd &an Overview |
ScienceDirect Topic2012.; Qin et al., 2010), it should be emphasized, however, that
organisms from theActinobacterig Verrucomicrobia and Proteobacteria also
contribute to HGM(Fig. 2). GramnegativeBacteroidetesend to catabolize GAGs in

an unspecific manner ("generalists”), while grpasitive Firmicutes tend to be
selective for a specific group of GAGs ("speciaés)Cogkburn & Koropatkin, 2016).
Moreover, gut microorganisms are members of a metabolic network, where-the by
products of one organism can serve as important resources for anottaigdaross
feeding) (Flint et al., 2012). In additiosiich 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 carboditgdsulfatases (Ndeh & Gilbert,
2018).Bacteroidesspp. arrange these genes into polysaccharide utilization loci (PUL)
which are ceregulated in response to a presence of specific glycan (Ndeh et al., 2020)
(Fig 3). Examples of such genes expresseBdnyeroides thetaiotaomicroare 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 facilitateragulation of PUL. These proteins

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

2018).
B Other groups in the
human gut microbiota
" Proteobacteria ™ Firmicutes
Desulfovibrio Blautia
Escherichia Butyrivibrio
Klebsiella Clostridium
Shigella Coprococcus
Eubacterium
Faecalibacterium
Oscillibacter
Roseburia
. . Ruminococcus
B Actinobacteria Streplococcus

Bifidobacterium

B Bacteroidetes

Alistipes
Bacteroides
Odoribacter
Parabacteroides
Prevotella

Figure 2. Major HGM phyla and diversity of core bacterial gen&iemicutesandBacteroidegphyla are

the dominant groups in human gut macrobiota as opposadtitmobacteriaand Proteobacteriawhich
constitute a minor fraction with relatively | ow
Salvatore 2015 and Xiao et al., 2015 (DO6Argenio
such as Fungi, Viruses and Archaea are phthe 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 andeatiis dir

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 thicp&ar cell response

at this time. However, it is essential to determine the bioavailabilityrawisto 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. HoweverNhgHA

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 (Satol.et2@20). HighMw 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 (~Pa,

or 1C 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 limitati@hkbelling and
sensitive LEMS analysis have been developed to examine the metabolism of HA
following intravenous administration showing a comprehensive pharmacokinetics,
where highMy HA is eliminated in urine, higiMyw HA is processed in liver, also,
intravenously administered hyaluronan reaches cartilage and knee bone and3@astly,

tracer analysis proved the metabolization of HAinto DB gar s ( Gi mek et

10
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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 enasrged

a crucial approach for the systematic examination of the functioning of microbiota and
the evaluation of causal relationships in the context of disetested changes in the
composition of gut microbiota (Trexler & Reynolds, 1957). Gnotobiotic micebea
produced through the process of microbial reconstitution, which involves introducing
fecal transplants, single organisms, or specific microbial consortia originating from
mice or humans into gerfree mice (Clavel et al., 2016; McCoy et al., 201 7huinber

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 htoeained bacteriaotcolonize
gnotobiotic mice, despite the potential impact of phylogenetic differences between
human and mouse microbiota on micrdtmst interaction and the losigrm 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-®mose
Microbiota (oMM?) 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 Tye Culture Collection, as well as, their letggm stability in gnotobiotic

11



mice, (Brugiroux et al., 2016). Li et al. (2015) showed that C57BL/6 mice, which were
stably colonized by oMN, were referred to as nAstable

mi crobiota miceo (H. Li et al., 2015).

To date, the oMNf 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 oM¥icould 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
Bacteroidesspp. calledBacteroides thetaiotaomicnoB. thetaiotaomicrons 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 (Rl dermatan
sulfate (PUIps), and HA (RJLna) (Fig. 3) are highlycoordinatedoci for degradation

of GAGs, contrasting with PUL of Hep (PWds). PULnep encodes four PLs with
variable sulfation tolerances (Cartmell et al., 2017), while ®&ldknauses synergy
between exoand ende lyases (PL8 BT3350 gene and PL8T3324 gene) for the
degradation of CS and DS (Fig.4). The RigbsHaalso deploys an eneacting 40-
sulfatase (suifBT3349S1_274S gene), which may enable a lyase (PB331410

gene) to contribute to the degradation of CS and DS. The PL33 lyase (BT4410 gene)
plays anmportant role in GAG metabolism within tiBacteroidegenus (Raghavan et

al., 2014). The ® sulfatase (BT333%1_156Ssulf gene) removes O6 sulfation of N
12



AcetylgalactosaminéGalNAc), leaving the final degradation products as GalNac and
4-deoxy-Lthreo-5-hexosulosaironate (Maruyama et al., 2015). For HA metabolism,
PL33 lyase (BT4410 gene) is the only lyase required due to itsprndessive mode

of action. PUlcsipsiHadoes not encode for any kinases, so phosphorylation of GalNAc
and Nacetylglucosamine must be completed by constitutively active kinases (Ndeh et
al., 2020) (Fig.4). Based on this model microorganism, we can draw connections to other
Bacterodesspecies, such d@acteroides caecimuri®acteroides fragilisconcerning

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

PULcsoars
SusD-  SusC-
Sulatase ~ PL8  PL20 SGBP SGBP ke like Sulfatase HTCS GHe8 Sulfatase PL8 PL33

O DGO O

BT1596  BT3a24 BTX328 BT3329 BT3330 BT3331 BT BT3333 BT3334 BT3s4s B39 BT33s0  BTadto

Locustag Name Function/activity

BT1508  2-O-SuMfatase Uronic acid 20-sulfatase

BT3324  Polysacchando lyaso family 8 Exo acting lyase with broad sulfation spociicity
BT3328  Polysaccharide lyase family 20 Endo-processive surtace lyase

BT3329  Surace glycan binding prolein ~ Glycan binding and acquisition

BT3330  Surface glycan bindng protein  Glycan binding and acquisition

BT3s3t  SusD-ike Glycan binding and acquisition
BT3332  SusChke Ton-B dependent glycan transport
BT333s 6.0 Sulfatase 6-0-GalNAc spocific sulfatase
BT333  Hybnd twocomponent system  Binds 4.5 unsaluraled disaccharides
BT338  Glycoside hydrolase 88 4,5 unsalurated uronic acid hydrolase
BT3349  4-O-Sulfalase Endo 4-0-GalNAc Sullatase

BT3350  Polysacchande lyase family8  Endo acting lyase with broad sufation specificty
BT4410  Polysacchande lyase family 33 Hyaluronan spocific yase

Figure 3. Organization of the PWUspsimadegradingenzyme locus iB. thetaiotaomicrorfNdeh 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 etal., 2020).

1.2.3. Bacteroides fragilis

Bacteroides fragiligs an obligately anaerobic, Gramegative, roeshaped bacterium.

This species belongs in tBacteroidacea¢éamily and in the phylum oBacteroidetes

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. 2B1fagilisis able

t o e xp rgucusnidase BIGOS) as well (Fig 6, 7). It has been shown that

BfGUS is able touse as substrates xenobiotic glucuronides, such adir@ggahyt4
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nitrophenoxy, 2oxo-2H-chromen3-yloxy, 4-methylumbelliferyloxy, 7methoxy2-
0x0-2H- chromenr6-yloxy and triclosan (Dashnyam et al., 2018). The level of B[GUS
catalytic activity differs among substrates and this can be attributed to its particular

structue (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 adiotechnological tools for the modification of HA

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

analytical purposes. For the preparation of evenoddnumbered oHAs as final
15
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products, enzymes are recruited to provide atoait, 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
enzymesdr 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

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
arehyaluronatdyases, hyaluronidases,N-acetyth e x o sami ni d aGUS s ,
(Log2kovs§8 et al., 2017; Jedrzejas et al
|t has been d-&USsiars activa bneHA, ahdhtteat such enzymes are

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

and

, 2

al ., 1979; Meyer & Pal me@®USsf i@ Bodinelivlraddi nger

mollusks P. vulgata P. barbarg andH. pomatig are examples of commercially
avai l-abSs tbhhat active towards HA.-GUSsi s

are active against HA. Based on their structural characteriBotlef et al.

(2017)suggested t hat struct-GUSs!| fromf ¢ha@utur e s

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

2017), testing seven different glucuronidases to support this hypothesis. To our
knowl edge, t here ar e -GUSs actevgagainstsHAJeually a ny
GUSs are designed to catabolize glucuronides small in size. They can interfere with

drug metabolisnfDashnyam et al., 2018; Wallace et al., 2015)

Typically, c 0 mmeGUSsi amel Unsuitabdevia iexteadivé endushrial
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
16

does

0]
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https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/patella-vulgata
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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

addition, they may contain contaminating interfering enzymes or compounds mimicking
reaction products (Ainsli&Vva | d man et al ., 2013; Bl &8hov§ e
et al., 2011; Scott & Williams, 2004). In the case of prokaryotfression systems

main challenge has been the removakemdotoxindrom 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 antité@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 enzymegare used, as they can be easily removed from the reaction mixture
upon ter mi naGUSefor.the analysis and prepdration of specific oHAs
should ideally be of a prokaryotic origin, making it readily recombinantly producible in
large quantitiesand simple to purify bgownstream methods, such as affinity

chromatographwnd tangential filtration.

132.Structure and ac@GUSsy ity of Dbacte

B act e®USS, partibularly 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 abilityytbrolyzeGAGs was

confirmed (Dabek et al., 2008; Pellock & R

b-GUSs exist mainly as homotetramers and share a similar overall tertiary structure,
including an Nterminal jellyroll domain, a middle region with an immunoglobulin
heavy chairike structure, and a -@rminal triosephosphate isomerase (TIM) barrel

doman (Dashnyam et al., 2018) T h e a c t-GUSs areslocdtesl at the dentdy of
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the TIM barrel, whheat s oahsdllsiecsegsb fc oeningehctt ebd
and b/ U |l oops. However, there are differe
conservation of a hairpin insertioninthejellyo | |  domai n ii-@GUSs,as me bact
the addition of an additional carbohydriieding domain at its @erminus, or the

variation in length of the loop 3 shapingtheacsve t e ar chi t eGUSSr e of b

(Hassan et al., 2013; Jain et al., 1996; Pollet et al., 261y)6).

Figure 6. Comparison of the dimeric structures of the fivelgwt c t eGUiSsa Top &nd side views of
the dimers of the tetramer{@) BifdGUS, (b) RgGUS, (c) CpGUS (d) EcGUS an() BfGUS. The

highlighted loops (red) are located either at the periphery of the TIM barrel (loop 3) or at threljelly
18



d 0 ma i -helix(lood.(a) E a ¢ hhelid Bop in BifdGUS stretches to thglgconebinding siteof the

adjacent subunit. Each loop 3 of CpGgpand EcGUSd) exists in an open form and extends from its

own subunit to theglyconebinding siteof the adjacent subunit. Conversely, both loops 3 are not in

contact with the adjacent subunit in RgG(% The dimeric interface of BFGU®)is oriented differently

than in the other bGUSs as the active sithege of the
R g G U SGUS frtomRuminococcus gnavuB;i f d GA&8S frorhBifidobacterium dentiumCpGUS,

b-GUS fromClostridium perfringensEcGUS,b-GUS fromEscherichia col{Dashnyam et al., 2018)

The aglycondbi ndi ng site architectur-6USsduetBf GUS i ¢
its short loop 3. The X mot i f can be empl oyedsUBs a fin

and the catalytic center contains two catalytic glutamic acid res{Bigeg). Wallace et

al. demonstrate that b-GUSscontain Asparagineand Lysne residues (NK motif) in

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

to galactoséWallace et al., 2015)he actives i t e ar chi t eec@GU8sie of ba
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 BfGUSescribed as the active center, includingAlsparagineN581 and
Lys K583 amino acids (N motif), and the binding site which isGarbohydrate Binding ModukCBM1

and CBM2) of BfGUSDashnyam et al., 2018; Wallace et al., 2015)

1.33. Mechani sm ofGUSx ti on f or b

Hydrolysis is typically achieved through a tstep mechanism, which is a retaining
doubledisplacement mechanism involving a covalent glycesylyme intermediate

(Fig. 8). This reaction passes through an oxocarbeniurfikertransition 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 residug actscd 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 diatialysis to optimize its

role at each step (Koshland & Neet, 1968; Mcintosh et al., 1996).
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Figure8. Cat al yti c retaining mechanism of action for
Polysaccharid®egrading Enzymes: Critical ReviewsBiochemistry and Molecular Biology: Vol 35,

No 3) (cazypedia org).

