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ABSTRACT

SITE-DIRECTED MUTAGENESIS OF BILE SALT HYDROLASE (BSH)
FROM LACTOBACILLUS PLANTARUM B14 AND SUBSTRATE
SPECIFICITY ANALYSIS OF MUTANT BSH ENZYMES
PHD THESIS
ZEKIYE KILICSAYMAZ
BOLU ABANT IZZET BAYSAL UNIVERSITY
INSTITUTE OF GRADUATE STUDIES
DEPARTMENT OF BIOLOGY
(SUPERVISOR: PROF. DR. MEHMET OZTURK )

BOLU, JULY 2024
Xiii + 82

Bile acid (BA) deconjugation is catalysed by the bile salt hydrolase (BSH)
enzyme, which is a member of the cholylglycine hydrolase (CGH) family and
produced by intestinal bacteria. The clinically significant BSH alters BA-mediated
signalling pathways related to lipid absorption, energy homeostasis and glucose
metabolism. Nevertheless, BSHs exhibit varied substrate preference to different
bile salts across sources. Despite the considerable research on BSH, the
investigations of its molecular mechanisms concerning BSH substrate recognition
remain limited. This research aims to analyze the correlation between the substrate
specificity of Lactobacillus plantarum B14's BSH enzyme (LpBSH) and two
residues, V58 and Y65, in its loop Il. These residues possess aliphatic-
hydrophobic and aromatic-hydrophobic properties, respectively. PCR-based site-
directed mutagenesis was utilised to substitute M58, F58, N58, F65, L65 and C65
amino acids for V58 and Y65, respectively. The mutant recombinant LpBSHs
(mrLpBSHSs) were expressed using the BLR (DE3) strain of E. coli and the activity
of mrLpBSHSs against six different BAs were detected. The study showed that the
V58 and predominantly Y65 residues in loop Il could play a vital role in the
structural site that is responsible for substrate specificity and catalysis. The results
suggest that the Y65 and V58 residues of LpBSH can be involved in substrate
specificity. It was also observed that collate group, rather than amino acid
moieties, may determine the substrate specificity of BSH. However, further
mutagenesis-based research on other CGH family members is necessary to
comprehend the structure and substrate specificity relationships of BSHs.
Obtained results indicated that BSHs have developed the ability to identify BAs
at the steroid nucleus of cholate as well as at the amino acid groups. As a result, it
seems likely that the only requirements for binding might be that the cholate
moieties and amino acids match and complement the substrate-binding pockets
appropriately.

KEYWORDS: Substrate specificity, PCR-based site-directed mutagenesis, Bile
salt hydrolase, Lactobacillus plantarum B14.



OZET

LACTOBACILLUS PLANTARUM B14'TEN SAFRA TUZU HiDROLAZIN
(STH) YONLENDIRILMIS MUTAGENEZI VE MUTANT BSH
ENZIMLERININ SUBSTRAT OZGULLUGU ANALIZIi
DOKTORA TEZi
ZEKIYE KILICSAYMAZ
BOLU ABANT iZZET BAYSAL UNIVERSITESI
LiSANSUSTU EGITIiM ENSTITUSU
BIYOLOJI ANABILIM DALI

(TEZ DANISMANI: PROF. DR. MEHMET OZTURK)

BOLU, TEMMUZ - 2024
Xiii + 82

Safra asidi (SA) dekonjugasyonu, kolilglisin hidrolaz (KGH) ailesinin bir tiyesi
olan ve bagirsak bakterileri tarafindan tiretilen safra tuzu hidrolaz (STH) enzimi
tarafindan katalize edilir. Klinik olarak 6nemli olan STH, glikoz metabolizmasi,
enerji homeostazi ve lipid emilimi ile ilgili SA aracili sinyal yollarin1 degistirir.
Bununla birlikte, STH'ler kaynaklar arasinda farkli safra tuzlarma kars1 g¢esitli
substrat tercihleri sergilemektedir. STH tizerine yapilan kayda deger aragtirmalara
ragmen, STH substrat tanima ile ilgili molekiiler mekanizmalarinin arastirilmasi
siurli kalmistir. Bu arastirma, Lactobacillus plantarum B14'tin STH enziminin
(LpSTH) substrat 6zgiilliigii ile onun lup 11 bolgesinde bulunan V58 ve Y65'teki
iki kalintinin arasindaki iliskiyi analiz etmeyi amaglamaktadir. Bu kalintilar
sirastyla alifatik-hidrofobik ve aromatik-hidrofobik 6zelliklere sahiptir. V58 ve
Y65 yerine sirasiyla M58, F58, N58, F65, L65 ve C65 aminoasitlerini ikame
etmek icin PCR tabanli bolgeye yonelik mutagenez kullanilmistir. Mutant
rekombinant LpSTH'ler (mrLpSTH'ler) E. colinin BLR (DE3) sus’unda ifade
edilmis ve mrLpSTH'lerin alt1 farkli SA'ya karsi aktivitesi, belirlenmistir.
Caligma, lup II'deki V58 ve agirlikli olarak Y65 kalintilarinin, substrat 6zgiilliigi
ve katalizden sorumlu yapisal bolgede hayati bir rol oynayabilecegini
gostermistir. Sonuglar, LpSTH'nin V58 ve Y65 kalintilarinin substrat 6zgiilliigiine
dahil olabilecegini diisiindiirmektedir. Ayrica, STH'nin substrat 6zgilligini
aminoasitlerden ziyade kolat grubunun belirleyebilecegi gozlenmistir. Bununla
birlikte, BSH'lerin yapist ve substrat 6zgiilliigii iliskilerini anlamak i¢in diger
KGH ailesi iiyeleri iizerinde mutagenez temelli daha fazla arastirma yapilmasi
gerekmektedir. Elde edilen sonuglar, STH'lerin, kolatin steroid ¢ekirdeginde ve
amino asit gruplarinda safra asitlerini tanimlama yetenegini gelistirmis olmasi
ihtimalini desteklemektedir. Sonug olarak, baglanma igin tek gerekliligin, kolat
kisimlarinin  ve amino asitlerin substrat baglama ceplerini uygun sekilde
eslestirmesi ve tamamlamasi olabilecegi muhtemel goriinmektedir.

ANAHTAR KELIMELER: Substrat 6zgiilliigii, PCR tabanl bdlgeye yonelik
mutagenez, Safra tuzu hidrolaz, Lactobacillus plantarum B14.
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1. INTRODUCTION

Liver-synthesized BAs have direct or indirect influence on the intestinal
microbiota. Conjugated BAs bring about alterations in bacterial membrane
architecture and DNA damage, which ultimately impede bacterial growth (1, 2).
The effect of BAs on microbiota may also operate through nuclear receptors.
Inagaki and colleagues demonstrated that the nuclear receptor farnesoid X receptor
(FXR) activation by BAs can stimulate the expression of genes that impede
microbial overgrowth and mucosal damage (3). These outcomes are coherent with
the notion that BAs are essential in regulating intestinal microbiota, hence with
profound implications for preserving balance between human host and intestinal
microbiota.

BSH enzymes are widely distributed in the microbial communities of the
human gastrointestinal tract and are essential for the physiology of both the host
and microbes. The vital task of deconjugating primary BAs using BSH enzymes
and their impact on host health is performed by the human gut microbiota (4, 5).
One accepted selection criterion for identifying possible probiotics is the presence
of active BSHs. Several studies have reported that most of the analyzed BSHs are
encoded by lactic acid bacteria and are used as probiotics, mainly to prevent human

metabolic diseases (6-8).

BSH enzymes, which have attracted a lot of research interest, can modify
the host's cholesterol homeostasis, BA signaling processes and composition of the
BA pool mediated the by the BA receptors, FXR and transmembrane G-protein
coupled receptor (TGR5). It is unknown whether BSH agonism or inhibition would
be advantageous to host metabolism given their intricate and dynamic involvement
in metabolism. In order to better understand how BSHSs control metabolism, more

study is required. This could lead to new directions in drug development.

1.1 Bile Acids and Bile Salts

Conversion of cholesterol to primary BAs occurs in the human liver
through two distinct enzymatic pathways - the classical and alternative pathways.
Sterol 27 hydroxylase (CYP27A1, Cytochrome P450 family 27 subfamily A
member 1) starts the alternative (acidic) BA synthesis pathway, while microsomal
cholesterol 7a-hydroxylase (CYP7A1, Cytochrome P450 family 7 subfamily A



member 1) starts the classical (neutral) BA synthesis pathway (9, 10). The liver
produces chenodeoxycholic acid (CDCA) and cholic acid (CA), primary BAs, from
cholesterol through the action of the enzyme cholesterol 7 a-hydroxylase
(CYP7AL). Primary bile salts are created in the liver's hepatocytes when taurine (T)
or glycine (G) are conjugated to CA and CDCA. Additionally, pimary bile salts can
undergo microbial conversion in the intestines, resulting in the formation of
secondary bile salts. The hydrolysis of conjugated BAs' C24 N-acyl amide bond in
the intestine is catalyzed by the enzyme BSH, which results in the deconjugation of
G/T-CDCA and G/T-CA. The initial stage involves BSH catalyzing the
deconjugation (splintering of taurine or glycine) to produce primary BAs. After the
deconjugated BAs are produced, 7a-dehydroxylase dehydroxylates them. This
process removes the 7a-hydroxyl group from the deconjugated BAs' 7a-position,
resulting in the formation of secondary BAs, which are deoxycholic acid (DCA)
and lithocholic acid (LCA), respectively. On the other hand, 7a-dehydrogenation
via 7a-hydroxysteroid dehydrogenase (EC 1.1.1.159) can result in 7-oxo-
lithocholic acids or 7-oxo-deoxycholic (11-13), one of which can, via
epimerization, produce ursodeoxycholic acid (UDCA) (14). Eventually, in the
liver's hepatocytes, they are conjugated to taurine or glycine and then stored in the
gallbladder. Subsequently, the duodenum receives these substances for the purpose
of breaking down and absorbing fat-soluble vitamins and fats that have been
consumed (9, 10, 15, 16). BAs contribute to the mechanical processes of lipids and
are then reabsorbed either in two ways active transport in the terminal ileum or
passive diffusion in the superior section of the small intestine (9, 10). Through a
recycling process called enterohepatic circulation, over 95% of them return to the
liver for comparable subsequent activities (9, 10, 15, 16). The remaining 5% of BAs
are excreted as fecal BAs (9, 10, 15). Enterohepatic circulation is the word for this

process, which is depicted in Figure 1.1.
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The bile acids' single bond, or -COOH group, is conjugated by the liver through a
covalent bond with taurine or glycine. This happens during the hepatic phase of the
enterohepatic circulation, following the synthesis of the primary bile acids. CA,
taurocholic acid (TCA), glycocholic acid (GCA), and their corresponding free and
conjugated forms, CDCA, LCA, DCA, and UDCA, are thus present in the bile. The
primary and secondary bile acids' chemical structures are displayed in Figure 1.2.
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Figure 1. 2. Bile acid structures, both primary and secondary. The liver cells
convert cholesterol into the primary bile acids, which are then expelled into the
bile. Primary bile acids are transformed by intestinal bacteria into secondary bile
acids, which are then reabsorbed in the terminal ileum together with the original,

unaltered primary bile acids (186).

In addition to the primary BAs, intestinal microbiota can also generate
approximately twenty different BA metabolites from CDCA and CA (17, 18).
Approximately 40% of CA and CDCA and 20% of DCA make up the human BA
pool, which is the total amount of BA found in the enterohepatic circulation (19).
Conversely, CA is more hydrophilic than CDCA, implying that it leads to increased
lipid absorption in the intestine (20). CDCA and CA exhibit varying hormone
activity (21). Therefore, the CA and CDCA ratio has significant implications for fat
absorption and homeostasis.

Humans contain the following proportions of different conjugated BAs:
26% glycocholic acid (GCA), 26% glycochenodeoxycholic acid (GCDCA), 22%
glycodeoxycholic acid (GDCA), 9% taurodeoxycholic acid (TDCA), 9%
taurocholic acid (TCA) and 8% taurochenodeoxycholic acid (TCDCA).
Consequently, the ratio of taurine to glycine conjugates is roughly 1:3 (22).

By binding to BA nuclear and membrane receptors, BAs can function as
signaling molecules. Two receptors are essential to the primary activities of BAs:
TGR5 and FXR (23). These two receptors serve a wide range of physiological

purposes and are dispersed differentially across tissues. As a result, BAs have



emerged as one of the most promising pharmaceutical targets for the management
of primary sclerosing cholangitis (PSC), cholestatic illnesses, primary biliary

cholangitis (PBC) and other metabolic diseases (24).

FXR exhibits vital functions in regulating BA synthesis, secretion, and
transport in diverse tissues including the liver, intestine, kidney, and adrenal gland
(25). Additionally, FXR modulates lipid and glucose metabolism, thereby
demonstrating benefits against metabolic disorders such as type 2 diabetes, non-
alcoholic fatty liver disease (NAFLD), dyslipidemia, and obesity (26). Furthermore,
different types of BAs have varying effects on intestinal FXR. It is worth noting
that some BAs are more potent than others, and their effects on FXR are varied.
CDCA, TCA, DCA, and LCA are sorted according to the degree of activation from
strong to weak, with CDCA being the strongest and LCA being the weakest.
Conversely, UDCA and T-B-MCA inhibit intestinal FXR (27). Furthermore, apart
from their influence on the aforementioned receptors, BAs exhibit strong agonistic
properties towards the pregnane X receptors and vitamin D, which govern the
regulation of bile and drug metabolism in the liver (1). While BAs are essential for
human health, their accumulation in the liver and peripheral tissues can be highly
toxic (28).

1.2. BSH

Penicillin V acylase (PVA) and BSH are members of the choloylglycine
hydrolases (CGH) enzyme superfamily, which is related to the Ntn (N-terminal
nucleophile) hydrolase enzyme superfamily (29). The Ntn-hydrolase fold allows
for a wide range of substrate specificities amongst enzymes with only minor
changes to the substrate binding pocket and active site (30). This enzyme
superfamily is identified by the catalytic mechanism where the N-terminal residue
launches a nucleophilic attack on the amide bond's substrate carbonyl carbon (31,
32). Four substrate binding loops encircling the active site are shared by CGHs;
BSH loops are typically shorter to make room for the large steroid nucleus in the
active site (1, 33). Loops 1 (20-26), 2 (59-68), and 3 (131-42) contain key residues
for BSH activity, while loop 4 (263-275) contains no significant residues (22). The
substrate selectivity and catalytic efficiency of PVA and BSH enzymes are

significantly influenced by these loops (34). As a result of host pressure on PVA



enzymes, BSH developed as a beneficial adaptation that enhances BA tolerance for
the microbe and modifies bile-mediated host-microbe signaling events for the host
(35).

Encoded by 314-338 amino acid, BSHs are intracellular enzymes that have
an optimal pH range of 3.8 to 7.0, with the exception of L. johnsonii PFO1 BSHC,
which has a temperature range of 70°C (36). Between 30 and 55°C is ideal for the
majority of BSH enzymes to function at. The MWs of BSH subunits range from 34
to 42 kDa. The majority of BSHs, or bile salt hydrolases, are homotetramers.
Nonetheless, homooctameric, homohexameric and homodimeric forms of B.
fragilis ssp. fragilis ATCC 2528552, B. longum BB536, and BSH from L. reuteri
CRL 1098 are known to exist, respectively (22).