2. Aim of the thesis

() 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.

(I 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.

21
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More particularly, we focused on the development of the upstream process, which
included the preparation of the construct containingrBf&US 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 gsdduct
2. To characterize rBfGUS activity

Specifically, -GUSisubgirateandoblAsowywe nexami ned t he e
opti mal conditions and kinetic parameters

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

types.

Qur overal/l goal i ©US tloat canbbe asedrfor the prepamtioa r y ot i

of specific oHAs and the analysis of FH¥erivative materials.

(I Considering the second part of the project, the goal westohecleavage of HA
mediated by bacterial strains of the oNMhodel,in vitro, in order to confirm thex

vivo results done by other colleagues of the research t€mneK 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 higMw *C-HA and oHAs are utilized by the oM¥lstrains

individually, in vitro. If so, to what extent they cleaved the substrates. We also focused
22



on detecting qualitatively and quantitatively HA products (longer oligosaccharides,
disaccharides & short chain fatty acids). Lastly, we examined the conversion percentage

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

3.1. Naming HA oligosaccharides

Naming HA oligosaccharides (oHAgaries in literature. Abbreviations pointing out
monosaccharides on ends of an oHA followed by number depicting the length are

applied in this article.

For exampl e, ANS8 st an-D-glucdramic acid Gtca) snanenc har i de
reduci fNepcegbDg | hbcosami ne ( GI ¢ NAc-p-D-GleA- r educi n
(1 Yb-D3GIcNAC( 1 Y¥b-DAGIcA-( 1 Yb-D3GIcNAc-( 1 Yb-D4GIcA-(1

Y 30)D-GIcNAc-( 1 4W¥b-D-GIcA-( 1 ¥b-D3GIcNAc-( 1 Y ;

NN7 is a hept éDsGd ccd\NmAacr ioche bvebiDiGicMt-( & : Y Y 3)
b-D-GlcA-( 1 VYB-IBGICNAc( 1 Vb-DAGICA-( 1  ¥B-DOJcNAc-( 1 ¥V 4)

b-D-GlcA-( 1 ¥b-D3GI ¢ NAc (1Y,

A symbol o mean-®-GKA abnowraediciagendobane d b

oligosaccharide.

An AA5 pent as#@ded lckadr iade bwitthh emds has t he fo
4)-b-DGICA-( 1 Yb-D3GIcNAc-( 1 Yb-D4GIcA-( 1 Yb-D3GIcNAc-( 1 ¥ 4)

b-D-GlcA-( 1 Y .

A NAB8 oct as aebe@lacrNAdce ,atwitthhe bn eGlcAdtthei ng end
reducing end, has t-hB-GIENAt-(l 1o Wib-DAGIcAs(tlr uYct ur e:
3)-b-D-GIcNAc-( 1 ¥DB-D+GIcA-( 1 Yb-D3GIcNAc-( 1 Yb-D4AGJcA-( 1 Y

3)-b-D-GIcNAc-( 1  ¥b-D4GIcA-( 1 Y .

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 GIcA-at non
reducing and GIcNAc on reducing end, GlcA and oHA with GIcNAc at both ends are released as
products(B) Octasaccharide with GIcNAc at neaducing and GIcA at reducing end (NABJ)
Pentasaccharide with GIcA at both ends (AAB) Hexasaccharide with unsaturated GIcA at-non

reducing and GI cNAc at reducing end ( ®@ANG6) .

3.2. Methods applied in Upstream Process of rBfGUS

3.2.1. Design of gene sequence for the recombinargfGUS

The sequence, used for cloning, was selected from GenBank with code: CR626927.1.
(compl ete genome) , -galatbsidéseacteroides ffapilNCBQ | ve b
9343]). The gene sequence of B[GUS was modified for recombinant expres&on in

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 prinBd@&USsequence was omitted.

Thus, the recombinant expression and locatiolB&EUStakes place intracellularly.

2) 6-His tag was added at thegdd of the protein sequence. The sequence is needed for
the purification of rBfGUS by Immobilized Metal lon Affinity Chromatography
(IMAC) chemistry and for the immobilization of the enzyme with Macroporous

cellulose beadsxed with iminodiacetic acid (MBADA).

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

as can be seen in Fige 10.

4) Gene synthesis ofBfGUS was outsourced by ATG Biosynthetics GmbH,

Merhzausen, Germany and supplied in the form of plasmid-B@US.

EETAGA ctctttaacaatttatcagatc ;:aataggC-:ggTATACTTaacaat-CAGCGTCAGGATATTCTGCTGAACBACAACTGGMCTTCCGT

TTTTICTCATCAGGTACAGGETGACACCCGTICGTGT GGACCTGCCGCACACCTGGAACGCACAAGACGCACTGGCCGGCARRATCGATTATARACGTG

GTATTGGCRACTACGAGARAGCTCTGTACATCCGCCCGGARATGGAAAGGTARACGTCTGTTTCTGCGTTTCGACGGTGTARACTCTATCGCCGATGT
ATTTATTAACCGCRAGCATATCGGTGAGCACCOTGGCEETTACGGTGCCTTCATCTTCGRAAATCACCGACCTGGTGARATATGGTGRARAGRACTCT

GITCTGGTACGCGCCAACARCGET GAACAGCTGCACATCATGCCGCTGGTGGGTGACTTCAACTTTTATGETGGTAT CTATCGTGACGTACATCTGC

TGATCACCGATGAGACTTGTATCICTCCGCTGGACTACGCTICTCCGEGETGTTTATCTGGTACAGCGAGETTGTTAGCCCGCAGGARGCGARAGTATG

CGCTRARAAGTTRAACCTCTCCAACCGTGCAGCCGACGGTACTGCCGAACTGCAGGTTCTGGTAACCGATGGCACCARGGTGATT TGCARAGAGAGCCGL
ARCGTGICTCTCARACAGGETGCTGATATTCTGGARACARCTGCCGCTG U TGAT TCAGRRACCACGTCTICT GEAACGETTGCCARGATCCGTTTATGT
ATCAGGTTICTATCICTCTGCACARAGACGGCARACALATCGACTCTGTAACCCAGCCACTGGGTICTGCGCTATTATCATACCGATCCGGATARAGE
ITTCTTTCTGAACGGCAARCACCTGCCGECTCCATGETIGT CIGCUGUCATCAGGACCGCGCAGAAGTAGGCAACGCACTGLGCCCGCAGCATCACGALR

GRAAGATGTGGCACTGATGCGCGARATGGETGTTARCCCCATCCGCCTGGCACACTACCCGCARAGCTACCTATATGTACGACCTGATGGATARACACG

GTATTGTAACCTGGGCCGAGATTCCGTTTGTAGETCCGEGTGETTATGCAGATAARGGTTTTGTAGACCARGC TTCCTTCCGCGARARCGGTARRCA
ACRACTGATCGAACTGATCCGTCAGCACTACAACCACCCETCCATCTGCTTCTGGEETCTGTTTAACGAGCTGAARGAGGTGEGTGACAACCCGETA
GAATATGTAARAGRACTGAACGCACTGGCARRACAGGAAGACCOGACCCGCCC GACCACTICTGCCTCTARCCAGGACGGCARCCTGAACTTCATTA
CCGABAACATCGCCTGERACCGTTACGACGGTTGGTATEETTCTACTCCGAARACCCTGECAACCTTTEICGACCGTACCCATARAARACECCCEGR
ACTECGOATCGGCATCECTGARTATGETGCAGETGCCAGCAT CTATCATCAGCAGGACTCTCTCARACAACCGICTGCTICTGGCTGETGECATCCE
GAGAACTGGCAGACTTACTACCACAT GGAGAACTGGARAAT CATTGCCGAACGTCCETTCGTAT GEEETACT TTCGTTTGEAACATGTTCGATTTCG
GTGCAGCTCATCGTACCGAAGGLGACCGTCCGEGTATCAACGATARAGGTCTGETTACCTTCGACCETARAGTGCGTARAGATGCTTTCTACTTCTA
CRARAGCTRACTGGAACARACAGGAACCGATGATCTATCTGGECGGARARACGLT GTCETCTGUGCTATCAGCCGGAACRAGACCTTCATGGCTTTCALT
BCTGCCCCGGRAGCCGARCTGTTTGTTAATGGTETGAGCTGT GGTARACARRAGGCGGACACCTACTCTACCGTTGTGTGGAAAARCGTTARACTGE
CCTCTGETGAGAACATCATTCGTGTGACTACTCCGGGCARGARACCACTGACCGACGARGTGACCGTAGARTATARAGARGECCGTCCGCTCHRNER
AR RE SR -2 T TCCTCGAGCCCGGET GACTGCAGGARGGEEATER

Fgure 10. Optimized rBfGUS gene sequenceThe highlighted letters indicate the following
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characteristicsXbal, Sacl,EnhancerShineDalgarn ikl 6Histed A EcoRl, Xhol, Smal, Xmal,

BamHlL.

rBfGUS protein sequence has theoretical isoelectric point (pl) 6.51, molecular weight
(Mw) 76.5 kDa, and is constituted by 701 amino acids (Fig. 11) (Bjellgiadt, 1993,

1994, Expasy.org):

MORQDILLNNNWNFRFSHQVOGDTRRVDLPHTWNAQDALACKIDYKRGIGNYEKALY IRPEWKCKRLFLRFDGVNSIADVEINRER
IGEHRGGYGAFIFEITDLVKYGEKNSVLVRANNGEQLDIMPLVGDFNFYGGIYRDVHALLITDETCISPLDYASPGVYLVQEVVSPQ
EAKVCAKVNLSNRAADGTAELOQVLVTDGTEVICKESRNVSLKQGADILEQLPLLIQKPRLWNGCEDPFMYQVS ISLHKDGKQIDSV
TQPLGLRYYHTDPDEKGFFLNGKHLPLHGVCRHQDRAEVGNALRPQHHEEDVALMREMGVNATRLAHYPQATYMYDLMDEKHGIVTWA
EIPFVGPGGYADKGEVDQASFRENCGKQQLIELIRQHYNHPSI CEFWGLFNELEEVCGDNPVEYVEELNALAKQEDPTRPTTSASNQDG
NLNFITENIAWNRYDGWYGSTPEKTLATFLDRTHKKHPELRIGSEYGAGASIYHQODSLEKQPSASGWWHPENWQTYYHMENWKI IAE
RPFVWGT FVWNMFEDEFGAAHRTEGDRPGINDEGLVTFDREVREKDAFYFYKANWNKQEPMIYLAEKRCRLRYQPEQTFMAFTTAPEAE

LEVNGVSCGEQEADTYSTVVWENVELT SGENI IRVTT PGKKPLTDEVTVEYKEDRPLHHHHEH

Figure 11.Optimizedprotein sequence of rBfGUS.

27



3.2.2. Gene cloning and expression aBfGUS

Table 1. E.coli strains, plasmids and primers used for expression and verificatioBf@fJS gene

sequence.

Strain/ Plasmid Description/Sequence Reference

ER2566 F- A- fhuA2 [lon] ompT lacZ::T7 gene 1 gal New England Biolabs (NEB)
sulAll A(mcrC-mrr)l1l1l4::I510 R(mcr—
73::miniTnl0-TetS)2 R(zgb-210::Tnl0) (Tets)
endAl [dcm]

BL21ai F- ompT hsdSB(rB- mB-) gal dcm araB::T7RNAP- | Invitrogen
tetA

BL21(DE3) F- ompT gal dcm lon hsdSB(rB- mB-) A(DE3 New England Biolabs
[lacI 1lacUV5-T7 gene 1 indl sam7 ninS5])

RV308ai1 Su- lacX74 gal::ISII(OP308) araBAD ::T7 RNAP | ContiproBiotech
sStrA

pTYBI1 pMB1, M13, bla(ApR), rop, lacI, expression | ContiproBiotech
cassette PT7 —CBD-Sca-VMA-CBD

pGH MCS, rep(pMBl), ColE, LacZ, M13, T7, ampR Addgene

pTYBI11-BfGUS pPTYB1ll, BfGUS sequence inserted Contipro Biotech

pGH-BfGUS pGH, BfGUS sequence inserted Addgene

Name of primer Sequence Position (bp)

pVKI CCACCATACCCACGCCGARAA 4675

BfGUS L1 AGAGCCGCAACGTGTCTCTG 5560

BfGUS L2 TGCGCATCGGCATCTCTGAA 6330

BfGUS R2 TGATGCAGCGGACGGTCTTC 6820

The plasmid that was used for cloningrBfGUS sequence was the pTYB11 vector

(Table 1). pTYB11 (NEB) is aB. coliplasmid cloning vector designed for recombinant

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

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

well as pGHrBfGUS and pTYB1arBfGUS (Fig. 12) were Xbal (NEB) and BamHI

(NEB) enzymestBfGUSgene sequence was excised from the pGH vector and cloned

into the pTYBL11, thus creating pTYBABfGUS vector. The prepared construcswy

verified by PCR (SYBR Green Mix kit, CAT No. 1725120, BRad) using
manufacturer 6s pr o trBfGUS lvector Wasdransformed méa p TYB 1 1

coli expression strains (BL21ai, RV308ai and ER2566) via electroporation for screening
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tests. More specifically, competdaicolic o mpet ent cel |l s were thaw
pTYB11lr Bf GUS were mixed with 80 €L of C omp ¢
transferred into a chilled cuvette and placed in the electroporation apparatus. The
conditions for electroporation were set at 2.5 kV \g@tand 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, yeast extract 5 g1, NaCl 10 g [}) and the cells

were incubated at T= 3T for 2 h. The cells were plated in LB agar plates containing

100 e gampidillin. 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) accordingo manuf act urer 6s protocol and t
ran in 1% agarge gel. More specifically, 1% of agarose was dissolved inabesate

EDTA (TAE) buffer (10x TAE: 400mM Trisacetate, 10 mM EDTA) and heated until

completed dissolution. Agarose cooled down t8G@nd 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 Scientifig (1 €L |l oading dye to
sample). DNA samples were loaded along with supercoiled DNA ladder (CAT No.

N0472S, NEB) andthegelranat120Vunth e dye mi grated about 1J
After electrophoresis the gel was placed onto a UV transilluminator (Accuris) to verify

the anticipated plasmid lengttBfGUS sequence was identified by Sanger sequencing

(SEQme s.r.0). Data analysis was done using the ApE software (M. Wayne Davis).

Strains, containing the pTYBABfGUS plasmid, were incubated overnight on LB agar

medi um an d?*ampidlin,centrifaged 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 &8 0 A C f r e-¢emmestorage.or |

Beta-lactamase AmpR

pTYB11-BIfGUS

7812 bp

Lac repressor (Lacl)

Figure 12.pTYB11-BfGUS vector/construct

ong

In order to test which strain, containing the construct, expresseBftB&lS screening

tests were performed. Thré&ecoli strains (BL21ai, RV308ai, and ER2566) (Tal)e

were selected for the screening process.

3.2.3. Cultivation of ER2566 strain

Flasks with 450 mL Terrific Broth (TB) medium (12 g'ltryptone, 24 g [* yeast

extract, 5 g L glycerol, 2.3 g I} KH.PQy, 12.5 g ! Ko;HPQu) were inoculated with

ER2566E. coli strain containing plasmid pTYB1Rf GU S

and

ncubated

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 A

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 AC and pH=
(volume of air per volume of media and minute)[20-30 and feeding 3%. pQvas

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 teredina

after 8 h.

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

SEQUENCE
#0, <<START=>//
IF (seq time>time(00;01)){seq=1}

#1, <<rotation>>_// start of sequence

If{ pO2.v <20){ Stirrer.sp = Stirrer.sp +30}

If{ pO2.v >30)! Stirrer.sp <150.1){ Stirrer.sp=150; SEQ =2)ELSE{SEQ =2}
If( pO2.v =30){ Stirrer.sp =999.9){ Stirrer.sp=1000; SEQ =3}

#2. <<wait>>
IF(seq time>time(00:02)){seq=1}

#3. <<mass flow=>>

If{ pO2.v <20){ Air Flow.sp= Air Flow.sp +0.8}
Ifl pO2.v>30){ Air Flow.sp= Air Flow.sp-0.2}
If{ Air Flow.sp <10.1){ Air flow.sp=10; SEQ =1}
If{ Air Flow.sp=>29.9){ Air flow.sp=30; SEQ =2}

3.2.4. Induction of rBfGUS gene expression by IPTG

| s o p r -@{i-thibgaldgtopyranoside (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
corcentrationsof gr¢( 0, 100, 200, 400, and 1000 & M)
of the ER2566 strain in 5 individual 2L bioreactors (Minifors 2, INFORS HT, AG).

Upon inoculation of ER256BfGUS in the bioreactors, 8o was monitored in each
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bioreactor, and whenefo reached a value of 0.8, IPTG was added in the bioreactor to
inducerBfGUS 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, aequal 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 &0 was measured again. Cell numbers were

calculated based one to ensure consistent cell amounts. The enzyme purification

process was standardized using SigmaPrep spin 2mL columns, with the same Sepharose
matrix with NP* (Ni Sepharose 6 Fast Flow, Cythamd 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 (SPSA GE ) according to (Sch
Jagow, 1987). The SBBAGE gel was analyzed using a gel readeb¢®, Syngene)

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

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

rBf GUS was measured by quantlijaftimepaintt=6 n of r
min of incubation, at temperature T= 25, using the KURONIC kit (Megazyme Ltd.)

according to manufactue r 6 s pr ot oc ol

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

4AC. Cells were resuspended in Loading buff
mM NacCl, pH8.0) at a 1:3 ratio and then disrupted by sonication (230V, 50/60Hz, 2A,
IKA-WERKE, GMBH & CO, Germany) onice,in208L bat ches (10 I 1 m
with 5 min cooling on ice between each cycle). The supernatant fraction of the lysate

was separated froned | debris by centrifugation at 1
lysate was filtered through Whatman GF/F Glass Microfibre filter (CAT No. -1825

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 ¢Ni The resin was packed as a 50%

slurry, and with 7 cm fial 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 mint. The lysate was diluted thréeld 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 mt. min

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

sodium phosphate buffer, 20 mM Imidé®d00 mM NacCl, pH 8.0) at a flow rate 3 mL

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

buffer, 200 mM Imidazole, 500 mM NacCl, pH 8.0) at a flow rate 3 mLililne elution

fraction was ultrafiltrated by Tangential Flow Filtration system (TFF) (Spectrum
Laboratories, Inc., Rancho Dominguez, CA, USA) with &kB@ Molecular Weight

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

kept at cca. 2 bars, crossflow rate 300 cm/s, at tertyperd= 20°C and final volume
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Visicus= 150 mL. Final formulation of rBfGUS was done by buffer exchange to 0.1 M
acetate buffer pH 5.2) with 10 kDa filter ¢
Centrifugal Concentrator, Sartorius) at 6000 g. Aliquots of the concentrated sample was

either kept at T= 4C for 1 month or diluted in glycerol to give a final glycerol
concentration of 50% (v/v). Final rBfGUS product had a concentration of §6.53 . 2 5

mg mL*and was placed #a20A C lbng-term storage. The total protein concentration

in the samples was determined using Bradford assay by Marion M. Bradford (Bradford,
1976) , according to ~ARadhRrdtem AssayrKadAD Blo. pr ot oc ¢
5000001, BieRad). In order to observe the protein profile of the chromatography

fraction, samples ran in-Rimensional (2D) SD$AGE (Bio-Rad) according to

manuf act ur.d8he@eals wpre then stained by Coomassie Blue staining (Bio

Saféee Coomassie Stain, CANo. 1610786, BieRad) or Siher staining (Pierde

Silver Stain Kit, CAT No. 24612, Thermo Scientifithe SDSPAGE gel was analyzed

using a gel reader (Box, Syngene) and the density was analyzed by software

GeneTools (Syngene).

3.3.2. Immobilization of rBIGUS on Magnetic Macroporous Cellulose

(MBC) beads

rBf GUS was i mmobilized on Magneti)c zacro
(lontosorb, 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, Kagparovsg§ et al ., 2018; Kucha$S et al
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 sodiun periodate (CAT No. 311448, Sigrdddrich) 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 buffeOp&h8

then functionalized by the addition of 150
foll owed by incubation overnight at 4AC u
MBC-r Bf GUS was washed 10 times with 0.1 M ac
Immobilization efficiency was estimated using standard -PB&E 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 absorhariBéosSafeE

Coomassie Stain, CAT no. 1610786, #tad) according to Bonde et al., 1992 .

3.3.3. Immobilization of rBfGUS on magnetic macroporous cellulose

beads with fixed iminodiacetic acid (MBGIDA)

According to a previously described method
al., 2006), standard IMAC chemistry was utilized to immobilize rBfGUS on magnetic
macroporous bead cellulose with fixed iminodiacetic acid (MB&, lontosorb, Usti

nad Labem, CZ). MBGDA was preactivated using cobalt chloride (ColC{CAT No.

232696, SigmaAldrich) as a chelating agent. Firstly, 1 mL of magnetic particles was

washed 10 times with ultrapure water to remove storage stabilizers:IDIB®Geads

were then carged by the addition of 0.4 M CaGbllowed 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 &siwith ultrapure water plus 3 times

with 0.1 M acetate buffer pH 5.0 and functd.i

in 0.1 M acetate buffer pH 5.0 followed b
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mixing. The resulting carrier (MBIDA -rBfGUS) was washed 10 times with 0.1 M
acetate buffer pH 5.0 and stored at 4AC. |
standard Tris/glycine SDBAGE with silver staining, and concentration of
immobilized rBfGUS was measured by the decrease of unbound Coomassie dye at A

as described above.

3.4. Methods for rBfGUS activity

3.4.1. Activity of rBfGUS towards pNP-GIcA

Enzymatic activity was measured using the-potht method with gitrophenytb-D-

glucuronide (pNFGIcA, CAT No. N1627, Sigm&ldrich) as a standard substrate; the

hydrolyzed 4nitrophenol (pNP) produced was quantified agsAThe 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
borate buffer pH 9.5 was aeaddle congntration0 ¢ L o f
of the liberated pNP was determined. The initial reaction ragg Was calculated as

moles of pNP released per minute, per milligram of protein (mole pNP ma').