Many isoforms of the enzyme have developed as a result of the prevalence
of BSH, and a number of studies have suggested classification schemes to help with
the characterization and identification of BSH enzymes in the future. The enzymes
have previously been separated into sub-groups with nine (35), eight (38), five (37)
and four (22) isoforms by phylogenetic analyses. Seven categories of classifications
were produced by another study that used sequence similarity networks (39). It is
interesting to note that a number of bacteria contain several BSH homologues,
which can vary greatly in their substrate selectivity and catalytic capacity (29, 38).
Compared to tauro-conjugates, this enzyme exhibits higher substrate selectivity for
glyco-conjugated acids, according to multiple sources (40, 41). Additionally, during
periods of stationary growth, its production is higher. The arrangement and
presence of BSH-encoding genes vary substantially in bifidobacteria and
lactobacilli.

There are only five three-dimensional BSH (Figure 1.3.) enzyme structures
known, and they come from Bifidobacterium longum (33), Bacteroides
thetaiotaomicron VPI-5482 (43), Clostridium perfringens (32), Enterococcus

faecalis (34) and Lactobacillus salivarius (42).
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Figure 1. 3. (a) The composition of the Bifidobacterium longum BSH
monomer subunit. (b) The bacterial BSH enzyme assembled into tetramers (1).

1.3. Substrate Specifty of BSH

Despite significant advancements in identifying and characterising new
BSHSs, the molecular mechanisms behind their discrimination and recognition of
two substrate types remain unknown. The amino acid groups (glycine/taurine) and
cholate steroid nucleus make up the substrates of BSH enzymes. When compared
to taurine and glycine conjugates, Huijghebaert and Hofmann (44) showed that
changing the amide bond or eliminating a negative charge from the terminal group
of an amino acid residue in the BAs dramatically lowered the hydrolysis rate.
According to Batta et al. (45), cholylglycine hydrolase was more effective at
hydrolyzing conjugates of unconjugated BAs and taurine and glycine analogues
with one or two methylene groups. However, the hydrolysis of conjugates which
included analogues of taurine and glycine containing tertiary amide groups was
fully inhibited. Most of the literature's kinetic data show that BSHs mainly identify
substrates in amino acid moieties. Furthermore, because the sulphur atom in tauro-
conjugated BAs causes steric hindrance, BSH enzymes are more attracted to
glycine-conjugated bile salts than to their taurine-conjugated counterparts (22, 46).
This substrate preference may have emerged because glyco-conjugated BAs exhibit
greater toxicity to bacteria than tauro-conjugated BAs, particularly when pH is low
(1, 22). Furthermore, the gut exhibits greater concentrations of glycine-conjugated
BAs than taurine-conjugated BAs in certain host species (humans included), which

may have provided selective pressure for this preference (47). Despite this, there is



some evidence indicating that the substrate preferences of BSH enzymes are
affected by modifications in the side chains and the steroid ring system (48, 45, 49).
It is plausible, consequently, BSHs have developed the ability to identify BAs at
the steroid nucleus of cholate as well as at the amino acid groups. The affinities of
BSH enzymes were not affected by the cholate's hydroxyl or epimerized hydroxyl
substituents, according to Rossocha et al. (32) and Batta et al. (45). Moreover,
cholate was bound by hydrophobic interactions rather than hydrogen bonds that
made it challenging to identify recognition sites. As a result, it seems likely that the
only requirements for binding might be that the cholate moieties and amino acids
match and complement the substrate-binding pockets appropriately (33).

Enzymes that hydrolyze amide bonds, known as BSH enzymes, use their N-
terminal nucleophile residue, Cys2, for this purpose. This residue is activated by a
free a-amino group produced by an autocatalytic endoproteolytic process, which
serves as a base in the catalytic reaction (31). Remaining residues in the catalytic
reaction besides Cys2 which are strictly conserved in BSHs are Argl8, Asp21,
Asn82, Asnl173, and Arg226 (33, 50). Similar binding pocket residues may result
in similar mechanisms of action for different enzymes (51). As a result, certain
amino acids known as secondary structural elements and substrate-preference
determining residues (SDRs) may be necessary for BSHs to prefer certain substrates
(52). Recent methods such as binding site similarity-based scoring systems, crystal
structures, comparative structural analyses, molecular docking and kinetic data
have identified a number of important secondary structural elements and amino acid
residues that may be involved in substrate binding in BSHs. The residues
responsible for substrate binding are situated within three loops: Loop3 (131-142),
Loop2 (59-68) and Loopl (20-26). Nonetheless, no significant residues have been
identified in Loop4 (261-269) (All residues in BISBT2928 BSH's numbering
system) (22). The four loops of BSHs demonstrate a high degree of hydrophobicity.
However, the proportion of hydrophobic amino acids within these four loops is
lowest in glyco-conjugating-specific BSHs compared to BSHs displaying substrate
preference for TC/GC and TC. Rather, the four loops of these BSHs exhibit a
greater proportion of charged and hydrophilic amino acids. According to research,

BSH enzymes may use hydrophobic interactions with hydrophobic steroid moiety.



Furthermore, BSHs' catalytic framework and substrate preferences toward
conjugated BAs are significantly influenced by polar complementarity (45, 54). All
three of the GCA's hydroxyl groups showed polar complementarity and strong
hydrogen bonding interactions when BISBT2928 BSH and EfNCIM2403_BSH
were analyzed. Compared to BISBT2928 BSH, Cp13_CBAHL1 exhibits reduced
polar complementarity, which results in decreased enzyme activity (33, 54).
Gaining more knowledge about the polar complementarity and structural alterations
that occur during substrate binding would provide fresh perspectives on the various

substrate preferences and roles that BSHs play.

1.4. Effects of Deconjugated Bile Acids

1.4.1 Cholesterol

Elevated blood cholesterol levels are deemed significant factors associated
with cardiovascular disease in humans (55). Hypercholesterolaemia contributes
mainly to atherosclerosis, the build-up of cholesterol in the coronary arteries
resulting in atheroma, culminating in ischemic heart disease. Studies reveal that a
decline in plasma cholesterol by 1% curbs the occurrence of coronary events by
roughly 2-3% (56). The gut microbiota is linked with the metabolism of two
cholesterol types: the first stems from the de novo synthesis of cholesterol from the
liver or diet, while the second is cholesterol from tissues and BAs produced by
cholesterol (57). Numerous studies (7, 58-69) have demonstrated the cholesterol-
lowering effects of specific probiotics. The mechanisms of these probiotics involve
absorbing cholesterol (62), integrating cholesterol into the cell membrane of
probiotics (59, 62), transforming cholesterol into coprostanol (59), breaking down
conjugated BAs via BSH activity (7, 60, 67, 70), attaching cholesterol to the cell
membrane (62), and causing cholesterol precipitation with deconjugated BAs (67).
The selection criteria for probiotic microbes that decrease cholesterol levels should
include BSH activity. BSH-active probiotics have the capability to increase the
deconjugation of bile salts in enterohepatic circulation resulting in heightened
levels of deconjugated BAs in circulation. After deconjugation, the solubility of
BAs decreases and they are absorbed in the intestinal tract, subsequently being
excreted in faeces (71). Thereafter, cholesterol is utilised to synthesise de novo BAs

in the body, eventually lowering serum cholesterol levels (29).



In their study, Oner et al. (72) researched the mechanism by which lactic
acid bacteria and bifidobacteria reduce cholesterol. Their findings indicate that only
probiotics containing the bsh gene are effective in reducing cholesterol levels.
Additionally, enhanced activity of BSH results in a greater amount of bile being
excreted in feces (73). In their study, Huang et al. (67) characterized and identified
two BSH positive strains, namely L. plantarum Lp45and L. plantarum Lp09.
Additionally, they looked into how L. plantarum Lp45 and L. plantarum Lp09
reduced cholesterol in male rats given a diet high in cholesterol. It is noteworthy
that by giving immobilized BSH from Lactobacillus buchneri orally, Sridevi et al.
(74) showed a significant decrease in serum cholesterol and triglycerides in a rodent
model of hypercholesterolemia (60). It is noteworthy that, according to BSH, L.
reuteri NCIMB30242 was the first probiotic strain to be sold for the purpose of
lowering cholesterol (Cardioviva®). This implies that lipid metabolism may be
impacted, and hypercholesterolemia may be decreased by microbial BSH activity.
Additionally, it is worth mentioning that most Lactobacillus species that have been
shown to have a hypocholesterolemic effect in human trials have been patented (75-
78). The hypocholesterolemic effects are dependent on the deconjugation of
primary intestinal BAs through BSH activity, leading to a reduction in cholesterol
reabsorption (79).

1.4.2 Molecular Signals

Bacterial unconjugated BAs can enter cells freely and stimulate FXR, while
conjugated BAs can only activate FXR in cells that express plasma membrane BA
transporters (80). Furthermore, research conducted in vivo has demonstrated that
conjugated bile salts are not as effective in activating FXR as unconjugated BAs
(1). The activation of FXR enhances the liver's uptake of deconjugated BAs.
Additionally, FXR in the liver helps to inhibit gluconeogenesis and lipogenesis.
FXR was found to have an impact on the BA homeostasis, which led to a change in
gut microbiota, ultimately causing weight reduction (81). Furthermore, FXR
inhibits CYP7AL, thus preventing toxicity related to hydrophobic deconjugated
BAs (82). Numerous established and theoretical concepts associate BA synthesis
or metabolism with reducing weight gain. These include the increased rate of BSH
activity and the activation of TGR5 and FXR by BAs serving as molecular signals
(83).
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Moreover, the activity of BSH can potentially impact the activation of
TGRS by altering BA pool composition. Various intracellular signalling pathways,
which are related to energy expenditure and basal metabolism homeostasis, have
been found to be activated by this G-protein coupled receptor (84). The secondary
BAs, DCA and LCA, arising from unconjugated BAs, display the highest potential
for the activation of TGRS5, via LCA identified as the strongest natural ligand (85,
86). Stimulating glucagon-like peptide 1 (GLP-1) secretion via the activated
enteroendocrine-bound TGR5 enhances pancreatic insulin release, ultimately
elevating insulin sensitivity (87, 88). TGRS activation has implications for energy
metabolism in adipose tissue, as it can reduce weight gain and prevent insulin

resistance in mice fed a high-fat diet (89).

1.4.3. Anti-Giardial Effect

One of the most prevalent waterborne parasite infections globally, giardiasis
is a zoonotic disease caused by Giardia duodenalis, also referred to as Giardia
intestinalis or Giardia lamblia. This flagellate protozoan infects a wide range of
animals, including humans, mammals, reptiles, and birds (90, 91). It mainly affects
children and people who are malnourished or immunocompromised in humans.
Long-term infections must be treated with conventional antibiotic therapies, such
as 5-nitroimidazole and benzimidazole medications, even though giardiasis may go
away on its own (92). There are few alternative treatments available for G.
duodenalis infections, which are common in cattle, small ruminants, and
companion animals (93). Novel therapeutic approaches have been developed in
response to the rise in clinical trial failures and the emergence of resilient Giardia
strains in veterinary and medical applications (93, 94). In this context, it is
established that the gut microbiota plays a central role in protecting against
enteropathogens by producing antimicrobial compounds, competing for nutrients,
and attaching to the mucosal surface (95, 96). Certain strains of lactobacilli,
classified as probiotic bacteria, have demonstrated an ability to enhance host health
by improving innate and adaptive immune responses (97, 98, 99). Furthermore, pre-
clinical investigations indicate that the gut microbiota composition of the host plays
acritical role in the colonisation of the small intestine by G. duodenalis trophozoites
(100, 101, 102). In recent years, the use of probiotic-based therapies has been

explored as a treatment for giardiasis (103). Despite the poor understanding of the
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underlying mechanism (95, 104, 105), recent reports suggest a possible correlation
between activity of BSH and protection against infection of G. duodenalis (106,
107). The conversion of primary BAs into deconjugated BAs through BSH activity
may release secondary BAs, which, according to some suggestions, could be toxic
and change the growth and survival of the parasite. Furthermore, the expression of
BSH from L. johnsonii in engineered E. coli was found to inhibit the proliferation
of Giardia in vitro and in vivo in a dose-dependent manner (107). Additionally,
microbial BSH activity has several other effects on the host. Notably, Allain et al.
(107) have recently reported that a BSH from L. johnsonii Lal is implicated in the
anti-giardia effect of the strain both in vitro and in vivo. In a separate study, Allain
and colleagues (108) looked into the anti-giardial properties of various lactobacilli

strains derived from different origins.

1.4.4. Anti-Patojenic Effects

Clostridium difficile infection (CDI) is another gastrointestinal infectious
disease. Patients receiving broad-spectrum antibiotic treatment may develop a
colony of C. difficile, a pathogen that spores (109, 110). CDI encompasses a wide
range of disorders, from diarrhoea to toxic and colitis megacolon (109). Upon
germination, spores give rise to vegetative cells which produce toxins causing tissue
damage, diarrhea and inflammation (111, 112). In the gastrointestinal tract,
germination is initiated by a host-derived molecule which senses BAs using the
germinant receptor (111, 113-115). DCA, CA and TCA were shown to activate
germination, while CDCA was found to act as a competitive inhibitor (116). Recent
reports have shown that patients with relapsing and severe CDI exhibit elevated
TCA levels, along with reduced prevalence of species that produce BSH (117, 118).
Additionally, supernatants derived from either genetically modified E. coli that
expresses highly active BSH or organisms that naturally produce BSH (such as
Bacteroides vulgatus, Blautia obeum, Bacteroides ovatus and Collinsella
aerofaciens) have proven effective in reducing C. difficile germination mediated by
TCA. These findings were confirmed in a recurring CDI mouse model using the
BSH recombinant E. coli strain (117). These unique characteristics provide a
potential avenue for the application of BSH active probiotics in the treatment of
CDI.
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An enzymatic mechanism has been found in B. obeum that breaks down the
host-produced taurocholate (TC) molecule, which induces virulence. B. obeum uses
this mechanism along with others to suppress the activation of the Vibrio cholerae
virulence genes and colonisation (119). This mechanism is controlled by the
enzyme BSH. This enzyme's activity reduced the colonization caused by V.
cholerae, the major pathogen associated with diarrhoea in humans, by breaking
down the bile salt TC that triggers the expression of virulence genes. The absence
of these functions and species leads to an increase in personal, microbiome-specific
infections. These findings offer new targets for personalised preventative strategies
for V. cholerae infections by modifying the function and structure of the gut

microbiome.

1.4.5. Other Positive Effects

A current investigation investigated the clinical responses to the
effectiveness of the biotherapeutic agent UDCA in treating the intrahepatic
cholestasis of pregnancy (ICP) (120). The authors explored the mechanism of
reaction linked to the efficacy of UDCA in countering high levels of BAs (120).
The study found that the gut microbiota plays a role in mediating the beneficial
effects of UDCA through the enlargement of bacteria from the phylum
Bacteroidetes that express BSH. Changes in the metabolism of BA have been
associated with various liver diseases, such as primary sclerosing cholangitis (PSC).
In a mice model, an analysis was performed on the BA composition and gut
microbiota, which demonstrate that in germ-free mice, the severity of the illness
increased (121). Tabibian et al. (121) also showed that the addition of UDCA
reduces the effects of PSC, highlighting the potential of gut microbiota and BA for
PSC protection.