Initial velocity was calculated from the initial linear area of the curve (ies d

[PNP]/dt = d[pNRGIcA] / dt) for a given concentration of pNBICA, via Origin Pro

(Originlab, Northampton, USA) software using the +ioear 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

Jjctivity of trBféUSsforlpNPGlcleand oblAswasaétermined 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 Mcllvaine TC, 1921 and Buffer calculator (Merck KGaA, Daads, Germany)(1)

0.1 M sodium phosphate buffer pH (2305),(2) 0.1 M universal Mcllvaine buffer pH
(2.28.0),(3)0. 1 z gl yci ni&.5)g4uotlfMeacetatp buffef #H.(326.0),

(5) 0.1 M citrate buffer pH (3136.0),(6) 0.1 M MES buffer pH(5.0i 6.5),(7) 0.1 M
potassium phosphate pH (b684), and(8) 0.1 M HEPES buffer pH (6i@®.0).
Concerning the immobilized forms of rBfGUS, the activity towards 46NéA and
oHAs was tested at a pH range of i&M, using 0.1 M acetate buffer at saturating
concentrations of the substrates. Moreover, rBfGUS actigitygyoNRGIcA and oHAs

Ssubstrates was tested in the temperature r_

3.4.3. Determination of MichaelisMenten constant (K») and
maximum reaction rate (Vmax)

Standard Michaelidlenten plots (Fig. 13) of recorded reaction velocities in correlation

to substrate (S) concentration were demonstrated for@NR, AN4, and AN8. The
curveso6 data points correspond to i-ndividu
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 (ke dfP]/dt = d[S]/dt) for

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

and the resulting plot is then fitted to the Micha®ienten model, from which ¥ax
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and Ky are determined. Studies were conducted atC%vith 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.

Michaelis-Menten mathematical model fit to data

Experimental V versus [S] data points

= = = = Vmax (asymptote)
........ areninsssll
e
E .
E -
£ &£
L%} &
'-g' = = —:;T —————————————————————— Y, Vmax
= £ -
= ._.-‘ I
§
¢ ,
I
[S] (M)
Km [M]

Figure 13.MichaelisMenten 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,pot ei n denaturation and digestion were
protocols (Promega Corporation. Sequencing Grade Modified Trypsin Protocol.
Promega Corporation, n.d. After digestion step, peptides are separated using UPLC

system (Waters UPL&cquity Classl) with Acquity BEH C18 2.1x100 mm analytical
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column. The agueous mobile phase was 0.1% formic acid in water and acetonitrile was

used as organic phase. The following gradient was applgid 0.5% ACN, 15 min

0.55% ACN, 532 min 550% ACN, 3235 min 5695% 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 thin The column temperatur
Chromatographic system was coupled with mass spectrometer Waters Sy#faipt G2

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

cone voltage 30V, source offset 40 V, deso
flow (N2) 800 L h!. 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

1) products after cleavage of one molecule of glucuronic acid from theedaning

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 enzganctan,

samples were collected every 30 s up to 2
reaction mixture were thermally inactivated at 1WD for 5 min. Analysis and

guantification of the HA fragments were performed via high performance liquid
chromabgraphy (HPLC). Two Shimadzu L20AD pumps equipped with a SROA

autosampler were used for the analysis of HA oligosaccharides through an anion
exchange Q8 25 col umn (75 1 8 mm, Wat er s, Mi | f

M20A photodiode array detector (8mdzu, 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 NacCl (B) pumped at 1 mL rhinith 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. Ilephaseswere fiteredthmolgh me
Nyl afl o nylon membrane filter ( Olnital Om,
reacton rates (y) were calculated based emol of oHA(n1) product released per min

per mg of proteingmole oHA min' mg?), via Origin pro software.

3.5.3. Analysis of oHAs via LGCMS

For quantification of oHA, standardsAN8 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-ICtastem
(Waters, Milford, USA connected with mass spectrometer Xevo-A® (Waters,
Milford, USA). Chromatographic separation was performed on Atlantis Premier BEH
C18 AX col umn ¢ mdWattrs, MilfardnSA 1 .nvai nt ai ned
with 10 mmol L't ammonium acetate buffer (pH 5.0) and acetonitrile as mobile phases.
The flow rate was seit 0.4 mL min! andthe following gradient of acetonitrile was
applied: 5% in 00.5min, 5 60% in 0.55.0min, 60% 5.06.0 min, 605% 6.0 6.3 min

and 5% in 6.B8.0min. The data were acquired in negative multiple reaction monitoring

mode in MassLynx software and evaluate@angetLynx (botiWaters, Milford, USA.
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3.6. Materials & Methods for degradation of HA by oMM 2

microbiota

3.6.1. List of oMM 12 strains

The oMM!? strains were obtained from the DSMzerman Collection of
Microorganisms and Cell cultures GmbH. The list of oMBtrains is depicted in Table
3 (Garzetti D, Brugiroux S, Bunk B, Pukall R, McCoy KD, Macpherson AJ, Stecher B.,

2017).

Table 3. List of oMM?*? 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 Genome accession link
number

Clostridium] innocuum 146 26113 https://www.ncbi.nlm.nih.gov/nuccore/CP022722

Bacteroides caecimuris 148 | 26085 https://www.ncbi.nlm.nih.gov/nuccore/NHMUO0Q00000
Lactobacillus reuteri 149 32035 https://www.ncbi.nlm.nih.gov/nuccore/NHMTO0000000

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 animalig 26074 https://www.ncbi.nlm.nih.gov/nuccore/NHMR0000000

subsp. animalis YL2

Muribaculum intestinale YL271 28989 https://www.ncbi.nlm.nih.gov/nuccore/CP021421

Flavonorifractor plautii 26117 https://www.ncbi.nlm.nih.gov/nuccore/NHMQO0000000

Clostridium  clostridioforme 26114 https://www.ncbi.nlm.nih.gov/nuccore/NHTR0000000
YL32
Akkermansia muciniphilg 26127 https://www.ncbi.nlm.nih.gov/nuccore/CP021420
YL44
Turicimonas muris YL45 26109 https://www.ncbi.nlm.nih.gov/nuccore/NHMP0000000
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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 oMM*2 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 freezdried 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% £10% CQ, 83% N) (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 lyogbhilize
cell pellet and the suspension is transferred to a falcon with the basal cultivation medium
(5to 10 mL) (Derrien et al., 2004). The culture is incubated with slightly loosened cup

in the anaerobic chamber at %7.

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

plates. The new cultures are then incubated inside the chamb&tdo82448 h.

Bacteri al cultures were prepared from froze
subculture in cell culture flasks (flask T25, Sarstedt) previous to all experiments.

Cultures were incubated at 37 AC wi.thout S
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Al'l experiments were carried out usling Anaec
branmheart i nfusidinr {POxiod a9 e 9&y yeaktettract, ( Oxoi d°
2. 5"Mg,HRQ,, 1 "'nga elmi n "' Dog.l15u cgo sle (! ménad®nensgo |

heati nacti vat ed f e t'axysteiceddICl ,O¥HEor eparimerds.tedtiig g L

the influence of specific substrates on community composition, AF medium was
prepar ed "Wriptidase $0§ brgth without added glucose (USBiological), as

well as with the following substitute for brame ar t i nflineiaonex® r@qct ,
L'nutrient br ot h''NabPG. tsiny ananzyinbdsed 2doringetrid.

assay (Invitrogen, EIAGLUC), glucose concentration in this glucedaced AF

medi um was det &mDapendiegdn thesexpbriméntalgcontlition, mucin

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

|l yxose wer eleach xylandrom beéchwpod (Roth) and inulin from chicory

extaet (Roth) wéeacldded 8tgr t¢h (LRortpH) was &

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

3.6.3. Cultivation of oMM *?strains, individually, with high-M, 3C-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 grodiquid culture with Ao ~ 0.30.5

(under conditions described above) were inoculated. Experiments were done in
duplicates and fdBacteroides caecimuria triplicates as this strain was used as a model

for other subsequent analyses. When a visible growth was observed, reachingocca. A

0.5, 10 mL of each culture was collected (t= 0 min), then HA was added, and time
measurement started. For high molecular wetd@tlabeled HA (highMw *C-HA)

final <concentration i n chbudnd forANS thedidal a was
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concentration i n cul"tAiter@ocutationh with thevsulsstratts 50 ¢

o~

of interest, strains were incubated under anaerobic condition8GtAfitimepoints 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 strainallasted, rapidly transferred

to new 2 mL vials and then stored 80°C. The biomass part of tharaples was washed

at least two times with reduced sterile 1x PBS (137 mM NaCl. 2.7 mM KCI. 10 mM
NaoPQy. 1.8 mM KHPOQs - pH 7.4). After the last centrifugation [5000 g for 5 min],

PBS was discarded and the biomass of each strain was sto88@t

3.6.4. Preparation of samples for LGMS analysis

For the detection and quantification'8&-HA pr oducts, 100 &L of sar
363was added to 400 ®DAC)H .cAihlel sampeételsamwel e
for 30 min at 4AC-8DML.i Mhweb staanp | fesr wx rke & th
15,000 g and 4AC for 10 min. The met hanol
extradion was repeated, and supernatants were pooled. Solvent from the samples was

then evaporated with a stream of nitrogen

10 mM NHACO.

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). lonization of the sample was performed by
electrospray ionizabn 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 AC. Nit
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of 7 bar and as a drying gas at a flow rate of 1000.IMS spectra were measured once

per second. The results of S analyze were evaluated using MassLynx software
(Waters, Wi I mslow, UK). An analytical <col ur
2.1 x 50 mm (Waters) was used for chromatographic separaffornM 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 60A«
0.4 mL min'. Gradient elution was used in the following forma0.6 min 5% B, 0.5

5 min 560% B, 56 min 60% B, €6.3 min 60 5% B and 6-3.5 min 5% B. The amount

of sample injected was 5 OL. MS detection

oHAs, disaccharidet®ok 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 pTYBL11 as vector for the expressioBf3USgene The size of the vector

is 5.8 kbp and the size of tBEGUSsequence was 2 kifplethods 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 Xbal and BamHI. The agarose gel
confirmed that the digested DNA fragments were of the expesitee. (Fig. 14A).
Moreover, the construct was also verified by PCR. The size of the expected PCR product
using primerspVKI and BfGUSR2would be 2.2 kbp. The PCR result confirmed our
construct (Fig. 14B). The sequence of the construct is verifigglamger sequencing
(SEQme s.r.0) (Fig. 14C). The verified construct was transformed into séveodil

expression strains BL21ai, RV308ai, and ER2566.

A. B.
2-log
Supercoiled g Kb Kb
Kbp edder PTYBILBIGUS ladider p D
10
gemme e RS §
10 o . s
: i :
6 9 :
5 7.8 kbp ———— 4
3 3
rBIGUS gene
2 2
2 kbp
|
Double digestion with restriction enzymes PCR
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Figure 14.Preparation and verification of the pTYBIRfGUS construct(A) From left the supercoiled
ladder, the final construct pSPHRfGUS at 7.8 kbp, the fragments of the pTYB11 vector (5.8 kbp) and
therBfGUSgene (2.0 kbp) after doubEndonuclease digestion (Xbal & BamH]I), théod ladder.(B)

From left the 2log ladder, a PCR product using the primers pVKI and BfGUS R2 with expected product
size at 2.2 kbpC) Verification of pTYB11rBfGUS construct by Sanger sequencing. The grey areas
depict the parts of theequence connecting the plasmid pTYB11 and the inB&&USgene sequence;

in other words the restriction sites of Xbal 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 BL21lai, RV308ai and ER2566 strains. However, considering the protein
expression, we were not able to obtain conclusive results concerning the first tweo strain
BL21ai, RV308ai. SDSPAGE analysis of proteins isolated from roansformed
(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 Avansformed control strain (Fig. 15). For the
control sample we used a ntmansformed strain as we had observed gene expression

leakage in the transformed, but Riokluced 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 twansformed

negativecontrol strain (control) in SDEAGE

We excised the distinct protein band of the SEXSGE (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 r-BUSGdIBY tpwardstHA.iWe testdd dssactiaty b
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. b-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 rBfGUSample 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
duringhe cul ti v at iDd-thiogaldcmpynanoside (IRTG) 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
optimizethe cultivation process, 1L bioreactors were employed, with 500 mL culture

broth. Various concentrations of IPTGi¢ts= O , 100, 200, 400,

50
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tested during cultivation of the ER2566 strain. Subsequently, the protein content of the

elution fractions was analyzed via SIp&ge to reveal the impact of IPTG concentration

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

activity of rBfGUS with AN8 demonstrated a noticeable increase with incre@sing
concentrations, peaking at 200 &M, and the

costef fective usage of I PTG at 200 €M (Fig.