In fact, primary BAs have been demonstrated to promote hepatic natural
Killer T cell (NKT cell) accumulation, leading to increased antitumor immunity and
inhibition of tumorigenesis in a murine model (122). Additionally, BSHs are
proposed to shield bacteria that are commensal in toxicity of BA and support gut
colonization and bacterial survival (123-125). They are also thought to provide
nutritional benefits as liberated amino acids can be utilized as origins of energy,

carbon and nitrogen (29).
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1.5. Negative Effects of BSH

BSH activity results in a rise in the formation of secondary BAs, which
could negatively impact human health. The potential adverse effects of secondary
bile salts on human health have been frequently discussed (17). Concentrations of
these compounds in the intestine may enhance the development of carcinomas (126,
127, 128). Gallstones can form due to a modification in the proportion of bile salts
to cholesterol resulting in the precipitation of cholesterol with bile pigments and
calcium salts (129), or they may cause non-alcoholic fatty liver disease (130). Bile
toxins may disturb the intestinal microflora, leading to diarrhoea, intestine mucosal
inflammation and the initiation of carcinogenesis in the gut. Another disadvantage
of deconjugated bile salts is their limited emulsifying capability in contrast to
conjugated bile salts. This could lead to compromised lipid digestion and interfere
with the absorption of monoglycerides and fatty acids (58). UCA is the sole
therapeutic drug used for oral administration to dissolve gallstones (12).
Furthermore, compared to the younger population, the elderly exhibit a higher level
of fecal DCA (132,133). This demonstrates that excess BSH production in the small
intestine causes an increase in the deconjugation of BAs (133). The subsequent
exposure of the colon to high levels of deconjugated BAs elevates the risk of their
conversion into cancer-causing compounds, ultimately leading to colon cancer
development (131, 134). Modulating BSH activity to repress secondary BA

metabolism might offer a novel form of treatment.

1.6. BSH Inhibitors

Since the 1950s, feed additives known as antibiotic growth promoters
(AGPs), which are a class of antibiotics used in sub-therapeutic dosages, have been
used to raise the feed conversion and average daily ratio of food animal weight gain
(135, 136). Current epidemiological research clearly indicates that AGPs exert
selection pressure on the formation, survival, and spread of bacteria resistant to
antibiotics, which raises concerns about food safety and public health (136, 137)
Due to concerns regarding AGP use in the feed industry, there is a worldwide trend
to restrict their use (135, 136, 138). This necessitates the development of effective
alternatives to AGPs to ensure the sustainability and productivity of food animals.
It is widely acknowledged that AGPs enhance growth performance by modifying

intestinal microbial diversity and causing shifts in bacterial populations (139).
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Although the precise gut microbial community necessary for optimal growth
promotion through AGP mediation remains largely unresolved, earlier animal
studies (140-143) have suggested a strong, inverse correlation between the efficacy
of AGPs in promoting growth in pigs and chickens, and diminished activity of BSH
(EC 3.5.1.24), which is an enzyme created by several commensal bacteria found in
the intestine (135, 29). Weight loss in the host may result from lipid malabsorption
brought on by BSHs from gut bacteria deconjugating BAs (29, 144). Conversely,
reducing the activity of intestinal BSHs improves energy harvesting and lipid
metabolism, which boosts feed efficiency and growth performance in animals rose
for food. Many BSH inhibitors have been developed recently to improve the
productivity and growth performance of animals. It has been demonstrated that
copper and zinc, which block BSH activity, enhance growth performance and feed
efficiency in pigs (143, 145) and poultry (146, 147). Several BSH inhibitors, such
as phenethyl caffeate and riboflavin, have been identified by an effective high-
throughput screening system as potential substitutes for AGPs (139). The design of
potent, safe and cost-effective BSH inhibitors, however, requires a detailed

understanding of the molecular basis of BSH catalysis and substrate preference.

1.7. Distribution of BSH

Jones et al. (35) used functional metagenomic analysis to show that gut-
related bacterial communities were generally home to active BSH proteins. All of
the recognized gut microbiome's principal phyla, which include Actinobacteria,
Proteobacteria, Bacteroidetes and Firmicutes, have been shown to contain the BSH
enzyme (35, 148). The majority of them have been found in a number of genera of
animal gut autochthonous microorganisms, such as Streptococcus (153),
Lactobacillus (150, 151), Bifidobacterium (149) and Enterococcus (152). Most of
the total amount of in vivo BSH activity is attributed to lactobacilli, which make up
a significant portion of the animal intestinal microbiota (154). It has been
demonstrated that certain human intestinal archaea species, including
Methanobrevibacter smithii and Methanosphaera stadtmanae, produce BSHs (35).
It has also been reported that some pathogens, such as C. perfringens (157), Listeria
monocytogenes (156) and Brucella abortus (155), encode BSHs. The only Gram-
negative bacteria known to display BSH activity are opportunistic pathogens from
the Bacteroides (160, 161) and Xanthomonas (158, 159) genera, as well as B.
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abortus (155). It's interesting to note that Brevibacillus species a free-living bacteria
isolated from hot springs (162, 163).

L. gasseri (165, 166) showed a single gene. On the other hand, two genes
have been verified in L. acidophilus NCFM (bshA and bshB) (48) and L. johnsonii
(167) or three also in L. johnsonii PFO1 (168). L. salivarius possesses two genes
(169), but Jiang et al. (165) identified just one gene. The authors agreed that four
distinct genes are present in L. plantarum that are involved in BSH activity (150,
151). Recent work has demonstrated that lactobacilli often harbor multiple distinct
BSHs as a strategy to adapt to their host niche in the gut, making them a rich source
of BSH diversity (170). Additionally, taxonomic profiling of BSHs demonstrated
that lactobacilli encode for several prominent and highly active BSH phylotypes
(38).
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2. AIM AND SCOPE OF THE STUDY

The precise function of BSH remains unexplained to date. The initial
assumption was that it aided in the detoxification of bile, thereby leading to
improved survival under gastrointestinal conditions (123, 171). The notion that
deconjugation products at low pH, such as those caused by lactic acid bacteria, can
endure and leave the gastrointestinal tract likewise reinforces the detoxification
theory (29). Nevertheless, deconjugated bile salts also exhibit strong antimicrobial
properties. Free BAs, such as DCA and CA, might be more toxic compared to their
conjugated counterparts. CA, in particular, is highly hydrophobic and can swiftly
permeate cells (172). Consequently, some authors posit that deconjugation may
represent a defensive strategy that bolsters indigenous gastrointestinal microbiota
against pathogens (173).

Undoubtedly, BSH activity plays a crucial role in host physiological
functions and BA balance. A variety of human illnesses, such as inflammatory
bowel disease (IBD), irritable bowel syndrome (IBS) and susceptibility to
Clostridium difficile infection (CDI), have been observed to be linked to decreased
host BSH activity and abnormal BA pools (117, 174). If this hydrolysis is more
extensive in the host's intestine, it could result in a condition known as steatosis.
Furthermore, higher levels of secondary BAs have been linked to the promotion of
colorectal carcinoma (175).

The relationship between residues in BSH substrate specificity and binding
pockets is still unknown, despite the fact that important amino acids from these
species and the crystal structures of BSHs are understood. Studies on mutagenesis
involving these residues could aid scientists in gaining a deeper insight into the
chemical interactions that transpire during the binding of substrates to these
enzymes. The aim of this study was to investigate the correlation between substrate
selectivity and the crucial loop Il residues within the LpBSH substrate binding
pocket. For tauro and glycol conjugated BAs, the LpBSH demonstrates catalytic
activity (176, 177). The L. plantarum B14 strain is a good candidate to investigate
the activity and specificity of BSH because of its affinity for bile salts conjugated
with both taurine and glycine.
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3. MATERIALS AND METHODS

3.1 Conditions of Culture, Plasmids and Bacterial Strains
Table 3.1 contains a list of the plasmid DNAs and bacterial strains that were

used in this investigation. pPCON1 was created in a previous study (176) to prepare
the template DNA containing the bsh gene of L. plantarum B14. Cultures were
incubated aerobically for two consecutive passages in LB Broth, also known as LB
Medium, Lysogenia Broth, Luria Broth or Luria-Bertani medium (185). Transgenic
E. coli XL1-Blue and BLR(DE3) strains that were harboring pBluescript
(Stratagene, USA) and pET22b (Novagen, USA) plasmids were cultured in liquid
or solid LB medium that was enhanced with ampicillin (100 pg/ml). The cultures
were then cultivated for 16-18 hours at 37°C with 175 rpm shaking or in an
incubator. Solid LB medium was prepared by adding 1.5% (w/v) agar to the

medium.
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Table 3.1. Plasmids and strains of bacteria

Strain Genotype — Origin Phenotype Reference

Lb.plantarum B14 Human origin
Escherichia coli Genotype — Origin
rec Aend A 1 gyr A986 thi-
Sl 1hsdr17supE44 rel Al lac
F-ompT gal decm lon hsdSB
(rB- mB-) MDE3)

(176)
Phenotype Reference

Stratagene

BLR (DE3)

Novagen

Plasmid Genotype Phenotype Reference
pBluescript SKII+ Amp' Fermentas
pCON1 pBluescript SKII* with 1.0 kb bsh gene insert Amp' (176)

pelB, T7 lac, ApR, pBR322 ori ;
PET22b(+) (C-terminal His-tagged protein) Amp Novagen
with 1.0 kb bsh gene insert and ;
Aol fragment from MCS site of pET22b™ Amp (¢
pCON1V58F igbostl\lltlutlon of valine for phenylalanine in Amp' This work
pCON1V58M Sgbos;[\lltlutlon of valine for methionine in Amp' This work
pCON1V58N Substitution of valine for asparagine in pPCON1 Amp’ This work
pCON1Y65C Substitution of tyrosine for cysteine in pPCON1 Amp' This work
pCON1Y65F ilcjzlgtl\lltftlon of tyrosine for phenylelanine in Amp' This work
pCON1Y65L Substitution of tyrosine for leucine in pCON1 Amp' This work
Substitution of tyrosine-65 for phenylelanine ; .
pCON1V58MYG65F in pCON1V58M Amp This work
Substitution of tyrosine-65 for leucine in ] .
pCON1V58MY65L 0CON1V58M Amp This work
Substitution of valine for phenylalanine in ; .
pPZEKV58F DET22b®) Amp This work
Substitution of valine for methionine in ; .
pZEKV58M DET22b) Amp This work
Substitution of wvaline for asparagine in ; .
pZEKV58N DET22b) Amp This work
Substitution of tyrosine for cysteine in ; .
pCON2Y65C DET22b®) Amp This work
Substitution of tyrosine for phenylelanine in ; .
pCON2Y65F DET22b®) Amp This work
Substitution of tyrosine for leucine in ; .
pCON2Y65L DET22b®) Amp This work
Substitution of valine for methionine-58 and ; .
pZEKVS8MYB5F tyrosine-65 for phenylelanine in pET22b®) Amp This work
DZEKV5E8MY65L Substitution of valine for methionine-58 and Amp' This work

tyrosine-65 for leucine in pET22b®

3.2 Mutant Constructions of pCON1
3.2.1 Analysis of Target Amino Acid Sequences

The BioEdit sequence alignment program was used to analyze and align the
L. plantarum B14 bsh gene sequence, while the Clustal W program was used for
alignment. The EXPASY program from http://web.expasy.org/compute_pi/ was
used to calculate the theoretical molecular mass of BSH. The amino acid sequence

of BSH was ascertained using Jalview 2.8 and contrasted with the bsh gene amino



acid sequences listed in GenBank (NCBI). The precise monomeric unit and target
amino acid locations of the created BSH enzyme were ascertained using PyMOL
(PyMOL Executable Build is Copyright (C) 2006 DeLano Scientific LLC, South

San Francisco, California, USA).

3.2.2. Site-directed Mutagenesis on Wild-type BSH Enzyme

By using the appropriate primers in Table 3.2, PCR-based site-directed
mutagenesis was used to replace the amino acids valine-58 (GTA) and tyrosine-65
(TAC), which are believed to be effective for the L. plantarum BSH enzyme's
substrate selectivity, with different characteristic amino acids: phenylalanine-58
(TTT), methionine-58 (ATG), asparagine-58 (AAC), phenylalanine-65 (TTT),
leucine-65 (CTG) and cysteine-65 (TGC). The target codons were replaced with
the desired codons using the Quick Change Site-Directed Mutagenesis protocol
(Stratagene) that target codons were designed on the basis of the E. coli codons used
in the expression of a foreign gene in E. coli (Figure 3.1.) The reactions were
conducted in a 50 pl volume with the following contents: plasmid DNA that used
pCON1 DNA (pBluescript/bshl) as a template, forward and reverse primers (25
uM each), ANTP mix (5 mM), MgCl12 (25 mM), reaction buffer (10X) and enzyme
Pfu DNA polymerase (Fermentas, Europe) (Table 3.3). PCR amplicons were
generated under the conditions outlined in Table 3.4 using a Techne 3000 PCR
system (Barloworld Scientific). Following the PCR, methylated pCON1 template
DNA was removed using Dpnl (Fermentas, Thermo Scientific) under the guidelines
listed in Table 3.5.
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Codon | Amino e Rario? | Colon | Amime ki ERatio | Codon | Amino k3 Eatin Codon | Amino ki Eatio
arild arid anid aril
Ul vw Phe (F) [ 19 | 051 |UCU | Sexf® | 11 (019 |UAU| Tyr(v) | 16 | 055 |UGU |Cysicy| 0.4 | 043 U
UUC (Phe(F) [ 18 | 049 |UCC | Serqm | 10 (017 |UAC | Tmi(m | 14 | 047 |UGC | Cysiq) | 06 | 057 C
UUA | Leuf) | 10 011 |UCA | Sexp® | 0.7 [ 0.12 | UAA | gTOP 02 (062 |UGA | grop |01 | 030 A
ULUG |[Lenggy [ 11 | 011 JUCG | Sexp® | 08 | 013 |UAG | grop | 003 |00% |UGG Tip(w)| 14 | 100 G
Cloew|Lenmy | 10 | 010 |ccu| pom | 07 |06 | cau| mism | 12 |05 |cou Arg® |24 |042 U
CUC | Lenpm) |09 | 010 |CCC | Progp) | 04 | 010 |CAC| HisgH) | 11 | 048 |CGC | Arg®) | 22 | D37 C
CUA | Leujm) |03 | 005 |CCA | Progp) | 0F | 020 |CAA|Glngg) | 15 | 051 |CGA | Arig®) |03 | 005 A
CUG |Leup |52 | 055 |coG |Pro@ | 24 [ 055 |cAG | Glnggy | 29 | 069 |CGG | A1gm |05 |008 G
Alaw Iem |27 | 047 |ACU | Thayn | 12 |02] | AAU| Asni) | 16 | 039 |AGU | Sex(l [ 07 |[0.13 U
AUC | Ikm | 27 0456 |ACC [Thaf | 24 | 045 | AAC | AsnH) | 26 | 061 |AGC | Sergg | 1.5 | 027 C
AUA| Ilem |04 | 007 |ACA |Tham |01 |030 | AAA | LysE) | 38 (076 |AGA | Arg® | 02 | 004 A
AUG [ Metipn | 2.6 100 JACG |Taqm | 13 [023 |AAG | Lys(g) | 12 | 024 |AGG | Asg®) | 02 | 0.03 G
Glouu| vam |20 | 029 |eou| anw | 18 |09 |Gau Aspm) | 33 | 059 |GGU | GlyG) |28 [038 U
GUC | valw) | 14 | 020 |Gee | Ama | 23 (025 |GAC | Aspmy | 23 | 041 |GGC | Gly(e | 5.0 |040 C
GUA| Valw [ 12 [ 017 |GCA | Alga) | 21 | 022 |GAA | GlugE) | 44 | 0.70 | GGA | Glyps) | 0.7 | 0.09 A
GUG | Val(w) | 24 | 034 |GCG | Aha |32 [ 034 |GAG | Glum | 19 | 030 |GGG | Glye | 09 |03 G
U C
1 The data shown in this fable is from the Arabidopsis Reseaich Companion on the World Wide Web (/fweeds/mgh harvard edu). Codon
freque neies for many other bacteria can be found at hitp:/morganangis su.oz.au'Angis'Tables.himl.
2 The letter in parenthesis represents the one-letter cocde for the amino acid.
3 9, lepresents the average frequency this cocon is used per 100 codons.
4 Fatio repre e nfs the abundance of that codon relative to all of the codons for that particular amino acid.
Figure 3. 1. Codon usage in E. coli Genes
Table 3.2. Primers for mutagenesis with site-directed
Primers name Primer Sequences (5’ to 3’ Tm
V58FF 5’- TGGAATTACTGCTGATITTGAAAGCTATCCAC -3’ 63°C
V58FR 5’- GTGGATAGCTTTCAAAATCAGCAGTAATTCCA -3’ 63°C
V58MF 5- TGGAATTACTGCTGATATGGAAAGCTATCCAC -3 63°C
V58MR 5’- GTGGATAGCTTTCCATATCAGCAGTAATTCCA -3’ 63°C
V58NF 5- TGGAATTACTGCTGATAACGAAAGCTATCCAC -3 63°C
V58NR 5’- GTGGATAGCTTTCGTTATCAGCAGTAATTCCA -3’ 63°C
Y65CF 5’- GCTATCCACTTTACTGCGATGCGATGAATG -3’ 66°C
Y65CR 5’- CATTCATCGCATCGCAGTAAAGTGGATAGC -3’ 66°C
YG65FF 5’- GCTATCCACTTTACTTTGATGCGATGAATG -3’ 62°C
Y65FR 5’- CATTCATCGCATCAAAGTAAAGTGGATAGC -3’ 62°C
Y65LF 5’- GCTATCCACTTTACCTGGATGCGATGAATG -3’ 65°C
Y65LR 5’- CATTCATCGCATCCAGGTAAAGTGGATAGC -3’ 65°C

Table 3.3. PCR-Reactive materials for VV58F, V58M, V58N, Y65C, Y65F and
Y65L mutagenesis

Reactants Concentrations Quantities

UP (ultra pure) H,O - 33.25 ul
Template DNA (100 ng) 135 ng/ul 0.75ul
MgCl, (25 mM) 25 mM 4 ul
dNTP mix (5 mM) 5mM 2 ul
Forward Primer (25 uM) 25 uM 2 ul
Reverse Primer (25 pM) 25 uM 2 ul
Pfu DNA Polymerase Buffer (10X) 10X Sl
Pfu DNA Polymerase Enzyme (2.5 U/pl) 2.5 u/pl 1 pl
TOTAL VOLUME - 50 pl
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Table 3.4. Conditions for PCR reactions

Cycles Temperatures Time
y VSSF_V5eM _ VseN vesC vesk  vesL N

Initial denaturation 95°C 95°C  95°C 95°C 95°C 95°C 30 sec
Denaturation 95°C 95°C  95°C 95°C 95°C 95°C 1 min
Annealing 59°C 59°C  59°C 62°C  58°C 61°C 1 min
Extension 72°C 72°C  72°C 72°C  72°C 72°C 9 min
Final extension 72°C 72°C  72°C  72°C 72°C 72°C 5 min
Number of cycles 20

Table 3.5. Conditions of reaction for Dpnl digestion of PCR products

Up H.0 4ul .
PCR product (>500 ng) 40 pl at37°C
Tango Buffer (10X) 5ul

Dpnl enzyme (10U/ul) 1 pl for 2 h.
TOTAL VOLUME 50 pl

3.2.3 Purifying Mutated PCR Products

Gel extraction kit Thermo Scientific GeneJET (Massachusetts, USA) was
used to recover approximately 1 kb of PCR products from agarose gels after PCR
products from pCON1*V58F, pCON1*V58M, pCON1*V58N, pCON1*Y65C,
pCON1*Y65F, and pCON1*Y65L (* indicates desired mutations) were placed on
gel with 1% agarose and electrophoresed for an hour at 75 volts.

3.2.4 Preparing XL1-Blue and BLR(DE3) Competent Cells

Plates of solid LB medium containing E. coli BLR(DE3) (Novagen, USA)
or XL1-Blue (Stratagene, USA) strains were incubated at 37°C for an overnight.
Three milliliters of LB broth were inoculated with a single colony of BLR(DES3) or
XL1-Bluenand the mixture was shaken at a rate of 175 rpm for a period of 14 to 16
hours. After that, 1% of the medium was moved to 50 ml of LB, and it was once
again incubated for 2 to 2.5 hours at 125 rpm until an 0,5 at ODeoo Was achieved.
The culture medium was separated into two 20 ml sterile falcon tubes and the cells
were centrifuged for 5 min at 4000 rpm and 4°C. Following that, the pellets were
again suspended in 10 milliliters of calcium chloride, CaCl, (pH: 7.0, 100mM,).
This was followed by centrifugation at 4°C for 10 minutes at 4000 rpm. After
resuspension of pellets in 1ml CaCl» solution with 10% glycerol, aliquots of 100 pl
per culture tube were taken and stored in a freezer at -80°C.
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3.2.5 Mutants of pCON1* Transforming into the E. coli XL1-Blue

For each transformation, 10 ul of PCR purified products from
pCON1*V58F, pCON1*V58M, pCON1*V58N, pCON1*Y65C, pCON1*Y65F
and pCON1*Y65L were added to 100 pl of competent cells and incubated for 45
minutes on ice and 5 minutes at 37°C, then re-incubated for 5 minutes on ice. After
heat shock, the samples were incubated in 1 ml LB medium for 1 hour at 37 °C at
175 rpm. Pellets formed by centrifugation of the growing cells for 3 minutes at 6000
rpm were resuspended in 100 ul LB medium. The cell suspensions were plated on
ampicillin-containing LB agar and cultivated at 37°C for 16-18 hour. The four
randomly selected transformed colonies were grown overnight at 37°C in 5 ml LB
medium containing amphicillin (100 pg/ml). Plasmid miniprep kit (Thermo
Scientific GeneJET, Lithuania, EU) was used to isolate plasmid DNA from the cell
pellets after the growing cell medium was centrifuged for 3 min at 6000 rpm.

3.2.6 Detection of Targeted Mutations by DNA Sequencing

Using M13/pUC forward and reverse universal primers, Macrogen Inc.
(Seoul, Korea) carried out DNA sequencing of recombinant mutant DNAs. The
BioEdit Sequence Alignment Programme confirmed the bsh gene with mutation,
which is roughly 1 kb in size.

3.2.7 Preparation of Stock

The target-mutant clones pCON1V58F, pCON1V58M, pCON1V58N,
pCON1Y65C, pCON1Y65F, and pCON1Y65L were cultured in 5 ml of LB
containing ampicillin (100 pg/ml) at 37°C and 175 rpm of shaking for overnight.
After that, cell medium was centrifuged for 4 minutes at 25°C and 4000 rpm. The
pellets were resolved in 30% glycerol-containing 4 ml LB and stored in cryogenic

tubes in a freezer maintained at -80°C for extended storage.

3.3 Making Mutant pZEK Constructs

3.3.1 Preparation of pET22b Expression Vector

A colony of E. coli BLR(DES3) carrying the pET22b expression vector was
incubated overnight in 10 ml LB medium containing ampicillin (100 pg/ml) at 37°C
with shaking at 175 rpm. The overnight cell culture was centrifuged at 4000 rpm
for 4 minutes at 25°C and the pellet was obtained through centrifugation for 3

minutes at 6000 rpm after dissolution with 1 ml LB. Using the plasmid miniprep kit
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(Thermo Scientific GeneJET, Lithuania, EU), plasmid DNAs were extracted from
the pellet. The plasmid DNA of pET22b was digested by Notl and EcoRlI restriction
enzymes (Thermo Scientific) for 45 min at 37°C in order to clone the bsh gene
carrying the target mutations into the pET22b expression vector, as shown in Table
3.6. after which the digested pET22b expression vector was extracted using the Gel
DNA recovery kit (Vivantis, Selangor, Malasia) from 1% agarose gel.

Table 3.6. Conditions of pET22b DNA digestion by Notl and EcoRl.

Up H20 20 ul o
pET22b (500 ng) 30 pl at3rec
Fast Digest Buffer (10X) 6 ul

EcoRI enzyme (Fast Digest) 2 ul .
Notl enzyme (Fast Digest) 2 ul for 45 min.
TOTAL VOLUME 60 pl

3.3.2 Digestion of Mutant Recombinant DNAs by Notl and EcoRl
Restriction Enzymes into pBluescript SKII * Vector
The V58M, V58F, V58N, Y65L, Y65F and Y65C, mutant bsh genes were
obtained from pCON1V58M, pCON1V58F, pCON1V58N, pCON1YG65L,
pCON1Y65F and pCON1Y65C clones using Notl and EcoRI restriction enzymes
(Thermo Scientific, Lithuania, EU) (Table 3.7). The Vivantis GF-1 gel DNA
recovery kit (Vivantis, Selangor, Malasia) was used to purify mutant V58F, V58M,
V58N, Y65C, Y65F and Y65L bsh gene fragments from 1% agarose gel in

accordance with the manufacturer's instructions.

Table 3.7. Conditions of mutant recombinant DNAs digestion by EcoRI

and Notl.
Up H:0 18 ul at 37 °C
Mutant Recombinant DNAs (>500 ng) 40 pl
Fast Digest Buffer 7 ul
EcoRI Enzyme (Fast Digest) 2.5 ul
Notl Enzyme (Fast Digest) 2.5 ul for 2 h.
TOTAL VOLUME 70 pl

3.3.3 Mutant bsh genes Ligation into pET22b
The T4 DNA ligase enzyme (Thermo Scientific) was used to individually
ligate the purified mutant V58M, V58F, V58N, Y65L, Y65F and Y65C, bsh genes

into the pET22b expression vector. This process was carried out for one hour at
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22°C (Table 3.8). The newly created constructs were given the names
pCON2Y65C, pCON2Y65F, pCON2Y65L, pZEKVS58F, pZEKV58M, and
pZEKV58N. The following formula was used to calculate the proper amounts of

insert and vector DNA for an efficient ligation:

. Insert Length (kb) i
Insert Mass (ng) = Ration x x Vector Mass (ng)

Wector Length (kb)

Table 3.8. Insertion of mutant BSHs into pET22b

Up H20 11l at 22 °C
pET22b Vector (EcoRI/Notl digested) (>500 ng) 4 ul
Mutant BSHs DNAs (EcoRI/Notl cut ) 2 ul
T4 10X Ligase Buffer 2 ul
T4 DNA Ligase Enzyme (5 U/ul) Il for 1 h.
TOTAL VOLUME 20 pl

3.3.4 Incorporation of pZEK Mutants into BLR (DE3) of E. coli

Samples containing 100 pl of BLR(DE3) competent cells and 10 pl of
pZEKV58F, pZEKV58M, pZEKV58N, pCON2Y65C, pCON2Y65F or
pCON2Y®65L ligation products were incubated for 45 minutes on ice, followed by
5 min at 37°C and another 5 min on ice. Following an hour of growth in 1 ml LB
broth medium at 175 rpm and 37°C in a shaking incubator, the ligation samples
were centrifuged for 3 minutes at 6000 rpm, and the cell pellets were resuspended
in 100 ul LB. For 37°C growth, the solved cells were plated on LB agar plates
supplemented with ampicillin (100pg/ml).

3.3.5 Accuracy of Mutant bsh Genes in pZEK Constructs

Colonies randomly selected from ampicillin LB plates of transformants
were grown in 10 ml LB medium supplemented with ampicillin (100 pg/ml) for 16-
18 hours at 37°C at 175 rpm on a shaker and simultaneously plated onto ampicillin
LB plates at 37°C overnight for later stocking. The growing transformant cells were
pelleted by centrifugation for 3 minutes at 6000 rpm and using the Thermo
Scientific GeneJET Plasmid Miniprep Kit (Lithuania, EU), DNA was extracted
from E. coli BLR(DE3) clone pellets. To determine whether the mutant bsh genes
were correctly inserted into the pZEKV58F, pZEKV58M, pZEKV58N,
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pCON2Y65C, pPCON2Y65F or pPCON2Y65L constructs were digested with EcoRl
and Notl resriction enzymes as specified in Table 3.9 and the digested pZEKV58F,
pZEKV58M, pZEKV58N, pCON2Y65C, pCON2Y65F or pCON2Y65L DNA
samples were loaded onto a 1% agarose gel and electrophoresed for 1 hour at 75
volts. The mutant gene-verified colonies from pZEKV58F, pZEKV58M,
pZEKV58N, pCON2Y65C, pPCON2Y65F or pPCONZ2Y65L constructs were grown
in 10 ml ampicillin (100 pg/ml) LB medium at 37°C for 16-18 hours at 175 rpm
and then pelleted by centrifugation for 3 min at 6000 rpm. The pellets were again

suspended in 30% glycerol in 4 ml of LB and stored at -80°C.

Table 3.9. Conditions of pZEK and pCON2 DNAs digestion by Notl and

EcoRlI
Up H20 55ul at 37 °C
pZEK and pCON2 Mutant DNAs (>500 ng) 3ul
Fast Digest Buffer (10X ) 1l
EcoRI Enzyme (Fast digest) 0.25 ul for 30 min.
Notl Enzyme (Fast digest) 0.25 pl
TOTAL VOLUME 10 pl

3.4 Assay of the BSH Activity in the pZEK Constructs

3.4.1 Direct Plate Assay

To ascertain the mutant BSH enzymes' BSH activity contained in the pZEK
constructs, a direct plate assay developed by Christiaens et al. in 1992 (187) was
used with a few modifications; these assay plates contained LB agar containing
ampicillin (100 pg/ml) with 5 g/L TDCA or 2 mM GDCA 1 mM isopropyl-p-D-1-
thiogalactopyranoside (IPTG), 0.35 g/L CaCl,. Plates containing the negative
control (pET22b), positive control (pCON2), and mutant transformants,
pZEKV58F, pZEKV58M, pZEKV58N, pCON2Y65C, pCON2Y65F, or
pCON2Y65L, were then incubated for 72 hours at 37°C and the plates were
examined for opaque appearance. A positive reaction for BSH activity was seen

when bile acid precipitation produced a bright, opaque halo (Figure 3.1).