A.
rBfGUS protein expression after induction by IPTG
IPTG (uM)
0 100 200 400 1000
— |
= 4
B. rBfGUS activity after induction by IPTG
200
70
400 1000
__ 60
3 50 100
ap 40 =
=
= 30
2 20 0
© 10 :
0
Crprc (BM)

Figure 18 A) Protein synthesis analysis of rBfGUS induced by various concentrations of IPTG during
7-hour cultivation of ER2566 straif8) Enzymatic activity of rBfGUS, showing the release of GIcA 5
min after incubation with AN8 substratéeasurements were performed in triplicates arrdr bars are

calculated based ddtandard DeviationSTDEV).
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4.2. Downstream process optimization of rBfGUS

4.2.1. Protein purification of rBfGUS

Whenwe purified rBfGUS, containing the Hitag in its protein sequence, via IMAC
chromatography charged wittickel (Ni?*) according to Wallace et §Wallace et al.,
2015)we observed that the purity of the final eluate was quite Fig. L9A), so we
modified the workflow for a final pure enzyméewe, firstly, optimized the sample
amount, which we applied to an IMAC chromatography column with Sepharose
Ni2*i 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 teral28olume colunm 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-Ni
binding/ affinity properties. To further refine the process, we reduced the flow rate of
both Washing and Elution steps to 3 mL mifrom 5 mL mint, ensuring efficient
separation of the target protein. After IMAC chromatography, we employed
ultrafiltration with a 36kDa cutoff TFF system to exclude leM,, 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=°€, Gaicus= 1 mg mL?*, or 1:1 0.05 M
Acetate buffer: 50% Glycerol, T=20 °C, Gsicus=12 mg mLY) we utilized a Vivaspin
concentrators with a tkDa cutoff, resulting in a concentrated and purified enzyme

product (Fig. 19B20B).
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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 SDSPAGE of the fractions stained with Coomassie blusmes from theLeft: L
(Ladder),Lyz (Lysate, initial sample)lV (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 fractionEL. P) at the SDSPAGE gel (highlighted by red oyaboth show low purity of the

eluate containing the enzyme. The elution fraction was diluted 2, 5, 10, 20, 50 and 100 times to check
t he f r act B)aeit:d6The chramatograph. depicts the steps: Equilibration (up to 0 mL), Sample
Application (10i 195 mL), Wash (196260 mL) of purificaion and a sharp elution peak (at ~275 mL).
Right: The SDSPAGE, stained with Coomassie bll@nes 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 Dimensional SDIPAGE technique. While we can identify additional
proteins in the 2D ELFO gel stained with silver (Fig. 20D), it is important to note that
silver staining is a qualitative rather than a quantitative method for assesstyg T

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 optimitazchs of

purity of rBfGUS, providing consistent and reliable results in the preparation of the

recombinant enzyme.

IMAC Chromatography =% C. 2D SDS PAGE gel

75 kDa ki

Coomasie blue staining

B Lyz - D.
- 75 kDa L A
- = — 4>
E gel . Silver staining
- SDSPAG

3 pH 10

Figure 20. A) Optimized purification process or rBfGUS. The red highlighted peak shows the collected
elution fraction.B) Protein profile of chromatography fractiorlsyz: initial, loaded samplef-t: flow
through fractionW: washing fractionkl.P: Elution-peak fractionL: ladder.C, D) Analysis of the purity

for final rBfGUS by 2DSDSPAGE analysis usin@) Coomassie Blue Staining aij Silver staining.
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4.2.2. Immobilization of rBfGUS on Magnetic Macroporous Bead

Cellulose patrticles

To increase reusability and ensure the preparation of enirgmeoHA products,
rBfGUS was immobilized on two types of magnetic macroporous bead cellulose
particles. Two types of immobilization methods were selected for rBfGUS
immobilization. For nororierted binding hydrophilic magnetic macroporous cellulose
(MBC) beads were used and for oriented MBC with fixed iminodiacetic acid (MMBC
IDA). These types of magnetic particles were selected due to advantagegafiniby,

low nonspecific sorption, and higsurface area for specific binding, which makes them
good candidates for biomedical and industrial applications. In the case-ofianted
immobilization, rBfGUS was linked covalently to the MBC carrier via a standard
reductive amination strategy, in ieh 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 (Hermansonalet2013). Regarding the oriented
immobilization of rBfGUS to the MB@DA carrier, the Histag motif in the rBfGUS
sequence was exploited for binding based on the interaction between’thiernSamf

the activated particles and the Hig 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 efficiébi€)y it was concluded that

for 1500 e©€g of rBfGUS | oaded onto 1 mL
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efficiency of rBfGUSw a s

96

%. I n

comparison, t

he bDbi

rBfGUS in 1 mL of settled MB@DA carrier was 86% (Table 4).

Table 4. Binding efficiency (%) of rBfGUS to MBC and MBDA carriers. The amount of rBfGUS

bound to the carriers was optimized. Various amounts of the enzymie2(®00 0

€g) were

mL of carrier. After immobilization, the yield of immobilized enzymesvepantified by measuring both

the immobilized proteimnd the supernatant fraction using the Bradford methodology in the absorption

at Az SDSPAGE analysiswith silver staining also confirmed the immobilization efficiency.

Measurements were germed in triplicates andeviation is calculated based on STDEV.

Microgramms [pg] of
rBfGUS loaded onto
| mL of carrier

)
(

50
1000
1500
2000

5

C
)
)
)

rBfGUS [pg] bound
onto MBC-IDA
carrier

ND
56852
1130+ 80
1720+ 106

Binding
efficiency (%)

57

~
“

86

BfGUS [pg] bound
onto MBC carrier

204+ 30
75442
1440+ 62
1536+ 46

Binding
efficiency (%)

11
75
9
77

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 independerit batches.
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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)
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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 froml®atch. Steps and their durationhours(h)
of the upstream and downstream processes are shown, as well as the ER2566 inigmaass(g) and

enzymatic yield in mg of r BFGUS per 100 g of ER2566 biomass.

Process/ Product rBfGUS

Inoculum preparation (h) 16
E.coli ER25606 strain

Cultivation in fermentor (h) ~7
Collection of ER2566 biomass (h) ~1
Cell disruption (h) ~1,5
Filtration (h) 0,5
IMAC chromatography (h) 4
Ultrafiltration & concentration (h) ~ 3
Time duration (days): ~5
ER2566 biomass yield (g) - 10 L cultivation 475 £ 523
Yield of final product 284.4 + 62,65

(mg tBfGUS/100 g ER2566 biomass)
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AN6 ' ANS

C (mg mL)

2 Time (min) * Time (min)

Batch 111 (C gigus= 19.6 mg mL 1), Batch 112 (C giors= 14.98 mg mL 1)

Figure 21.Reproducibility tests, among 3 independeni fiatches (designated as Batch 110 (orange),
111 (grey), 112 (blue)), concerning rBfGUS activity (o0HA mg-hrhin®) with AN6 (A) and AN8(B)
as substrates. The graphs show degradation (concentration Mgofithe AN6 and ANS 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 batcheshatbviation of the reproducibility

testsis calculated based on STDEV (Fig. 21)

AN6 ANS

Specific enzymatic activity

(mg degraded oHA hour ! mg! rBfGUS )

130.22 £ 28.02 143.37+15.93

4.3.1. Operational and storage stabilities of MBCGrBfGUS 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 pN#&SIcA and ANS8 as substrates in the optimized reaction in Catdtate

buffer at optimal pH according tbgure 23 Both MBGrBfGUS and MBGIDA -
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rBfGUS showed high operational stability using the chemical substrateGiyvR
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 d the carriers toward the AN8 substrate, the carriers did not show high
operational stability, and the enzymatic activity dropped with each run. ThelRIBE
rBfGUS retained 35 % of its initial activity after eight runs, while MBEEIGUS

retained 5% (Fig.22A).

Regarding the immobilized carriers' letgrm storage stability, we observed their
stability over the course of 8 weeks of storage in 0.1 M acetate buffer pH 5°Cat 4
Weekly measurements of the carriers' activity toward-@dA 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 7%% of th

initial activity (Fig. 22B).
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Figure 22. MBC-IDA-rBfGUS and MBGrBfGUS Operationaf{A) and Storag¢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, pNIIcA (solid) and AN8 (dshed). During reactions, for all substrates and carriers, the
reaction buffer used was 0.1 M acetate buffer &3-or pNPGIcA, the pH of the reaction was set at

4.0, and for AN8, the pH was set at 3(B) Storage stability of MBEGDA -rBfGUS (solid) and MBE
rBfGUS (dashed) in 0.1 M ultrapure acetate buffer at pH 5.0 &6d Bhe reaction mixtures contained 3

M pNP-GIcA and ran at 25C. Values are an average of quadruplicated error bars were calculated

based orSTDEV.
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4.4. Characterization of free and immobilized forms of rBfGUS

In this part of our investigation, we examined rBfGU&MSvity on native, modified,
and derivatized oHAs. The following sections investigate the parameters of activity for
both soluble and immobilized forms (MBBfGUS & MBC-IDA-rBfGUS) of
rBfGUS. Using pNPGICA as standard substrate and oHAs, we charaeterihe
enzyme's optimal conditions akphetic 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 (Chatzigiou et al. 2023).

4.4.1. Optimal conditions of activity for free rBfGUS using pNP-GIcA

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, thearetype
as well as the presence of NacCl in the reaction were optimized. Using[@dP a

wi dely used c¢hr omeUpe and AN4 aind ANBtoHAs tthee activayr D
of rBfGUS at saturating substrate concentrations was evaluated. Considering the activity
of rBfGUS for pNRGICcA, 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 rarig&@.@n activity

peak was observed at pH 6630. At pH 5.8, the activity in potassium phosphate buffer
was 11.5Zmol pNP mint mg?. Interestingly, a second peak was observed at pH 3.0

4.0 for acetate and glycine buffers. With a reaction rate of h&H pNP mint mg?

in acetate buffeat pH 3.5, rBfGUS demonstrated the highest activity. rBfGUSalgas

tested with sodium phosphate at a pH range 43250 We observed activity at pH 3.5,
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but it was approximately ten times lower than that in acetate buffer. In contrast, when

citrate and universal Mcllvaine buffers were tested, rBfGUS showed no activity at pH

3.0r4.0.

=
~

vy [pmol pNP min! mg]
= [=3} -]

Figure 23. Activity of free form of rBfGUS using pNf&IcA as a substrate in selected buffers and pH.
Reaction buffers at 0.1M1) sodium phosphate buffer pH (235), (2) Mcllvaine universal buffer pH
(2.2 8.0),(3) glycine buffer pH (2.23.5),(4) acetate buffer pH (3i®.0), (5) citrate buffer pH (3.06.0),

(6) MES buffer pH (5.06.5), (7) potassium phosphate buffer pH (5684), and(8) HEPES buffer pH

(6.0 8.0). Values are average of triplicatasdaerror bars were calculated based on STDEV.

In the reactions with AN4 and AN8 substrates, rBfGl8wed somewhat different pH

dependent behavior compared to that of gBIPA. For both tested substrates, rBfGUS

(1)
)
()
--(4)
©)
(6)
@]
®)

reached maximum activity at pH 3.5 in acetate and glycine buffers. The highest reaction

rate for AN8 was'mgL, 7andmbbr NAR4 mB mgt 2

€ mo |

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 &) Zhe

activity of the free form of rBfGUS for AN4 and AN8 in various pH values. rBfGUS showed noticeable

activity with glycine at pH (2.23.5) (triangle)1), (3) and acetate pH (3.6.0)(2), (4) buffersat 0.1 M.