26



BSH Unconjugated Glycine

bile acid Or
Taurine

Taurine
HN=CH;~CH;~50,0
H

- precipitate

Figure 3.2. BSH Activity Assay

3.4.2 Overexpression of Mutant bsh Genes

The pZEKV58F, pZEKV58M, pZEKV58N, pCON2Y65C, pPCON2Y65F or
pCON2Y65L and pCON2 (bsh/pET22b) transformants were individually
cultivated in ampicillin (100pg/ml) containing 10ml LB at 37°C and 175rpm on a
shaker for 16-18 hours after successful transformation of pZEKV58F, pZEKV58M,
pZEKV58N, pCON2Y65C, pCON2Y65F or pPCON2Y65L into E. coli BLR(DE3)
competent cells. From the overnight cultures, 5ml (2% of the total) was transferred
to. 250 ml of LB broth supplemented with 4% glycerol and 100 pg/ml ampicillin.
The cultures were then grown at 175 rpm and 37 °C until their optical density
reached ODe00:0.45 - 0.6. 0.3 mM IPTG was used to induce the protein expression
of mrBSH and rBSH. The cultures were then reincubated at 37°C and 175 rpm until
they achieved ODsgo values of 1.5-3.0. After the cultures reached an ODgoo Of 1.5~
3.0, they were centrifuged at 8000g for 15 minutes and at 4°C. Re-suspended pellets
were placed in 2 ml of cold binding buffer (pH: 7.8) with 500 ml of sodium chloride
and 20 ml of sodium phosphate. The cell suspension was then mixed with 1 mg/ml
lysozyme and allowed to incubate for 10 minutes at 4°C on a rocking platform.
After incubation, 1% Tween-20, 5ug/ml DNase and Spug/ml RNase were added to
the mixture and incubated for 10 minutes at 4°C on a rocking platform. The soluble
fraction was centrifuged at 14000g for 20 minutes at 4°C to remove cell debris. The
supernatant was filtered through a 0.45 pum filter and collected in clean polystyrene
tubes. Ninhydrin assay and rBSH and mrBSH protein purification were performed
on the prepared cell extracts. In the ninhydrin assay, the total protein concentration
of the cell extract was measured using bovine serum albumin (BSA) as a standard

protein according to the Lowry method (178).
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3.4.3 Partially Purification of the Mutant BSH Enzymes

After overexpressing and extracting cells, the wild-type and mutant BSHs
underwent partial purification using the nickel-chelated column on the GE
Healthcare Bio-sciences AKTAprime plus™ chromatography system, in
accordance with the manufacturer's guidelines. The His TrapTM HP column was
loaded with the part of cell extracts that is soluble and contains wild-type and
mutant BSHs. The protein-coupled column was eluted with elution buffer (at pH 6,

500 mM sodium chloride, 20 mM sodium phosphate buffer and 200mM imidazole).

3.4.4 Ninhydrine Assay

The ninhydrin assay, modified from Tanaka et al. (8), was used to determine
the substrate specificity of the mutant BSH enzymes. The assay's foundation is the
interaction of ninhydrin reagent with amino acids produced by the hydrolysis of
conjugated bile salts, and the subsequent colorimetric shift that is observed. The
Lowry test was used to determine the cell extracts' total protein concentration (178)
and standardized to 10 ul of sample using the proper dilution before initiating the
assay for ninhydrin. The substrate specificities of wild-type BSH (positive control)
and mutant BSH enzymes against the six different human BAs, GCA, TCA, GDCA,
TDCA, GCDCA and TCDCA, were determined by ninhydrin assay at 37°C and pH
6. Initially, 10 ul sample was incorporated into the mixture that contained 50 pl of
40 mM bile salt, 50 pl of 40 mM dithiothreitol (DTT) and 100 pl of 0.1 M sodium
phosphate buffer (pH: 6.0). The final mixture was incubated for 30 minutes at 37
°C. After adding 210 pl of trichloroacetic acid to the mixture in order to stop the
enzymatic reaction, the mixture was centrifuged at 14000g for 15 min. 1.9 ml of
ninhydrin reagent (0.5 ml of 1% ninhydrin in 0.5M sodium citrate buffer (pH 5.5),
1.2 ml of glycerol and 0.2 ml of 0.5M sodium citrate buffer (pH 5.5)) was mixed
with 20 mL of supernatant and 80 ml of ultrapure water. Following a vortex and a
15-minute boil, the sample was treated. After cooling, the samples' absorbance at
570 nm was measured using a standard curve of glycine using the U-1900
spectrophotometer (HITACHI, Japan). All experiments were carried out in

triplicate.
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3.4.5 SDS PAGE Analysis
According to Laemmli's (184) instructions, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) was carried out on a 12% (w/v) polyacrylamide
separating gel with 0.1% (w/v) SDS in order to observe the production of mutant
and wild BSH enzymes. Coomassie Brilliant Blue R250 staining was used to detect
protein bands. The Lowry method (178) using bovine serum albumin as a standard
was used to determine protein concentration. The marker used was a Page Ruller

Prestained Protein Ladder (Thermo Scientific).

3.5 Mutant Constructions of pPCON1V58M-Y65F and
pCON1V58M-Y65L

3.5.1. Site-directed Mutagenesis on pCON1V58M

In order to determine whether there is a relationship between the 58 and 65
regions of BSH, according to the ninhydrin results of the mutations, phenylalanin
and leucine are effective on the activity in 65, cysteine was not selected because of
almost completely effective, and 58 metionine that is more effective were selected
and double mutations for V58M-Y65F and V58M-YG65L were determined. By
using the appropriate primers in Table 3.10, PCR-based site-directed mutagenesis
was used to replace the amino acids Tyrosine-65 (TAC) for double mutation with
different characteristic amino acids: Phenylalanine-65 (TTT), leucine-65 (CTG) on
mutant V58M bsh gene. The target codons were replaced with the desired codons
using the Quick Change Site-Directed Mutagenesis protocol (Stratagene). The
reactions were conducted in a 50 pl volume with the following contents: plasmid
DNA that used pCON1V58M DNA as a template, forward and reverse primers (25
uM each), ANTP mix (5 mM), MgCl2 (25 mM), reaction buffer (10X) and enzyme
Pfu DNA polymerase (Fermentas, Europe) (Table 3.11). PCR amplicons were
generated under the conditions outlined in Table 3.12 using a Techne 3000 PCR
system (Barloworld Scientific). Following the PCR, methylated pCON1V58M
template DNA was removed using Dpnl (Fermentas, Thermo Scientific) under the
guidelines listed in Table 3.13.
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Table 3.10. Primers for mutagenesis with site-directed

Primers name Primer Sequences (5’ to 3°) Tm
Y65FF 5’- GCTATCCACTTTACTTTGATGCGATGAATG -3’ 62°C
Y65FR 5’- CATTCATCGCATCAAAGTAAAGTGGATAGC -3’ 62°C
Y65LF 5’- GCTATCCACTTTACCTGGATGCGATGAATG -3’ 65°C
Y65LR 5’- CATTCATCGCATCCAGGTAAAGTGGATAGC -3’ 65°C

Table 3.11. PCR-Reactive materials for pPCON1V58M-Y65F and
pCON1V58M-Y65L mutagenesis

Reactants Concentrations Quantities

UP (ultra pure) H,0 - 33.25

ul
Template DNA pCON1V58M (100 ng) 135 ng/ul 0.75ul
MgCl; (25 mM) 25 mM 4l
dNTP mix (5 mM) 5 mM 2 ul
Forward Primer (25 uM) 25 uM 2 ul
Reverse Primer (25 pM) 25 uM 2 ul
Pfu DNA Polymerase Buffer (10X) 10X Sul
Pfu DNA Polymerase Enzyme (2.5 U/pl) 2.5u/pl 1l
TOTAL VOLUME - 50 pl

Table 3.12. Conditions for PCR reactions

Y65F Y65L R
Initial denaturation 95°C 95°C 30 sec
Denaturation 95°C 95°C 1 min
Annealing 58°C 61°C 1 min
Extension 72°C 72°C 9 min
Final extension 72°C 72°C 5 min
Number of cycles 20

Table 3.13. Conditions of reaction for Dpnl digestion of PCR products

Up H-,0 4 H-l o
PCR product (>500 ng) 40 pl at3reC
Tango Buffer (10X) Sul

Dpnl enzyme (10U/ul) 1pl for 2 h.
TOTAL VOLUME 50 pul

3.5.2 Purifying Mutated PCR Products

Gel extraction kit Thermo Scientific GeneJET (Massachusetts, USA) was
used to recover approximately 1 kb of PCR products from agarose gels after PCR
products from pCON1V58M*-Y65F and pCON1V58M*-Y65L (* indicates
desired mutations) were placed on gel with 1% agarose and electrophoresed for an

hour at 75 volts.
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3.5.3 Mutants of pCON1V58M*-Y65F and pCON1V58M*-Y65L
Transforming into the E. coli XL1-Blue

For each transformation, 10 ul of PCR purified products from
pCON1V58M*-Y65F and pCON1V58M*-Y65L were added to 100 ul of
competent cells and incubated for 45 minutes on ice and 5 minutes at 37°C, then
re-incubated for 5 minutes on ice. After heat shock, the samples were incubated in
1 ml LB medium for 1 hour at 37 °C at 175 rpm. Pellets formed by centrifugation
of the growing cells for 3 minutes at 6000 rpm were resuspended in 100 ul LB
medium. The cell suspensions were plated on ampicillin (100pg/ml ) containing LB
agar and cultivated at 37°C for 16-18 hour. The four randomly selected transformed
colonies were grown overnight at 37°C in 5 ml LB medium containing
amphicillin(100pg/ml). Plasmid miniprep kit (Thermo Scientific GenelJET,
Lithuania, EU) was used to isolate plasmid DNA from the cell pellets after the

growing cell medium was centrifuged for 3 min at 6000 rpm.

3.5.4 Detection of Double Mutations by DNA Sequencing

Using M13/pUC forward and reverse universal primers, Macrogen Inc.
(Seoul, Korea) carried out DNA sequencing of recombinant mutant DNAs. The
BioEdit Sequence Alignment Programme confirmed the bsh gene with double

mutation, which is roughly 1 kb in size.

3.5.5 Preparation of Stock

The target-mutant clones pCON1V58M-Y65F and pCON1V58M-Y65L
were cultured in 5 ml of LB containing ampicillin (100 pg/ml) at 37°C and 175 rpm
of shaking for overnight. After that, cell mediums were centrifuged for 4 minutes
at 25°C and 4000 rpm. The pellets were resolved in 30% glycerol-containing 4 mi
LB and stored in cryogenic tubes in a freezer maintained at -80°C for extended

storage.

3.6 Making Mutant pZEKV58M-Y65F and pZEKV58M-Y65L
Constructs
3.6.1 Digestion of Mutant pPCON1V58M-Y65F and pCON1V58M-Y65L
DNAs by Notl and EcoRI Restriction Enzymes
The V58M-Y65F and V58M-Y65L, double mutant bsh genes were obtained
from pCON1V58M-Y65F and pCON1V58M-Y65L clones using Notl and EcoRI
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restriction enzymes (Thermo Scientific, Lithuania, EU) (Table 3.14). The vivantis
GF-1 gel DNA recovery kit (Vivantis, Selangor, Malasia) was used to purify mutant
V58M-Y65F and V58M-Y65L bsh gene fragments from 1% agarose gel in
accordance with the manufacturer's instructions.

Table 3.14. Conditions of pPCON1V58M-Y65F and pCON1V58M-Y65L
DNAs digestion by Notl and EcoRl

Up H20 18 ul at37°C
pCON1V58MY65F and pCON1V58MY65L DNAS (>500 ng) 40 pl
Fast Digest Buffer 7 ul
EcoRI Enzyme (Fast Digest) 2.5l
Notl Enzyme (Fast Digest) 2.5l for 2 h.
TOTAL VOLUME 70 pl

3.6.2 Double mutant bsh genes Ligation into pET22b

The T4 DNA ligase enzyme (Thermo Scientific) was used to individually
ligate the purified mutant V58M-Y65F and V58M-Y65L bsh genes into the pET22b
expression vector. This process was carried out for one hour at 22°C (Table 3.15).
The newly created constructs were given the names pZEKV58M-Y65F and
pZEKV58M-Y65L. The following formula was used to calculate the proper

amounts of insert and vector DNA for an efficient ligation:

. Insert Length (kb) )
Insert Mass (ng) = Ration x x Vector Mass (ng)

WVector Length (kb)

Table 3.15. Insertion of mutant V58M-Y65F and V58M-Y65L BSHs

into the pET22b
Up H20 11 ul 4t 22°C
pET22b Vector (EcoRI/Notl digested) (>500 ng) 4 ul
Mutant V58MY65F and V58M65L BSH DNAs (EcoRI/Notl cut ) 2wl
T4 10X Ligase Buffer 2 ul for 1 h
T4 DNA Ligase Enzyme (5 U/ul) 1 ul '
TOTAL VOLUME 20 pl

3.6.3 Incorporation of pZEKV58M-Y65F and pZEKV58M-YG65L
Mutants into BLR (DE3) of E. coli

Samples containing 100 pl of BLR(DE3) competent cells and 10 pul of

pZEKV58M-Y65F or pZEKV58M-YG65L ligation products were incubated for 45
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minutes on ice, followed by 5 min. at 37°C and another 5 min. on ice. Following an
hour of growth in 1 ml LB broth medium at 175 rpm and 37°C in a shaking
incubator, the ligation samples were centrifuged for 3 minutes at 6000 rpm, and the
cell pellets were resuspended in 100 ul LB. For 37°C growth, the solved cells were

plated on LB agar plates supplemented with ampicillin (100pg/ml).

3.6.4 Accuracy of Mutant bsh Genes in pZEKV58M-Y65F and
pZEKV58M-Y65L Constructs

Colonies randomly selected from ampicillin LB plates of transformants
were grown in 10 ml LB medium supplemented with ampicillin (100 pg/ml) for 16-
18 hours at 37°C at 175 rpm on a shaker and simultaneously plated onto ampicillin
(100 pg/ml) LB plates at 37°C overnight for later stocking. The growing
transformant cells were pelleted by centrifugation for 3 minutes at 6000 rpm and
using the Thermo Scientific GeneJET Plasmid Miniprep Kit (Lithuania, EU), DNA
was extracted from E. coli BLR(DE3) clone pellets. To determine whether the
mutant bsh genes were correctly inserted into the pZEKV58M-YG65F or
pZEKV58M-Y65L constructs are digested with EcoRI and Notl resriction enzymes
as specified in Table 3.16. and the digested pZEKV58M-Y65F or pZEKV58M-
Y65L DNA samples were loaded onto a 1% agarose gel and electrophoresed for 1
hour at 75 volts. The mutant gene-verified colonies from pZEKV58M-YG65F or
pZEKV58M-Y65L constructs were grown in 10 ml ampicillin (100 pg/ml) LB
medium at 37°C for 16-18 hours at 175 rpm and then pelleted by centrifugation for
3 min. at 6000 rpm. The pellets were again suspended in 30% glycerol in 4 ml of
LB and stored at -80°C.

Table 3.16. Conditions of pZEKV58M-Y65F and pZEKV58M-Y65L
DNAs digestion by Notl and EcoRI

Up H.0 5.5ul at 37 °C
pZEKV58MY65F and pZEKV58MY65L DNAs (>500 ng) 3l

Fast Digest Buffer (10X) 1 ul

EcoRI Enzyme (Fast digest) 0.25 pl for 30 min.
Notl Enzyme (Fast digest) 0.25 pl

TOTAL VOLUME 10 pl
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3.7 Assay of the BSH Activity in the pZEKV58M-Y65F and
pZEKV58M-Y65L Constructs

3.7.1 Overexpression of bsh Gene Mutants

The pZEKV58M-Y65F or pZEKV58M-Y65L transformants were
individually cultivated in ampicillin (100pg/ml) containing 10ml LB at 37°C and
175 rpm on a shaker for 16-18 hours after successful transformation of
pZEKV58M-Y65F or pZEKV58M-Y65L into E. coli BLR(DE3) competent cells.
From the overnight cultures, 5ml (2% of the total) was transferred to 250 ml of LB
broth supplemented with 4% glycerol and 100 pg/ml ampicillin. The cultures were
then grown at 175 rpm and 37 °C until their optical density reached ODeg00:0.45 -
0.6. 0.3 mM IPTG was used to induce the protein expression of pZEKV58M-Y65F
or pZEKVS58M-Y65L mrBSH. The cultures were then reincubated at 37°C and 175
rpm until they achieved ODggo values of 1.5-3.0. After the cultures reached an ODgoo
of 1.5-3.0, they were centrifuged at 8000g for 15 minutes and at 4°C. Re-suspended
pellets were placed in 2 ml of cold binding buffer (pH: 7.8) with 500 ml of sodium
chloride and 20 ml of sodium phosphate. The cell suspension was then mixed with
1 mg/ml lysozyme and allowed to incubate for 10 minutes at 4°C on a rocking
platform. After incubation, 1% Tween-20, Sug/ml DNase and Spg/ml RNase were
added to the mixture and incubated for 10 minutes at 4°C on a rocking platform.
The soluble fraction was centrifuged at 14000g for 20 minutes at 4°C to remove
cell debris. The supernatant was filtered through a 0.45 pum filter and collected in
clean polystyrene tubes. Ninhydrin assay and pCON2 rBSH and pZEKV58M-
Y65F or pZEKV58M-Y65L mrBSH protein purification were performed on the
prepared cell extracts. In the ninhydrin assay, the total protein concentration of the
cell extract was measured using bovine serum albumin (BSA) as a standard protein

according to the Lowry method (178).

3.7.2 Partially Purification of the Mutant BSH Enzymes

After overexpressing and extracting cells, the wild-type and pZEKV58M-
Y65F or pZEKV58M-Y65L mutant BSHs underwent partial purification using the
nickel-chelated column on the GE Healthcare Bio-sciences AKTAprime plus™
chromatography system, in accordance with the manufacturer's guidelines. The His
TrapTM HP column was loaded with the part of cell extracts that is soluble and
contains wild-type and pZEKV58M-YG65F or pZEKV58M-Y65L mutant BSHSs.
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The protein-coupled column was eluted with elution buffer (at pH 6, 500 mM
sodium chloride, 20 mM sodium phosphate buffer and 200mM imidazole).

3.7.3 Ninhydrine Assay for V58M-Y65F and V58M-Y65L bsh genes

The ninhydrin assay, modified from Tanaka et al. (8), was used to determine
the substrate specificity of the pZEKV58M-Y65F or pZEKV58M-Y65L double
mutant BSH enzymes. The assay's foundation is the interaction of ninhydrin reagent
with amino acids produced by the hydrolysis of conjugated bile salts, and the
subsequent colorimetric shift that is observed. The Lowry test was used to
determine the cell extracts' total protein concentration (178) and standardized to 10
ul of sample using the proper dilution before initiating the assay for ninhydrin. The
substrate specificities of wild-type BSH (positive control) and pZEKV58M-Y65F
or pZEKV58M-Y65L double mutant BSH enzymes against the six different human
BAs, GCA, TCA, GDCA, TDCA, GCDCA and TCDCA, were determined by
ninhydrin assay at 37°C and pH 6. Initially, 10 ul sample was incorporated into the
mixture that contained 50 ul of 40 mM bile salt, 50 ul of 40 mM DTT and 100 pl
of 0.1 M sodium phosphate buffer (pH: 6.0). The final mixture was incubated for
30 minutes at 37 °C. After adding 210 ul of trichloroacetic acid to the mixture in
order to stop the enzymatic reaction, the mixture was centrifuged at 140009 for 15
min. 1.9 ml of ninhydrin reagent (0.5 ml of 1% ninhydrin in 0.5M sodium citrate
buffer (pH 5.5), 1.2 ml of glycerol and 0.2 ml of 0.5M sodium citrate buffer (pH
5.5)) was mixed with 20 ml of supernatant and 80 mL of ultrapure water. Following
a vortex and a 15-minute boil, the sample was treated. After cooling, the samples’
absorbance at 570 nm was measured using a standard curve of glycine using the U-
1900 spectrophotometer (HITACHI, Japan). All experiments were carried out in

triplicate.
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4. RESULTS

4.1 Analysis of Target Amino Acid Sequences
The BioEdit sequence alignment program was used to analyze and align the L.
plantarum B14 bsh gene sequence and visulated by the EXPASY program from
http://web.expasy.org/compute pi/. The codon of valine-58 was identified as GTA
and the codon of tyrosine-65 was identified as TAC (Figure 4.1). A total of 30 BSH

sequences, with different genetically and biochemically characterised amino acids

sequences listed in GenBank (NCBI) and substrate preferences, were aligned with
the L. plantarum B14 bsh gene using Jalview 2.8 (Figure 4.2a-d). Also, the
phylogenetic tree of BSH isotypes was represented in a tree structure by Jalview
2.8 (Figure 4.3). The BLAST identity percentage of the amino acid sequences of
BSH from L. plantarum B14 and various other sequences, including
Bifidobacterium, Clostridium, Enterococcus, and Lactobacillus species, was
examined using the Standard Protein BLAST software, which may be found at
blast.ncbi.nlm.nih.gov (Figure 4.4). The BSHs of L. plantarum 80, L. plantarum
subsp. plantarum ST-I11 BSH1, and L. plantarum WCSF1 were shown to have 99%
identity with the BSH of L. plantarum B14. Conversely, the BSH of L. plantarum
B14 exhibited 70% similarity to E. faecalis T2 and 54-45% similarity to L.
salivarius, L. acidophilus, L. reuteri, L. johnsoni, and L. gasseri species; in contrast,
there was 37-32% similarity to Bifidobacterium species and 29-26% similarity to
L. plantarum CGMCC8198 BSH3, L. fermentum NCDO394 BSH, L. plantarum
CGMCC8198 BSH4, and L. rhamnosus E9 BSH (Figure 4.3 and Figure 4.4). The
substrate specificity of BSH isotypes with regard to sites 58 and 65 has been
demonstrated, indicating that the Ntn-hydrolase superfamily members exhibited a
partial conservation of residues implicated in substrate selectivity within the active
site of BSH enzymes and in BSHSs, the majority of the amino acids are hydrophobic
at positions 65 and 58. In comparison to site Y65, site V58 has much more diversity,
with types such as Met, Val, Phe, lle, Thr, Asn, Glu, Ala, Leu and Pro (Figure 4.2
and Figure 4.4). Nonetheless, the amino acids at site 65 were identified as Phe, Ala,
Tyr, Cys, Ser, Thr, and Val, and they were shown in the Figure 4.2 and Figure 4.4
to be more conserved than those at site 58. The monomeric unit and target amino
acid positions of valine-58 (GTA) and tyrosine-65 (TAC), which are considered to
be effective for the substrate specificity of the BSH enzyme of L. plantarum were
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ascertained using PyMOL (PyMOL Executable Build is Copyright (C) 2006
DeLano Scientific LLC, South San Francisco, California, USA) (Figure 4.5).

atg tgt act gcc ata act tat caa tct tat aat aat tac ttc ggt aga aat ttc gat tat
M C T 4o I T ¥ Q@ S ¥ N Ny F G R N F D Y
gaa att tca tac aat gaa atg gtt acg att acg cct aga aaa tat cca cta gta ttt cgt

E I S Y N E M Vv T I T P R K ¥ P L V F R
aag gtg gag aac tta gat cac cat tat gca ata att gga att act gct gat [gtal gaa agc
KV E N D H H Y A I I G I T A D |V E S

tat cca ctt tac t%% gat gcg atg aat gaa aaa ggc ttg tgt att gcg gga tta aat tit

Y P L Y |¥Y[D A M N E K G L C I A G L il F
gca ggt tat gct gat tat aaa aaa tat gat gct gat aaa gtt aat atc aca cca ttt gaa
A G Y A D Y K K Y D A D K WV N I T P F E
tta att cct tgg tta ttg gga caa ttt tca agt gtt aga gaa gtg aaa aag aac ata caa
L I P W L L G Q F S S Vv R E Vv K K N I @
aaa cta aac ttg gtt aat att aat ttt agt gaa caa tta cca tta tca ccg cta cat tgg
K L M L WV N I il F S E Q L P L 5 P L H W
ttg gtt gct gat aaa cag gaa tcg ata gtt att gaa agt gtt aaa gaa gga cta aaa att
L v A D K Q@ E 5 I v I E s vV K E G L K I
tac gac aat cca gta ggt gtg tta aca aac aat cct aat ttt gac tac caa tta ttt aat
Y D N PV G V L T N N P il F D Y Q L F il
ttg aac aac tat cgt gcc tta tca aat agc aca ccc caa aat agt ttt tcg gaa aaa gtg
L il nm Yy R A L S il S T P Q N S F S E KV
gat tta gat agt tat agt aga gga atg ggc gga cta gga tta cct gga gac ttg tcc tca
D L D S ¥ § R G M G G L G L P G D L S S
atg tct aga ttt gtc aga goc get trt act aaa tta aac tcg ttg ccg atg cag aca gag
M S5 R F v R A A F T K L M S L P M Q T E
agt ggc agt gtt agt cag ttt ttc cat ata cta ggg tct gta gaa caa caa aaa ggg cta
5 G s ¥V 5 Q F F H I L G s vV E Q@ Q@ K G L
tgt gaa gtt act gac gga aag tac gaa tat aca atc tat tct tct tgt tgt gat atg aac
C E VvV T D G K Y E ¥ T I ¥ 5 5 C C D M N
aag gga gtt tat tac tat aga act tat gac aat agt caa att aac agt gtc aat tta aac
K 6 VvV ¥ Y ¥ R T Y D N s Q0 I il S VvV N L il
cat gag cac ttg gat acg act gaa tta att tct tat cca tta cga tca gaa gca caa tac
H E H L D T T E L I 5 Y P L R 5 E A Q ¥
tat gca gtt aac taa
Y A VvV N -

Figure 4.1. The amino acid residues of the wild type bsh gene. Frames
represent target amino acids for site directed mutagenesis.
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GenBank code (NCBI) Substrate 59
AAFTR0L1 GC  ZHEZ B_longumSAT2928 BSH 1 MBT5VRFSDDEGNT SFSYG-ETILV-TBR- - - - - - - GMHYDTV- FGAGGKAKPNAY VGWHADR H B1
KFI717511 GC B _longum_subso_suisLMG21814_BSH 1 MBT5VRFSDDEGNT SFSY&-ETILV-TER- - - - - - - GMRYDTV- FGAGGKAKPNAVIBVGVYMADR H B1
AARI4351 GC B bifidumATEG11863 BSH 1 MB8T5 VRF SDDEGNM SFSY&-ETILV-TER- - - - - - - Mo YDYE- YGAEGKSEPNAVIBVEVVMTDR H B1
AFK27030.1 GC  B_animalisBi30_85H 1 METAVRFDDGQNNM SEDY¥G-EKIVF-ABH- - - ---- DEHYAPA-FNAEDKNHP - - V18161 IMEDT A 78
AAS68803.1 GC B animalisKLE12_BSH 1 MEBTAVRFDDGQNNM SEDY¥G-EKIVF-ARH- - ----- DMHYAPA-FNAEDKNHP - - V18161 IMEDT A 79
KFI73916.1 TC/GC B _pseudocatenulatumDSM20438 BSH 1 MET G VRF SDNEGNM SFS¥G-ETILV-TBR- - - - - - - GMRYDYA- YGAKGKSEPNAVIBVEVUMADR H B1
AACH454.1 TC  2BJF_C perfingensi3 CBAH THMEBTGLALETKDGLHL IEYSFN- u3| IF-1BR------- NFKCUNKSN- KKELTTKYAVLEMGT IFIDD K B1
EET97240.1 TC  4WL3E faecalisT2_BSH 1 MBTA I TYVSKD - - H n-Bvvtl-FBR- - - - - NMKFSFR-E-VGNLDHHFAI B AAGIIAD K 78
AAV42T51] GC L _acidophilusNGFN_BSHA 1 511FSPKD- - H LEITFE-aovv]-TRR- - - ---. NMTFKFR-K-MPSLKKHYAWIE sLDMoD K 78
AAV429131 TC/GC L_acidophilusNGFM_BSHB 1 SICYNPND- - H YE | ANG- aKVVI-VER- - - - - - - NMEFKYR-E-MPSQKMHYAF I18VSVVNDD K 78
AE706336.1 GC  L_fementumNCDO394_BSH 1 5INVIAQDGYHVL D-DLLV-SPIF-T------- PRHMQLASV - FDHRVHENPYAI[IBGES I'TERR - - F 80
ACLO81721 GC L gasseiAM{_85H 1 SILYSPKD- - H YE | ANG- QKVVI-TRR- - - - - - - NMEFEFT-D- LPVEKSHYAMIGVAAVADNT K 78
EGPI224.1 TC L joknsoniiFFOi_BSHA 1 SIVYSSNN- HH LEISF HPV ------- NMEFQYR- K- LENKKAKYAMVEMA 1 VEDN E 70
EF536029.1 TC L joknsoniiljPFO1_BSHE 1MBT5LRF TDDOGNL STHG - NMPLPYK-F-LDNTTTKKAVIBMG | VD6 D 80
EGP1235L.1 GC L johnsoniiljPFO1_BSHG 1 SILYSPKD- - N YE | A uKW STRR- oo NMGLNYR-H-LPTQDTHY VSV VAIND K 78
AAG223411 TC/GC L joknsonii 100-100_CBSHa 1 SIVYSSNN- HH LEISFG-EHPV]-TRR- - - - - - - NMEFQYR- K- LPNKKAKY MA | VIEDN E 79
AACHIELI TC/GC L johnsonii 100-100_CBSH TMETGLRF TDDQGNL GVII-TRR------- NMFLPYK-F-LDNTTTKK MG 1 VMVDG D 80
ADO00M3.1 GC L plantamm_subsp_plantanm STH_85H1 1 MBMA | TYQSYN - - N YE ISYN-EMVTI-TRR- - - - - - - KMFLVFR-K- VENLDHHY I TADMES K 78
AABMT46.1 GC L plantaumB0_85H 1 META I TYQSYN- - N YEISYN-EMVTI-TRR. - - - - - - KMFLVFR- K- VENLDHHY | TADMES K 78
CADE5617.1 GC L plantamWCFS1_BSH1 1 MBTA I TYQSYN- - N YE I SXN-EMVTI-TER- - - - - - - KMFLVFR- K- VENLDHHY | TADMESHBL - - K 78
AGG134031 GC L plantarum CGMCCB198_B5H?2 1 SLTYTNSHGGHFLA FNVDFET-RIMF-M- - --- PRHMRVTGD - - - LGDFTTTYGFIBAGRQLINHE- | - - c 78
AGG134041 TC/GC L_plantanm CGMCCB198_85H3 1 SLTIQTTAGDOFLA FAFELBG - RPVA- 1« - PRNHHFDSV- TNADGFDSPYSFVETEROLINGE. |- - F) H g0
AGG13405.1 TC L plantanm CGMGCB198_B5H 1 SLTYLDTDNHR FPTTTPW RFIF-Lo------ PRAMPWP TG - L-ATTRMTOYE I LBGEGRLPDHF KACLM A 82
WE 0351577851 GC L muteriCALI098 BSH 1 SVIYTAGD. - LEvniE - aewvil-FBR- - --- - NKTLEFR-E-MPNLEHHYA I LGMS | ViRDD K 78
ANQ4TMLL GC L rhamnosusEd BSH 1 MBSSMT | KSLOGD | F YNTSFFHESPAGGY GKIVSLP;\NQTLPAQ---TATWKTKY avBvevoR.- - sva E 85
ACLO820L1 GC L salivariusUCC118_BSHY THBTA I TLNGNN- - avi EFKFR-K-EKAIKNHKSLIBVG | VAND D 78
ACLS8184.] TC L salivarus)CAT1046_BSH1 TMBTA I TLNGNS - - avi EFKFR- K- EKAIKNHKSLIBVG | VIANA D 78
ACL981971 TC L salivaiusLGM14476_BSH1 THMBTA I TLNGNS - - EVI EFKFR-K-EKAIKNHKSLIBVE | VAND D 78
ACL98205.1 TC/GC L salivariusLGM14478 BSH2 1 SILYTAGD- - LEISF uaw PLNFR-K-MPRLDHHYH T MAvamN E 78
AFPETS05.1 GC L salivaiusB-30514_BSH1 THMEBTAITLNGNS - - -EKAIKNHKSLIBVG | VAND D 78
AQUI43E1 TCIGC 1TMETRA I TYQSYN - - | -WENLDHH | TA [ﬁg 5 K 78