(B) Temperature range of cleaving efficiency for the free form rBfGUS using@NR, AN8, and AN4

as substrates in 0.1 M acetate buffer at pH 3.5. The enzymatic activity was measured over thé range 25

65°C in 5°C 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 andrror bars are calculated based on STDEV.

442. The effect

At various pH values, the dependence of rBfGUS activity on NaCl concentration was
monitored. When pN#&IcA 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

of

NaCl

on

r Bf GUS O s

slightly reduced as salt concentration increased. Lastly, salt concentration did not have

an effect on

addition of NaCl had a significant effect on rBfGUS activity, which decreased by 90%

r Bf GUSO s

act

even at low NaCl concentration (C= 10 mM) (Fig. 26).
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BpH 3.5
16 | @pH 4.5

v, [wmol pNP min?' mg!]
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NaCl (mM)

Figure 25. The activityof rBfGUS with pNRGIcA at three pH values (pH 3.5, 4.5, and 5.5) and varying
concentrations of NaCl (@00 mM) at 25°C. The pNPGIcA concentratiorwas saturating at 2.5 M.

Measurements were performed in quadruplicateterror barsverecalculated based on STDEV.
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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)at28C. The concentration of ANS. Measuremeritsstr ate w

were performed via L@/S in triplicates anerror bars are calculated based on STDEV.
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4.4.3. Free-form rBfGUS kinetic parameters with pNP-GIcA and

oHAs

Using pNRGIcA 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 Michadlis nt e n

e

guati on

all cases, the reaction rates fit into the hyperbolic curves.for pNP-GIcA (Fig. 27A)

was 14. 52

= 3.65 N

0 . 0°9mgtamdbANS WIN T Vhatwi 18 .

05

£l mg?) a vaus Righen than that in the case of AN8 withW

e moérhg! NN 3

(Fig. 27B). The highest affinity of rBfGUS, according to the Michaelis constas)t (K

was found to be for AN8, with the lowestnKalue (Kn = 0.003 mM), while it was

lower for AN4 and pNPGIcA, with higher Kk, values (kn = 0.073 mM and 0.076 mM,

respectively).

A freerBfGUS —pNP-GlcUA

Vinax Km

umole product*min ' *mg "
1452 £0.14

vy [nmole —pl\'l’*min'l*mg'l]
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0.076 +0.003

1,0 1,5 2,0 2,5
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0,0 0.5

B
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401 @ MmeerBIGUS-ANS
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2 30-
£
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220+
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7z 154
-
AN(n) Vi K
; 1‘0 | r (n] |1me m
= umole -NN*min-!*mg-!] [mM]
205+ ANS 3.65£0.09 0.003 +0.0003
' AN 3.15%023 0.073 £0.013
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Figure 27. Kinetic plots and parameters of rBfGUS in free form with substrates@IsR (A), AN4 and

AN8 (B). MichaelisMenten plots for the evaluation of kinetic parameters were based on the initial

reaction rates of rBfGUS {yper concentration of substrate. The pNP reaction products were measured

spectrophotometrically at 405 nm and expressedin& mo |

were measured usingC-MS and expressed inpy € mo |
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performedat 0.1 M acetate buffer at pH 3.5 and temperaturéC2Bleasurements were performed in

triplicates (n=3)

444.0pti mal conditions for rBf GUSOS

The impact of pH on the activity of the immobilized forms of the rBfGUS enzyme was
tested in the acidic range (pH BB)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 pMBcA, 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 frééhform.
activity for the free form of rBfGUS with AN8 as substrate peaked at pH 3.5 and

remained unchanged after immobilization (Fig. 28B).

A B
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120 4 —+— free rBIGUS 2 , ANS free rBIGUS
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Figure 28. Activity of the free andmmobilized forms of rBfGUS in the pH range B&0. pNRGIcA

(A) and AN8(B) were used as substratd$ie difference in cleaving efficiency of GIcA from the ron
reducing end of the substrates between the soluble and immobilized forms of rBfGdBomasas a
percentage of the maximum activityleasurements were performed in triplicates anwr bars are

calculated based on STDEV.
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vy [umol pNP min” mL'carrier]

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 gB&A and AN8 in order to latain

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 MichaelisMenten equation. The kinetic plots, with initial reactrates catalyzed

by the MBGIDA-rBfGUS carrier, reachedaMxo f 2 0. 12 eglmbicareNP mi n
for pNP-GIcA and a Maxo f 6. 3 5 & mtanL? cidré7for ANISnThese Max

were higher compared to thesM of MBC-rBfGUs with pNRGICA (Vmax= 1 1. 54 & mo |
pNP mint mL? carrier) and AN8 (Max= 4 . 1 1 & morhL™ daniér) (Figi 29A

& B). Regarding the kinetic parameters between the free and immobilized forms, we
observed a decrease in affinity for all substrates (increase of theakie) after

immobilization in both the oriented and noriented types of immobilized rBfGUS

(Fig. 30).
A B
18+ - R
m  MBC-IDA-rBfGUS . a MBCO-IDA- rBfGUS
~ R ] - S
164 ® MBC-rBIGUS o ® \BC-BIOUS o
144 L ‘2 54 -
124 - Lr
o 41 v
1 | = /
104 u P - . — e
2 341 —
84 d £ / .
. _ £ [
6 me z 2 f‘h g
/ = e
i = e -
44 ] — = i 14 [/ | Vmax Km
1 ‘.. * e mol pNP min- mL! ‘mM : 1 “ A [uwmol NN7 min-'mL"] [mM]
24 g MBCIDA-TBIGUS 20.12 + 0.90 050+006 |~ , MBC-IDA-rBIGUS 6.35£0.19 0.13£0.02
1 . MBC1BIGUS 1154 % 0.60 0.41£0.06 0 MBC-BIGUS 211019 0.10+0.01
0 * T T T T T T T T T T T T 1
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Figure 29. Kinetic parameters of immobilized forms of rBfGUS) The pNP reaction products were

measured spectrophotometrically abffand expressed i\ € mo | piMiR? camiieri. B) NN7
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products were measured using-MS and expressed iy € mo | NNML? carfien]. Reactions
were performed at 0.1 M acetate buffer at pH 4.0 for ®&\¢A and pH 3.5 for AN8 and temperature

25°C. Measurements were performed in triplicates
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= 2 MBC-BIGUS 7.85 £0.40 0.41 +0.06

MEC-IDA-BIGUS 1175 +0.52 0.50 =006
0 1 T T T T T
0.0 0,5 1.0 1.5 2,0 2,5
pNP-GIcUA (mM)
B soluble BfGUS
404 * MBC-BfGUS
’ 4 MBC-IDA-BfGUS -

3.5 1

3.0 1

v, [umole NN7*min"*mg” BIGUS]
~J
[=]

1.0 Vinax Km
ANS
[nole “NNTmin *mg BGUS | [mM]
0.5 1 Soluble BIGUS 3.65 £ 0.09 0.003 + 0.0003
MBC-BIGUS 326 +0.15 0.10 £0.02
MBC-IDA-BIGUS 3.93 +0.16 0.13 #0.01
0,0 4 T T T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
ANS (mM)

Figure 30. Comparison of Michaek#enten kinetics of soluble and immobilized rBfGUS for both pNP
GIcA (A) and AN8(B) substratesA) The pNPreaction products were measured spectrophotometrically

at 405 nm and expressed tive mo | p' MdP rBfGIUR]. B) NN(n-1) products were measured using
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LC-MS and expressed iny € mo | N iNg! BfGUS]. Reactions were performed at 0.1 M acetate
buffer at pH 4.0 for pNFGICA and pH 3.5 for AN8, at temperature T=25. 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 rBf GUS6s applicability for the preparat
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 C4ANnN). Furthermore, we checked oHAs with modified ends, such as

oHAs with glucuronic acid at both ends (AAn), oHAs witkalketylglucosamine at both

ends (NNh), substrates with fdcetylglucosamine at the noeaducing end and GIcA at

the reducing end (NAn) and Il astly, unsatur .
rBfGUS is capable of cleaving oHAs of various types (native oHAs, oHAs with

modified ends, andHA 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(R1) at consecutive timepoints, t =120 s of the reaction. The@matograph in black

depicts the reaction at t = 0 s, and fuschia, blue, red and green chromatographs represent the reactions at
30, 60, 9and120 s, respectively. Buffer used 0.1 M acetate buffer at pH 3.5 and temperature ofreacti

at T= 37°C.
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Figure 32. The purple chromatograrfh) of the rBfGUS depicts the enzymatic reaction containing
substrate AN6 and product NN5 aR) its respective mass spectrui@). The reaction substra{@N6)

(red chromatogma) and E) product (NN5) (black chromatogram) were analyzedReyersedPhase
Chromatography wittMassSpectrometry 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 softwéoan.func

Individual extracted ion chromatograms of the NN5 oligomer (black) and AN6 oligoadrahd their
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respectivemass spectruni3) andF) 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 (MB@nd MBGIDA -) rBfGUS towards various

sizes of native oHAs, modified oHAs, and their derivatives. The activity of free and immobilized rBfGUS

wa s measur ed in

emol es

c | amm ofeBFGUS.rThedubstrates per

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 5. Measurements were performed in triplicates dedation is calculated

based on STD

oHAs Free rBIGUS MBC-rBIrGUS MBC-IDA-rBIGUS
Native ANn (n,
number of
monosaccharides) vo [umol NN min" mg’l] vo [pmol NN min’" mg'l]

AN2 not detected (NI ND ND
AN4 3.34+£0.10 4.62 £ 0.49 4.64 £ 0.43
ANG6 519+ 0.12 4.36 + 0.39 4.51 £ 0.48
ANS 4.03 £ (.39 3.04+0.01 392 + 0.33
AN10 2.68=0.19 1.89 + (.23 202+ 0.18
AN12 2.74£0.41 1.47+£0.29 1.21 + 0.01
AN14 1.78 + 0.41 1.44 + Q.40 1.27 +£0.02
AN18 2.19+ 0.61 1.43 + 0.08 1.20 £ 0.06
AN20 1.19+ 0.23 0.79 + 0.07 0.85+ 0.09

zCs- ANn Vo [umol product min " mg’l] Vo [pmol product min" mg']

Cs- AN4 231+0.18 2.11+0.08 225+0.05
2*C4 AN4 ND ND ND
C4 ANS 1.46 £ 0.03 2.01 008 2.02+030
2*C4- ANS 0.65=0.015 0.95+0.06 0.99+0.10
Modified oHAs

AAS 1.26 + 0.06 0.99 + 0.06 1.15+0.05
AANG ND ND ND
NN7 ND ND ND
NAS ND ND ND
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4.5. In vitro degradation of HA by oMM*?microbiota

During a broad research project, which was conducted by colleagues and cooperators,
investigating the metabolism of oralydministered HA, it was observed degradation of

HA, ex vivq in the oMM? mouse model. For the part of the project, which | was
responsible for, we tested these bacterial strains individuaihtro, in order to confirm

theex vivoresults, as well as to observe which particular strains are able to cleave HA

and monitor the respective HA products. The results of this study arecd ageneral

investigation of HA that focused on bioavailability of orally administered HA dependent

on its Mw and gut microbiota. The findings

et al. 2023).