Figure 4.2. The multiple sequence alignment of BSH isotypes by Jalview 2.8.0b1. The first four sequences of BSH with available crystal
structures are shown with the PDB code. GenBank access code are given for all BSH sequences. Substrate preference: to glycol-conjugated bile
acids, GC or tauro-conjugated bile acids, TC is shown from Dong et al 2018. (a, 1- 78 aminoacid sequence, b, 79-160 aminoacid sequence,
¢, 161-250 aminoacid sequence, d, 251-3254 aminoacid sequence for L. plantarum).
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2HEZ B longumSBT2928 BSH
B_longum_subsp_suislMG21814_BSH
B_bifidumATCC11863 BSH
B_animalizBi30_BSH
B_animaliskKL&12_BSH
B_pseudocatenulatumDSM20438_BSH
2BJF_C perfingens13 CBAH1

WL E_faecalisT2 BSH
L_acidophilusNCFM_BSHA

L acidophilusNCFM_BSHB

L fementumNCD0O394_BSH
L_gassenAM1_BSH

L joknsoniiPF01_BSHA
L_joknsoniiljPF01_BSHB
L_johnsoniiljPF01_BSHC

L _joknsonii 100—100_CBSHx
L_johnsonii 100-100_CB SH3

L plantaum_subsp_plantarum STH_BSH1
L plantaumB0_BSH

L _plantaumWCFS1_BSH1

L _plantanm CGMCCB198 BSH2
L_plantaum CGMCCB198_BSH3

L plantaum CGMCCB198_BSHY

L _reuteriCRL1098 BSH
L_rhamnosusE9d_BSH

L _salivariusUCC118_BSH1
L_salivariusICM1048_BSH1
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Figure 4.3. The phylogenetic tree of BSH isotypes. The tree structure containing L. plantarum B14 and other species; Bifidobacterium,
Clostridium, Enterococcus and Lactobacillus.
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Description Percent Accession Substrate 58 65
Identidy Length

L. plantarum B14 BSH 100 324 GC/ITC W T
L. plantarum 80 BSH 99.69 324 GC W T
L. plantarin subsp. plantarum ST-1IL BSH1 99.07 324 GC v Y
L. plantarian WCFS1 BSHI 99.07 324 GC W T
4WL3 E. faecalis T2 BSH 7022 324 TC I T
L. salivarius B-30514 BSHI 54.09 324 GC A F
L. salivarius LGM 14476 BSH1 54.09 324 TC A F
L. salivarius JCM1046 BSHI 5440 324 TC A F
L. johmsownii 100-100 CBSHa 53.16 326 GC/TC E F
L. johnsowi PF01 BSHA 53.16 326 TC E F
L. salivarius UCC11§ BSHI 5220 316 GC A F
L. acidophilus NCFM BSHA 5171 325 GC M F
L. salivarius LGM14476 BSH2 51.10 325 GC/TC Q F
L. reuteri CRL1058 BSH 50.63 325 GC R F
L. johmsoni PFO1 BSHC 46.52 325 GC A C
L. acidophilus NCFM BSHB 46.67 325 GC/TC N C
L. gasseri AMI1 BSH 45.89 325 GC A C
2BIF C. perfringens 13 CBAHI 39.62 329 TC F A
L. johmsowii 100-100 BSH CBSHp 38.05 316 GC/TC W F
L. johnsonii PFO1 BSHB 38.05 316 TC W F
B. longum subsp. suis LMG21814 BSH 37.85 317 GC M F
2HEZ B. longian SBT2928 BSH 3754 317 GC M F
B. psendocatenudatium DSM20438 BSH 3587 316 GC/TC M F
B. biffdum ATTCC 11863 BSH 35.56 316 GC M F
L. plantarim CGMCC8198 BSH2 3355 338 GC L T
B. animalis Bi30 BSH 32.78 314 GC W F
B. grimalis KL612 BSH 3244 314 GC W F
L. plantarian CGMCCS8198 BSH3 2991 328 GC/TC L W
L. farmentum NCDO3%4 BSH 2984 325 GC T S
L. plantariam CGMCCS8198 BSH4 29.17 317 TC P A
L rhamnosus E9 BSH 26.19 338 GC Q F

Figure 4.4. The BSH isotypes amino acid sequences' BLAST identity
percentage analysiss and substrate specificity of BSH isotypes with sites 58
and 65. The Standard Protein BLAST program, accessible at
blast.ncbi.nIm.nih.gov, was used to analyze the BLAST identity % of the
amino acid sequences of BSH from L. plantarum B14 and several other
sequences, Bifidobacterium, Clostridium, Enterococcus and Lactobacillus. In
comparison to the amino acid residues localized at position 65, those at
position 58 are more variable. A, M, Q, R, N, F, L, T, and P are the amino
acids that are present at site 58. On the other hand, Y, F, C, A, V, S,and T are
the amino acids that are primarily hydrophobic and found on site 65.

N

Figure 4.5. The 3D monomeric unit and target amino acid positions of L.
plantarum B14 BSH protein with cysteine-2, valine-58 and tyrosine-65.
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4.2 Mutant Constructions of pCONL1
4.2.1 Target Amino Acid Site-Directed Mutagenesis
Primers containing the target amino acid codons (Figure 3.2) were used to

convert the wild-type valine (GTA)-58 and tyrosine (TAC)-65 to phenylalanine
(TTT)-58, methionine (ATG)-58, asparagine (ACC)-58, cysteine (TGC)-65,
phenylalanine (TTT)-65 and leucine (CTG)-65 amino acid codons by PCR.
Template DNA pCONL1 (bsh/pBluescript; pBluescript (2961bp) and 975bp bsh
gene of L. plantarum B14 (AN: KY080706)) was removed from the resulting PCR
products using the restriction enzyme Dpnl (Figure 4.6).

728900 kL 12713714

4000 bp

3000 bp

2000 bp — Template DNA
pCON1

(pBluescript/bsh)

Figure 4.6. Mutation of pCON1* (* represents desired mutation) with
site-directed. M, 1 kb plus DNA ladder; 1, uncut pCON1 template
DNA (1/5 diluted); 2, Xhol cut pCON1 template DNA, 3,
pCON1*V58F PCR product; 4, pPCON1*V58F PCR product digested
with Dpnl restriction enzyme; 5, pPCON1*V58M PCR product; 6,
pCON1*V58M PCR product digested with Dpnl restriction enzyme;
7, pPCON1*V58N PCR product; 8, pPCON1*V58N PCR product
digested with Dpnl restriction enzyme; 9, pPCON1*Y65C PCR
product; 10, pPCON1*Y65C PCR product digested with Dpnl
restriction enzyme; 11, pPCON1*Y65F PCR product; 12,
pCON1*Y65F PCR product digested with Dpnl restriction enzyme;
13, pPCON1*Y65L PCR product; 14, pPCON1*Y65L PCR product
digested with Dpnl restriction enzyme.

4.2.2 Purifying Mutated PCR Products
The pCON1*V58F, V58M, V58N, Y65C, Y65F and Y65L mutants

digested with Dpnl restriction enzyme were individually purified from 1% agarose

gels to eliminate non-specific PCR products and undigested methylated template
DNA (Figure 4.7 and Figure 4.8).
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4000 bp

4000 bp 3000 bp

3000 bp

(4) ®) ©

Figure 4. 7. Gel Purification of the pCON1*V58F, pCON1*V58M and
pCON1*V58N PCR products from 1% agarose gel. M, 1 kb plus DNA ladder.
(A) 1, pPCON1*V58F PCR products; 2, pPCON1*V58M PCR products;

3, pPCON1*V58N PCR products; (B), 1, sliced pPCON1*V58F PCR products;
2, sliced pCON1*V58M PCR products; 3, sliced pPCON1*V58N PCR products;
(C) 1, purified pCON1*V58F (4.0 kb); 2, purified pPCON1*V58M (4.0 kb); 3,
purified pCON1*V58N (4.0 kb)

4000 bp
4000 bp 3000 bp

4000 bp
3000 bp

3000 bp

(A) ®) ©

Figure 4. 8. Gel Purification of the pPCON1*Y65C, pCON1*Y65F and
pCON1*Y65L PCR products from 1% agarose gel. M, 1 kb plus DNA ladder.

(A) 1, pPCON1*Y65C PCR products; 2, pPCON1*Y65F PCR products;

3, pPCON1*Y65L PCR products; (B), 1, sliced pPCON1*Y65C PCR products;
2, sliced pCON1*Y65F PCR products; 3, sliced pPCON1*Y65L PCR products;
(C) 1, purified pPCON1*Y65C (4.0 kb); 2, purified pPCON1*Y65F (4.0 kb);
3, purified pPCON1*Y65L (4.0 kb)

4.2.3 Transformation of pPCON1* Mutant Constructs

Gel- extracted pCON1* with V58M, V58F, V58N, Y65L, Y65F and Y65C
DNAs were separately transferred into E. coli XL1-Blue competent cells and
confirmed to be the same size (nearly 4.0 kb) as the pCON1 DNA by cutting
pCON1*V58F, pCON1*V58M, pCON1*V58N, pCON1*Y65C, pCON1*Y65F
and pCON1*Y65L DNAs with Xhol restriction enzyme (Figure 4.9 and 4.10).
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4000 bp
3000 bp

2000 bp

Figure 4.9. Transformation of pPCON1*V58F, pCON1*V58M and
pCON1*V58N into E. coli XL1-Blue strains. M, 1 kb plus DNA ladder; 1, uncut
pCON1 DNA,; 2, Xhol cut pPCON1 DNA; 3, pPCON1*V58F DNA; 4, Xhol cut
pCON1*V58F DNA; 5, pPCON1*V58M DNA; 6, Xhol cut pPCON1*V58M,;

7, pPCON1*V58N; 8, Xhol cut pPCON1*V58N.

4000 bp
3000 bp

2000 bp

Figure 4.10. Transformation of pPCON1*Y65C, pCON1*Y65F and
pCON1*Y65L into E. coli XL1-Blue strains. M, 1 kb plus DNA ladder; 1, uncut
pCON1 DNA,; 2, Xhol cut pPCON1 DNA; 3, pCON1*Y65C DNA; 4, Xhol cut
pCON1*Y65C DNA,; 5, pPCON1*Y65F DNA; 6, Xhol cut pPCON1*Y65F;

7, pPCON1*Y65L; 8, Xhol cut pPCON1*Y65L.
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4.2.4 Detection of Targeted Mutations by DNA Sequencing

The DNAs of pCON1V58F, pCON1V58M, pCON1V58N, pCON1Y65C,
pCON1Y65F and pCON1Y®65L were sequenced by Macrogen (Seoul, Korea) using
the universal primers, M13/pUC Reverse (5-CAGGAAACAGCTATGAC-3') and
M13/pUC Forward (5-GTAAAACGACGGCCAGT-3) and reported using the
BioEdit sequence alignment program. In the resulting DNA sequences, only target
mutations were detected (Figure 4.11 — 4.16). Sequencing revealed that the GTA
codon, which code for the amino acid valine 58, was converted to the TTT, ATG
and AAC codons, which code for the amino acids phenylalanine 58, methionine 58
and asparagine 58 and also the TAC codon, which code for the amino acid tyrosine
65 was converted to the TGC, TTT and CTG codons, which code for the amino

acids cysteine 65, phenylalanine 65 and leucine 65.

240 250 260 270 280
AATAATTGGAATTACTGC TGATIT TTIGAAAGCTATCCACTTTACTACGATG

T Iy Il

) . V58F ] )
GTA(Val/V;Valine) ) TTT (Phe/F; Pheny ylalanine

Figure 4.11. The target mutation of pPCON1V58F. Valine (V) codon, GTA, was
converted to Pheylalanine (F) codon, TTT, labelled with a frame.

240 250 260 270 280
AATAATTGGAATTACTGCTGATNATGIG AAAGCTATCCACTTTACTACGATG

AW ﬁ J\/\[\A &A’ W \M W ‘f WWU” W\ N\J\

V58M

GTA(Val/V;Valine) ETS‘M;C’M Methionine)

Figure 4.12. The target mutation of pCON1V58M. Valine (V) codon, GTA, was
converted to Methionine (M) codon, ATG, labelled with a frame.
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240 250 260 270 280
AATAATTGGAATTACTGCTGATAACIGAAAGC TATCCACTTTACTACGATG

il

V53N
GTA(Val/V;Valine) —AAC(Asr./N; Asparagine)

Figure 4.13. The target mutation of pPCON1V58N. Valine (V) codon, GTA, was
converted to Asparagine (N) codon, AAC, labelled with a frame.

280 290 304 310 320
ATGTAGAAAGCTATCCACTT TACITGCIGATGCGATGAATGAAAAAGGCTTG

R, A/M\AMMMMMWIM

TAC(Tyr/Y; Tyrosine) — TGC (Cys/C; Cysteine)
Figure 4.14. The target mutation of pPCON1Y65C. Tyrosine (Y) codon, TAC, was
converted to Cysteine (C) codon, TGC, labelled with a frame.

260 270 280 290 300
IATG TAGAAAGCTATCCACTTTACITTCATGCGATG AATGAAAAAGGCTTG

VAN At

TAC(Tyr/Y;Tyrosine) ‘TTT(~*‘=/"'~}*EF rlalanine)

Figure 4.15. The target mutation of pPCON1Y65F. Tyrosine (Y) codon, TAC, was
converted to Phenylelanine (F) codon, TTT, labelled with a frame
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260 270 80 290 300
ATGTAGAAAGCTATCCACTTTAQC IGIGATGCGATGAATGAAAAAGGCTIG

L

Y65L

TAC(Tyr/Y; Tyrosine) ) CTG (Leu/L; Leucine)

Figure 4.16. The target mutation of pCON1Y65L. Tyrosine (Y) codon, TAC, was
converted to Leucine (L) codon, CTG, labelled with a frame.

4.3 Making Mutant pZEK Constructs
4.3.1 Making the Expression Vector for pET22b

A 5.5 kbp fragment of DNA was extracted from the expression vector
PET22b, digested using Notl and EcoRlI restriction enzymes, and purified using 1%
agarose gels (Figure 4.17).

7000 bp
5000 bp—»
2000 bp—*

7000 bp——

5000b
3000 bp—

Purified
2000 Bﬁ'i pET22b/EcoRI-Notl
2000 bp—

3000 bp—

&) ® ©)
Figure 4. 17. Making the expression vector pET22b. M, 1 kb plus DNA ladder;
A, 1: uncut pET22b DNA; 2: Notl and EcoRI digested pET22b DNA,; B, Notl and
EcoRlI digested pET22b linear DNA before gel purification; C, gel purified linear
pPET22b DNA.