4.5.1. In vitro degradation of high-Mw *C-HA by oMM *2 microbiota

In our investigation, we conducted a comprehensive analysis of the metabolic responses

of the oMM strains when cultivated, individually, using hityhy 13C-HA as substrate

(Table 8). After a 24our incubation period, most strains exhibiteslight decrease of

around 10% in higiMy 3C-HA, while in the case of 148. caecimuristhere was a

significant consumption of highw °C-HA, amounting to approximately 85%.
Furthermore, we observed intracellularly traces éE-labeled unsaturated HA
disaccharidesiiC-pAN2 ) i @.clostridBoorme | ess t hdnYL58B.01 e£g g
coccoide§ | e s s t hiy whiledin 148B.scaecinurisvas high concentration of

10. 6 T8q@mpAN?2. The me i dostridibformedoXened a low

concentratin of 3C-qpA N 2 (appr oxi mat)ewhije B.lcasituris g mL
exhibited a notably higher concentration &iC-gpA N 2 (aroundl 45 €g
Additionally, in the culture media @&. caecimuris appr oxi matogfCy 7. 3 &g

acetic acid was detected, along with traces of otf@iShort chain fatty acids'YC-
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SCFAs), such as propionic and butyricate wer en ot aIciSEGFAsim meas ur
the cells due to very low amount of remaining sample. Interestingly, no [5@geHAs

(e.g. AN4 AN22) were detected in the media or intracellularlyircaecimuris

Table 8.Metabolic response of oMMstrains after 24h incubation with high,, 13C-HA. The percentage

of cleaved substrate was calculated by comparing the initial amount eMhigBC-HA substrate with

the amount remaining in the media after 24 h . By loRg@moHA we describe oHAs with 4 to 22

monomers. By3C-pAN2 we describe unsaturated disaccharides.
were quantified as eg of o0HAs p%-HA (GuittaenMedidywas el | s. Th
guant i f i %CeHA arsduct per mLfof culture media. By the teti@- SCFAs, we describe short

chain fatty acifdsme alnhse zdeersoi,g nnactti opnr efisoeapplicablen o o bser v

Strains/ Substrate High-M,, '*C-HA [C= 500 pg mL]

Cleavage Production
oMM strains
13 13 13C-
High-M,, *C-HA Longer *C-oHAs C-AAN2 SCFAs
Culture media [%] Cells Culture Cells Culture Culture
[ugg'] media [ng g'] media media
[ng mL-] [ngmL] [pgmL]
1. 146 Clostridium innocuum - - - -
2. YL2 Bifidobacterium - - - -
animalis
3. YL27 Muribaculum ~10 % - - -
intestinalis
4. YL31 Flavonifractor plautia ~10 % - - -
5. YL32 Clostridium ~15 % - - <0,01 ~1,33
clostridiaforme
6. YL44 Akkermansia ~10 % - - -
muciniphila
7. YL45 Turicimonas muris n/a n/a n/a n/a n/a n/a
8. KB18 Acutalibacter muris - - - -
9. YL58 Blautia coccoides ~10 % - - <0,1
10. 149 Lactobacillus reuteri ~10 % -
11. 148 Bacteroides caecimuris ~85% - - ~ 10,6 ~45 ~7.3
(13C-Acetic
acid)
12. KB1 Enterococcus faecalis ~10 % - - -

We present the metabolic conversion of KM *C-HA to HA products inB.

caecimuris WhenB. caecimurisis cultivated with highM. °C-HA, approximately
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85% of highMy, 13C-HA undergoes cleavage in the culture media, which ocluisg

a 15h period (Fig. 33A). From the cleaved hilyh, **C-HA, roughly 10% is further

converted intd®C-pAN2 (Fig. 33B), while appMwxi mat el
13C-HA is converted intd3C-acetic acid, which is detected in the culture media (Fig.

33C). These conversions represent metabolic steps ofvhighC-HA, yielding HA

products potentially available to the host organism and other strains in the

microenvironment.

High-M,, *C-HA in media
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Figure 33. A) Presence of higiviw 3C-HA ( ¢ g “YrnmLcultivation media oB. caecimurisduring a
24h period,B) Production of*C-gqp A N 2 B. caecimurigultivation media, C) Production &iC-Acetic
acid inB. caecimuriscultivation mediaMeasurements were performed in triplicates andr bars are

calculated based on STDEV.
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4.5.2. In vitro degradation of AN8 by oMM microbiota

We wanted to investigate whether bacteria which appear not to degraeldhigA

(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 oNMtrains when ANS8 oligosaccharide is
used as substrate and its products revealed the following findings. For this experiment,
because the substrates highh HA and ANS8 are not labeled witfC and we do not

have a m#hod 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
presene of AN8 in various strains, with the highest concentrations observed in
reuteriandB. coccoidesHowever, 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. reptehile disaccharides were only
detected inC. innocuumamong the mentioned strains. Notably, in the cas8.of
caecimuris we observed a timéependent decrease in the substrate within the culture
media and absence of AN8 intracellularly. Instead, we noted a slightiépendent
increase of oHAs (AN6, AN and di sacchari des, i ncl udin
intracellularly (cells) and in the culture media. These findings provide valuable insights
into the complex dynamics of AN8 metabolism, wighcaecimurisexhibiting unique

temporal changes in substrate utilization and product formation.

Table 9. Metabolic characteristics of individual oM#&istrains using AN8 as a substrate in initial

concentr at itoThe résllts aregpresented in a qualitative manner based on the relative
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abundance of

not present,

Strains/ Substrate

oMM strains

1. 146 Clostridium innocuum

2. YL2 Bifidobacterium
animalis

3. YL27 Muribaculum
intestinalis

4. YL31 Flavonifractor
plautia

5. YL32 Clostridium
clostridioforme

6. YL44 Akkermansia
muciniphila

7. YL45 Turicimonas muris
8. KBI18 Acutalibacter muris
9. YL58 Blautia coccoides
10. 149 Lactobacillus reuteri
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caecimuris
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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 HAdegrading 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 r e c o m®USMorpoatentiabapplication as an industrial tool for specific reactions

with oHAS.

Our main questions to be answered towards this goal were as foRovould we
prepare a GBS enpyme whicim is acfive in oHAs and is able to be
produced with high yield and purity, sufficient for industrial purpodgsdow could

we achieve obtaining enzynfiee 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 ra@?Wi | | -GUIS ierymb be able to cleave oHAs
and if so, up to which substrate size will it be able cleave and what other tygi¢af

will it be able to react with? Based on our findings, we were able to answer all the

guestions in our study.

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 sublstantia

impact on substrate specificity of a particular enzyme. Theseomservative 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
confirmedthat a heparosan nonasaccharide (with a structure similar to HA, but all
glycosidic bonds are 1,4 and with GICA 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
activeon oHAs. Using this enzyme we were able to prepare Nixre oHA of different

lengths from ANnN substrates. The enzyme is also active on AAn type substrates and on
ANnN substrates carrying butyrate chains, while no activity was observed with NNn or
®®ANN substrates. These f i ndtailogdoHBsaand b e

oHA derivatives, as well as in analysis of Hlsed 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 ., 200 3; https:// www. rcsb.
was describedant,at er on, 1its c¢cl assi FGUS@ashngam wa s
et al., 2018; Wallace et al., 2015, Wallace et al., 2010). The enzyme was prepared
recombinantly andhe specificity of the enzyme to glucuronide metabolites was
thoroughly investigatedOur 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 reasonsve 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 screenedsseveral
coli strains in order to check which strain was able to expresBftaB&lSgene and
produce the respective protein. During cultivation offheoliER2566 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.
Corsequently, we proceeded to compare our tested sample with ER2566 strain as
control, without being transformed with the vector containing the BfGUS gene.
Furthermorethe content of excised protein band, from the $FIA&E, was tested via

Mass SpectrometryThe 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 s geneds presence in the te

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

| evel (Abedi e tGoanlz.8,| eZ0 1le22; aGut,i ®r0rle9z) . We \
level of rBfGUS expression was dedependent 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 mosetestive solution 8 IPTG is

one of the most costly components of the upstream process (Cardoso et al., 2020). Our

findings showed that at concentration 200
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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 proteingiooli (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" Mésin were done
according to Wallace et alwallace et al., 2015However, the results of purity and
yield of rBfGUS were not satisfactory (~55%), (Fi9A) so we alteredcertain
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
corcentration of imidazole in order to avoid any wealsbund unspecific molecul&o
improve column binding efficiency of rBfGUS we added 10 nmvidazole in the
Equilibration/loading buffer to eliminate any wealdpund 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 mt, mmsuring

efficient separation of the target protein.
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a. Immobilization of rBfGUS

Ther e have been numer ous report£&USdescri bi
(Correa et al., 2020; Rapatz et al., 1988; Song et al., 2014). Corea et al., explored a
number of i mmobi | iGUXftoinRatella sutgatathat eognprisesia f or b
specific combination of biomimetic silica and magnetic nanoparticles. Immobilization

of P.vulgatab-GUS with magnetic nanoparticlesovided the advantage of reusing the

biocatalyst via magnetic separation up to six times. For Rapatz et al., immobilization

via crasslinking with glutaraldehyde, in presence of BSA, turned out to be the optimal
procedure for the immobilization ®&GUS fromHelix pomatia.Song et al., prepared
mesoporous silica particl es-GWSofromEchlf i ci ent
through a biomimetic mineralization process, in which the solution containing lysozyme

a n d-GUB were added into the phgdrolyzed tetraethoxysilansolution. Our

i mmobilization study was f-GUWSutsaeabuldobe t he e
produced in large amounts along with a low cost immobilization carrier that could result

in an immobilized enzyme with high activity and stability, keeping thésaetatively

low (Table 7) . Kagparovs et al ., 2018 had prod
biocompatible MBC beads functionalized wiBtreptococcus pneumoni&#A lyase

(SpnHL) and showed that MBSpnHL bead preparation had better yield and activity

than tha of the MBGIDASpnHL preparation (651 mU/mL settled beads and 216

muU/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 ofrBfGUS 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 enzyn®1i s 8§n et
al., 1994) In our case, when pNBIcA 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 ¢ 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 nmegdular 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 limitatns or an unfavorable orientation of the enzyme molecule),

| oss of the enzymeds dynami c properties,
conformati onal integrity may have an i mpac

Rodrigues et al., 2013; Talbert@&oddard, 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 pNBIcA 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 MBE@BfGUS 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). PossibNIN reaction
productsare 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).

a. Optimal reaction conditions of rBfGUS

First, we investigated the optimal reaction condition of rBfGUS with @A as a
substrate. Interestingly, besides the expected high activity at pBlG.8second peak

of high enzymatic activity was observed at around pbi 85 (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 andathlg activity peak was
observed at pH 3.5, with no activity at the neautral area (Fig. 24A). Pollet et al.
found that the pH optimum of rBfGUS using pXBcA in HEPES buffer wapH 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,
opti mal activity at p H 3 -:glbcurongdasest dmbmm a s t unu
and Buddecke observed wide pH optimd3.5 2 f o r -glucardniddse (Miemrannb

& Buddecke, 1982). Values close to neutral pH are reported as optimal for gut bacteria

(Nugentetal., 2001; Pan et al., 2021; Wexler & Goodman, 2017). Therefateciwded

84



to compare the activity of a commercially availaBle coli b-GUS (rEcGUS) with
rBfGUS. Our results show that rEcGUS had an optimal 6 (using pNRGICA
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 (Fig34). The phenomenon that a specific buffer, depending on its chemical

composition, affects the intermolecul ar

stability ard therefore its activity, is already known (Pavani et al., 2021; Salis et al.,
2007, 2020, Ugwu & Apte, 2004). Salis et al. observed bsfbecific 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
|l iterature, buffers cont aGUBY, andin deaetal forar e
enzymes located primarily in the gut (Dashnyam et al., 2018; Ndeh et al., 2026k Pell

& Redinbo, 2017; Pollet et al., 2017; Wallace et al., 2015). Therefore, we tested the
influence of NaCl addition on the enzymatic activity of rBfGUS.filysire 25 shows,

the presence of NaCl in acetate buffer has alppendent effect on the initial reaction

rate of rBfGUS with pNRGICA. More specifically, the negative effect on the reaction
rate was enhanced by increasing the NaCl concentration and decrdasipi.t
Consequently, when we chose an acetic buffer with 100 mM NacCl for cappidum
expeiment, 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
par amet er s -@USs dapemdant on NaChpeesench 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 N&Qs, 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, oridiiel{x pomatia bovine, ork. coli) as vell

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 enzyniesubstrate combination. Based on our results, phienal
reaction conditions to acquire the highest activity for rBfGUS runs in 100 mM acetic
buffer pH 3.5 without addition of NaCl. Rige 24B depicts the relation between
enzymatic activity and incubation temperature. While the curves were similar for bot
AN4 and AN8 substrates, maximum enzymatic activity for gBl€A shifted to higher
temperature. Optimal temperature for oHAs was@3and 55 for pPNRGICA.
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
GIcA, which could influence the profile of the temperature curveilaily to findings

of Herlet et al. (Herlet et al., 2017).
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Figure 34.Activity of free form of ab-GUSfrom Escherichia col(EcGUS) in selected buffers and pH.
Graphs from(1) to (4) depict the activityon pNP-GIcA and graph$5) & (6) on AN8 substrates. Reaction
buffers at 0.1 M(1) & (6) acetatéouffer pH (3.0 6.0), sodium phosphate buffer pH (2306),(2) HEPES

buffer pH (60i 8.0),(3) & (5) Mcllvaine universal buffer pH (2i8.0), (4) potassium phosphate buffer

pH (5.8 6.4). Taken fron{Chatzigeorgiou et al., 2023).

b. Kinetic parameters of soluble and immobilized forms of rBfGUS

Considering the free form of the enzyme, the highesk ¢ achieved with the standard

substrate, among all substrates (Fig. 27). We also observed differences in kinetic
parameters between the oHAs tested, with highgtand by one order lowerfound

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 observeotler an

enzyme active on HA, bovine testis hyaluronidase (BTHylisimith et al., 1975). Our

results are in accordance with those of Niemann and Buddecke (1982), who tested rat

liver b-glucuronidase with AN8 and AN4, as substrates. The-@MRA reaction rate

for rBfGUS in reaction buffer (50 mM HEPES with 50 mM NacCl) is 560 nmol pNP

mint nmol rBfGUS! 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 mithnmol rBfGUS! and complete cleavage of thégalsaccharides

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
pPNP-GICUA under same conditions (0.1 M potassium phosphate buffé.§H.5 M

PNP-GICA, 25C) . One milligram of rEcGUS had act.i
mint, and the same amount of Bf GUS hlad actiyv
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While enzymatic activity of rECGUS on pNBICUA is twotimes 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 immobaation of the enzyme. More specifically, considering the tested
pNP-GIcA and AN8, K, 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\VimaxVvalues for AN8 upon immobilization are not substantial.
The nonoriented MBGrBfGUS carrier appears to be slightly more effective than the
oriented MBCIDA-rBfGUS carrier based onmédx, which could be due to the fact of

the higher immobilization yield (Fig. 17 & 18). Therefore, we can say that the V
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

T AN20) (Table7, Fig. 31). However, rBfGUS is not able to cleave the disaccharide

88



AN2. Additionally, rBfGUS demonstrates activity towards AA5, resulting in NA4
products while it is not active towards th
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 effectiso b s er ve d n-GUSs, such ag rEEGWE with clustered sugar
substates, but also for a different enzyme active on oligosaccharidell: a

acetylhnexosaminidase (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
gastrointestinamicrobiota’'s metabolism. After oral administration of highk HA,
unsaturated disaccharides @AN2 are -the pro
surface bacteri al |l yases, as evidenced by
2020; Oikietal. 2017, Gi mek et al ., 2023) . Howeve

that are known to be involved in the bacterial degradation of HA in the HGM.
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Gi mek et al . extr acinhtesthedntheecum of rodertsicblenizenif t h e
with the defined oMNFP bacterial mixture and, afterwards, the contents were cultivated

with high-My *C-HA ex vivoin order toidentify additional metabolites and reveal

potential metabolic changes in the intestine. The authors came acroS¥Cthit

substrate is completely metabolized by the cecal content within 120 min, as evidenced

by the LGMS quantification of*C-HA (Fig. 35). On the contrary3C-HA present in

the small intestine does not undergo degr ac
bacterial phyla that are naturally abundant in the murine GIT, inclJditigobacteria,
Bacteroidetes, Firmicutes, Proteoltada, and Verrucomicrobia are present in the

oMM*2 mixture (Eberl et al., 2020). According to our findinBscaecimuriss the sole

high-Mw HA-cleaving bacterium in the synthetic microbial community of the dfM

mixture (Table 5, Fig.33). Its abundance in the cecum of 6MMce is significantly

greater than that in the small intestine (Yilmaz et al., 2021). This aligns also with the in
vivodata for WT mice, indicating that bactedagrading HA are predominantly present

in the mouse ¢2023) mgandel, BO8olof tBatteradegenome is

dedicated to the complex metabolism of glycans. The preserRactdroidesspp. in

the HGM is closely associated with the degradation of HA, as they are prominent

degraders of GAGs, polysaccharides, andjifcans (L. S. McKee et al., 2021).
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Figure 35. Ex vivodegradation of3C-HA by oMM*2 microbiota. Kinetics of*C-HA degradation and

the formation of its metabolitds Gi me k et al ., 2023) .

Gi mek et al . al so ob gaongwiltdthetddcreasgpofighMct i on
13C-HA concentration in the cecal contentofoNivhi ce ( Fi g. 35) ( Gi mek
Interestingly, no other unsaturated oligosaccharides were identified, despite the fact that

B.t het ai o tsaursfane lgaseasnf@und to be able to prodonger unsaturated
oligosaccharides (Ndeh et al., 2020). In spite of this'Xbdabel was further identified
innumerouslowMymet abol i t es ( F2igphosh&ylate@dh GICNAZ ) .  PAN
and subsequently cleaved into umsated GICA and MNacetylglucosamin@hosphate

(GIcNAc-P) in accordance with the metabolic pathway proposed for-goesitive and

gramnegative bacteria (Oiki et al., 2017). The metabolite of unsaturated GIcA was
identified as having a high level of incomation (>25%) in GH120s. Si mi | ar ly, Gi
et al. showed théC-label is highly incorporated in GIcNAR (>30%) and uridine

diphosphate Macetylglucosamine (UDBICNAcC) (>12%). The high level of

incorporation and the presence of eigf@ atoms in GIcNAeP and UDPGIcNAC

suggest that these molecules are produced
37B) , which is consistent with the propose

The metabolization of HA into UDBICNACc implies thathe 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 (Gimek et al., 2021).

The authors also showed that upon administratidmgtéM, HA the structures of short
chain fatty acids (SCFA) and hydroxy acids (lactate, succinate) also exhibited a
substantial incorporation offC (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*C-succinate an#fC-propionate molecules contain thfé€ atoms (Fig. 36,

37B). These data indicate that the succinate pathway, which is characteristic of
Bacteroidesspp., is responsible for the formation of the preponderance of propionate
(Reichardt et al., 2014). The butyu@bA pathway is responsible for the formation of
half of 13C-butyrate molecules, which contaiii®atoms of-3C. The other half, on the
other hand, contain only 1 atom B€, which is the result of the fixation 6iC-CO;,
(Fig.37 A) (Gimek et al Bacteraddospp gannoffdnlgse dat
cleave HA, but also utilize it and complete the metabolization process into SCFA and

CQe.
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Figure 36. The kinetics of-*C-label incorporatiomwithin the structures of short chain fatty acids during

the degradation of higM,, 3C-HA by cecal content of oM& mice. Relative exchange represents the

ratio between signals of molecules containirg #C atoms and signals of molecules without &ity

atoms. Values of relative exchange were corrected for the nH0FEC ratio( Gi me k
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B) Relative exchanges &iC in selected metabolites froex vivodegradation of higiM,, *C-HA. DHU:

4-deoxyl-threa5-hexosulosaironic acid, DKII: 3-deoxy-d-glycerc2,5-hexodiulosonic acid, KDG:-2
keto-3-deoxy-d-gluconic acid, KDGP: keto-3-deoxy-6-phosphogluconic acid, G3P: glyceraldemale
phosphate, UDWSIcNAC: uridine diphosphate Hddceylglucosamine, GIcNAc: MNacetylglucosamine)

(Gimek et al., 2023).

According to Gimek et al., these results
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, UD®BICNAC is a substrate in numerous protein glycosylation
pathways, which has a significant impact on the proteome (Biwi et al., 2018). Metabolom
analyses of plasma and liver ofild type mice were conducted following the p.o.
administration of highMw *C-HA and*C-pA N2 ( 1 57, inmorger th gssess the
bioavailability of the identified HA metaboliteSC-label was not incorporated into these
metabolites (e.g. GIcNAc, UDBIcNAC) or these metabolites (e.g. KDG, DHU) were not
found, as revealed by the H@S analysis. These data suggest that the host is unable to
access the intermediate metabolites of theacellular metabolism of the badtd
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 metabolizatid?CefiA into 2*C-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 administratidiCdabeledpAN2 and
high-My HA (1600 kDa). Relative exchange represents the ratio between summary signal of molecules

containing 4 3C atom( Gi mek 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 devglucarpnease feorBriragdio(nBfiicUS) ta craate b

a biocatalyst with industrial potential. Our effective development of-higld upstream

and downstream procedures, including rBfGUS immobilization, produced a stable,
reusable enzyme with adequate purity and activity on HA substriatethermore,
enzymatic charderization 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 appkations 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
oMM?'2 microbiota to digest HA, we discoverBd caecimurisas 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 knevledge 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 eithancg

term operational stability in larggcale industrial applications. Furthermore, althoBgh
caecimuriswas identified as the primary consumer of HA, future research is required to
examine the interactions among the strains of df#nd determine wether the product

of B. caecimurisan 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 immobilizati@mpymes, 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 HAd&herapadicuses ofi s m
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 snaaging consequences for

both industrial and medicinal applications.
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7. Abbreviations

13C-HA i 3C-labeled hyaluronic acid

2D SDSPAGE i two-dimensional sodium dodecyl sulfate polyacrylamide gel

electrophoresis

AN4 i hyaluronic acid tetrasaccharide
AN8 1 hyaluronic acid octasaccharide
CAT No.i catalogue number

CSi chondroitin sulphate

DS’ dermatan sulphate

GAG 1 glycosaminoglycan

GH1 glycoside hydrolase

GIcNAc T N-acetyl glucosamine

HA 1 hyaluronan / hyaluronic acid

Hepi heparan/heparin/heparosan

HGM 1 human gut microbiota

High -M T high molecular weight

HPLCT high performance liquid chromatography
IMAC 1 ion metal affinity chromatography

IPTGi i s o p r-D-pthidbgalagtopyranoside
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LC-MS1 liquid chromatographymass spectrometry

Low-My T low molecular weight

MBC 1 macroporous bead cellulose

MBC-IDA i macroporous bead cellulose with iminodiacetic acid
oHA'T hyaluronic acid oligosaccharide

oMM*27 oligo mousemicrobiota 12

PCRI polymerase chain reaction

pKai acid dissociation constant

PLT polysaccharide lyase

pPNP-GICA T p-nitrophenytb-D-glucuronide

rBfGUST r e ¢ o mb iglacaronidaséfronBacteroides fragilis
RCSBiI research collaboratory for structural bioinformatics
SCFAT short chain fatty acid

TFFi tangential flow filtration

TIM barreli triosephosphate isomerase barrel

b-GUST b-glucuronidase

) ? 2unsaturated hyaluronic acid disaccharide
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