4.3.2 Digestion of Mutant Recombinant DNAs by EcoRI and Notl
Restriction Enzymes into pBluescript SKII * Vector
Following the restriction enzyme cuts of the pPCON1V58M, pCON1V58F,
pCON1V58N, pCON1Y65L, pCON1Y65F and pCON1Y65C, plasmid DNAs with
Notl and EcoRl, the resulting roughly 1 kbp mutant BSH fragments of DNA were
extracted from gels with 1% agarose (Figure 4.18 and Figure 4.19).
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3000 bp

2000 bp —

1000 bp— g 1000bp

@®») ®) ©)
Figure 4.18. Digestion of pCON1V58F, pCON1V58M and pCON1V58N
plasmid DNAs by Notl and EcoRI REs. M, 1 kb plus DNA ladder; A,
1: pPCON1V58F DNA cut with EcoRI and Notl REs; 2, pPCON1V58M DNA cut
with EcoRI and Notl REs; 3, pPCON1V58N DNA cut with EcoRI and Notl REs;
B, 1, sliced VV58F bsh DNA fragment from pCON1V58F DNA; 2, sliced V58M
bsh DNA fragment from pCON1V58M DNA,; 3, sliced V58N bsh DNA fragment
from pCON1V58N DNA; C, 1, gel purified VV58F bsh DNA fragment from
pCON1V58F DNA; 2, gel purified V58M bsh DNA fragment from pCON1V58M
DNA,; 3, gel purified V58N bsh DNA fragment from pCON1V58N DNA.

4000 bp
3000 bp —
2000 bp —

3000 bp

1000 bp
1000 bp

GV ®) ©

Figure 4.19. Digestion of pPCON1Y65C, pCON1Y65F and pCON1Y65L plasmid
DNAs by Notl and EcoRI REs. M, 1 kb plus DNA ladder; A, 1: pPCON1Y65C
DNA cut with EcoRI and Notl REs; 2, pPCON1Y65F DNA cut with EcoRI and

Notl REs; 3, pPCON1Y65L DNA cut with EcoRI and Notl REs; B, 1, sliced Y65C

bsh DNA fragment from pCON1Y65C DNA,; 2, sliced Y65F bsh DNA fragment

from pCON1YG65F DNA,; 3, sliced Y65L bsh DNA fragment from pCON1Y65L
DNA,; C, 1, gel purified Y65C bsh DNA fragment from pCON1Y65C DNA;
2, gel purified Y65F bsh DNA fragment from pCON1Y65F DNA; 3, gel purified
Y65L bsh DNA fragment from pCON1Y65L.

4.3.3 Accuracy of Mutant bsh Genes in pZEK and pCON2 Constructs
The correct insertion of the mutant bsh genes, approximately 1.0 kbp in size,
into the pET22b, 5.5 kbp, vector was confirmed by the restriction enzymes Notl and
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EcoRI (Figure 4.20). Correctly defined transformants were named pZEKV58F,
pPZEKV58M, pZEKV58N, pCON2Y65C, pPCON2Y65F and pCON2Y65L.

8 w9 08 1aa ] 2513 S84

7000bp
5000bp_ 1
4000bp_ -

3000 bp

2000 bp

1000 bp Mutant

bsh genes

Figure 4.20. Accuracy of mutant bsh genes in pZEK and pCON2 constructs. M, 1
kb plus DNA ladder; 1, circular DNAs of pET22b; 2, circular DNAs of
pZEKV58F; 3, circular DNAs of pZEKV58M; 4, circular DNAs of pZEK1V58N;
5, circular DNAs of pPCON2Y65C; 6, circular DNAs of pPCON2Y65F; 7, circular
DNAs of pCON2Y65L; 8, Notl and EcoRI REs digested DNAs of pET22b;

9, Notl and EcoRI REs digested DNAs of pZEKV58F; 10, Notl and EcoRI REs
digested DNAs of pZEKV58M; 11, Notl and EcoRI REs digested DNAs of
pZEK1V58N; 12, Notl and EcoRI REs digested DNAs of pCON2Y65C; 13, Notl
and EcoRI REs digested DNAs of pPCON2Y65F; 14, Notl and EcoRI REs
digested DNAs of pPCON2Y65L.

4.4 Assay of the BSH Activity in the pZEK and pCON2
Constructs
4.4.1 Direct Plate Assay

The plate assay method was utilized to evaluate the BSH activity. Activity
results of pCONZ2 (positive control), pET22b (negative control) and mutant strains
pZEKV58F, pZEKV58M, pZEKV58N, pCON2Y65C, pCON2Y65F and
pCON2Y65L, against TDCA and GDCA are presented in Figure 4.21-4.24.
pCON2, pZEKV58F, pZEKV58M and pZEK1V58N, demonstrated BSH activity
against TDCA and GDCA, with a precipitated cholic acid halo. Moreover,
pCON2Y65F and pCON2Y65L demonstrated BSH activity towards GDCA but
pCON2Y65C exhibited little activity towards GDCA. In contrast, only
pCON2Y65F exhibited BSH activity against TDCA.
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Figure 4.21. Detection of the pZEKV58F, pZEKV58M and
pZEKV58N activity against GDCA by direct plate assay. Positive
controls (pCON2/BLR(DE3), negative controls (pET22b/BLR(DE3)
and BSH activity of pZEKV58F/BLR(DE3), pZEKV58M/BLR(DE3)
and pZEKV58N/BLR(DE3) in LB-plate with GDCA.
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Figure 4.22. Detection of the pZEKV58F, pZEKV58M and
pZEKV58N activity against TDCA by direct plate assay. Positive
controls (PCONZ2/BLR(DE3), negative controls (pET22b/BLR(DE3)
and BSH activity of pZEKV58F/BLR(DE3),
pZEKV58M/BLR(DE3) and pZEKV58N/BLR(DE3) in LB-plate
with TDCA.
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Figure 4.23. Detection of the pCON2Y65C, pCON2Y65F and
pCON2Y®65L activity against GDCA by direct plate assay. Positive
controls (pCON2/BLR(DE3), negative controls (pET22b/BLR(DE3)
and BSH activity of pPCON2Y65C/BLR(DES3),
pCON2Y65F/BLR(DE3) and pCON2Y65L/BLR(DE3) in LB-plate
with GDCA.
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Figure 4.24. Detection of the pCON2Y65C, pCON2Y65F and
pCON2Y®65L activity against TDCA by direct plate assay. Positive
controls (pCON2/BLR(DE3), negative controls (pET22b/BLR(DE3)
and BSH activity of pPCON2KY65C/BLR(DES3),
pCON2Y65F/BLR(DE3) and pCON2Y65L/BLR(DE3) in LB-plate
with TDCA.

4.4.2 Substrate Specificity of Mutant BSH Enzymes

pCON2 with wild type BSH enzyme exhibited varying levels of relative
activity against six BAs (GCA, TCA, GDCA, TDCA, GCDCA, , and TCDCA) with
values of 86.1 %, 100 %, 95.2 %, 11 %, 18 %, and 11.3%, as depicted in Figures
4.25 and 4.26. Mutant BSH enzymes exhibited varying levels of relative activity
against six BAs with pZEKV58F values of 84.4 %, 98.8 %, 91.8 %, 6.2 %, 10.3 %
and 1.7 %, pZEKV58N values of 88.7 %, 99.8 %, 89.2 %, 7 %, 11.5 % and 6.5 %
and pZEKV58M values of 60.2 %, 73.9 %, 64 %, 4.6 %, 8 % and 2.9 % as depicted
in Figures 4.25. Although the BSH enzyme's activity against glycine-conjugated
BAs remained virtually unchanged after replacing valine-58 (\VV58) with asparagine
(58N) and phenylalanine (58F) amino acids, the same mutations decreased
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activities toward taurine-conjugated BAs by 40-85%. In contrast, the replacement
of valine-58 (58V) with methioine (58M) was observed to significantly alter the
effectiveness of BSH against conjugated BAs taurine and glycine by 30-75%.
Mutant BSH enzymes exhibited varying levels of relative activity against six BAs
with pCON2Y65L values of 21, 38.6 %, 23.3 %, 4.3 %, 6.5 % and 10.3 %,
pCON2YG65F values of 64 %, 77 %, 50.4 %, 15.3 %, 13.4 % and 3.8 % and
pCON2Y65C values of 12.5 %, 7%, 6.2 %, 2, 1 % and 3.6 % as depicted in Figures
4.26. Figure 4.26 illustrates that substituting the tyrosine-65 (65Y) amino acid with
leucine (65L) or phenylalanine (65F) leads to reduced LpBSH enzyme activity
against glycine and taurine conjugates. Additionally, it was found that the
substitution of tyrosine-65 (Y65) amino acid with cysteine (C65) led to almost

complete loss of activity against glycine and taurine conjugated BA (Figure 4.26).

pCON2-pZEKV58F-pZEKV58M-pZEKV58N

100, 99,8

100 -

B pCONZ

W pZEKVSEF
W pZEKVSEM
B pZEKVSEN

% Activity of BSH

LD FESF SN FIPP PPIFE SIS
oY o o LR & AR R« o LRI & AR A LSRN R A L= R R s o oY oY oY ot
S N S & & oo & & & & « .
ff‘;“*é’*‘ F&5E 8 & S8 EEES f@fﬁbﬁ*‘?
§§ §¢ ¢ ¥§§ § 4 §
GCA GDCA GCDCA TCA TDCA TCDCA

Figure 4.25. Comparison of substrate specificity between BSH enzymes of
pZEKV58F, pZEKV58M, pZEKV58N and pCONZ2 using six bile salts. The
deconjugation activity for each substrate was measured relative to the highest
activity in the experiment, with 100% considered as GDCA.
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Figure 4.26. Comparison of substrate specificity between BSH enzymes of
pPCON2Y65C, pCON2Y65F, pPCON2Y65L and pCON2 using six bile salts. The
deconjugation activity for each substrate was measured relative to the highest
activity in the experiment, with 100% considered as GDCA.

4.5 SDS PAGE Analysis of Mutant BSH Enzymes

A molecular weight of 37 kDa was detected in SDS-PAGE (Figure 4.28),
which is in accordance with the predicted molecular weight of the BSH protein
calculated using the EXPASy programme (http://web.expasy.org/protparam/)
(Figure 4.27).

Number of amino acids: 324
Molecular weight: 37077.69
Theoretical plI: 5.21

Amino acid composition:

Ala (A) 14 4.3% Lys (K) 17 5.2%
Arg (R) 10 3.1% Met(M) 7 2.2%
Asn(N) 28 8.6% Phe (F) 14 4.3%
Asp(D) 17 5.2% Pro (P) 13 4.0%
Cys(C) 5 1.5% Ser (S) 29 9.0%
Gln (Q) 13 4.0% Thr (T) 15 4.6%
Glu (E) 19 5.9% Trp (W) 2 0.6%
Gly (G) 18 5.6% Tyr (Y) 27 8.3%
His (H) 6 1.9% val (V) 21 6.5%
Ile (I) 18 5.6% Pyl (O) 0 0.0%
Leu(L) 31 9.6% Sec (U) 0 0.0%

Total number of negatively charged residues (Asp + Glu): 36
Total number of positively charged residues (Arg + Lyvs): 27

Figure 4.27. Analysis of L. plantarum BSH 14’s amino
acid composition. Using the SIB (Swiss Institute of
Bioinformatics) EXPASy ProtParam sequence analysis
translate tool (http://web.expasy.org/protparam/).
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Figure 4.28. Analysis of partially purified mutant BSHs using SDS-PAGE. M,
Protein ladder; lane 1, partially purified cell extracts of BLR(DE3) not carrying
BSH in pET22b expression vector (negative control); lane 2, the partially
purified BSH protein (positive control); lane 3, partially purified BSH/V58F
protein; 4, partially purified V58M BSH protein; 5, partially purified V58N
BSH protein; 6, partially purified Y65C

4.6 Mutant Constructions of pPCON1V58M-Y65F and
pCON1V58M-Y65L

4.6.1 Target Amino Acid Site-Directed Mutagenesis

In order to ascertain whether there is a correlation between the 58 and 65
regions of BSH, the results of the ninhydrin analysis of the mutations were
considered. It was found that phenylalanine and leucine were effective in increasing
the activity of the 65 region, while cysteine was not selected due to its almost
complete effectiveness. Furthermore, it was determined that the methionine on the
58 region was more effective, and double mutations for V58M-Y65F and V58M-
Y65L were identified. Primers containing the target amino acids (Figure 3.10) were
used to convert the wild-type tyrosine (TAC)-65 to phenylalanine (TTT)-65 and
leucine (CTG)-65 amino acids on pCON1V58M by PCR. Template DNA
pCON1V58M was removed from the resulting PCR products using the restriction

enzyme Dpnl (Figure 4.29).
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4000 bp

3000 bp
2000 bp — Template DNA

pCON1V58M

Figure 4.29. Mutation of pPCON1V58M*-Y65L and pCON1V58M*-
Y65L with site-directed (* represents desired mutation). M, 1 kb plus
DNA ladder; 1, uncut pPCON1V58M template DNA (1/5 diluted); 2, Xhol
cut pCON1V58M template DNA; 3, pPCON1V58M*-Y65F PCR product;
4, pPCON1V58M*-Y65F PCR product digested with Dpnl restriction
enzyme; 5, pPCON1V58M*-Y65L PCR product; 6, pPCON1V58M*-Y65L
PCR product digested with Dpnl restriction enzyme.

4.6.2 Purifying Mutated PCR Products
The pCON1V58M*-Y65F and pCON1V58M*-Y65L mutants were

individually purified from 1% agarose gels to eliminate non-specific PCR products

and undigested methylated template DNA (Figure 4.30).
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Figure 4. 30. Gel Purification for pPCON1V58M*-Y65F and pCON1V58M*-
Y65L. M, 1 kb plus DNA ladder. (A) 1, pPCON1V58M*-Y65F PCR products;
2, pCON1V58M*-Y65L PCR products; (B), 1, sliced pPCON1V58M*-Y65F PCR
products; 2, sliced pPCON1V58M*-Y65L PCR products; (C) 1, purified
pCON1V58M*-Y65F (4.0 kb); 2, purified pPCON1V58M*-Y65L (4.0 kb).

4.6.3 Transformation of pCON1V58M*-Y65F and pCON1V58M*-
Y65L Mutant Constructs
Gel- extracted pCON1V58M*-Y65F and pCON1V58M*-Y65L DNAS
were separately transferred into E. coli XL1-Blue competent cells and confirmed to
be the same size (nearly 4.0 kb) as the pCON1V58M DNA by cutting
pCON1V58M*-Y65F and pCON1V58M*-Y65L DNAs with Xhol restriction
enzyme (Figure 4.31).
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2000 bp

Figure 4.31. Transformation of pPCON1V58M*-Y65F and pCON1V58M*-
Y65L into E. coli XL1-Blue strains. M, 1 kb plus DNA ladder; 1, uncut
pCON1V58M DNA; 2 Xhol cut pPCON1V58M DNA,; 3, pCON1V58M*-
Y65F DNA; 4, Xhol cut pPCON1V58M*-Y65F DNA; 5, pPCON1V58M*-
Y65L DNA,; 6, Xhol cut pPCON1V58M*-Y65L.

4.6.4 Detection of Targeted Mutations by DNA Sequencing

The DNAs of pCON1V58M-Y65F and pCON1V58M-Y65L were
sequenced by Macrogen (Seoul, Korea) using the universal primers, M13/pUC
Reverse (5-CAGGAAACAGCTATGAC-3) and M13/puUC Forward (5'-
GTAAAACGACGGCCAGT-3) and reported using the BioEdit sequence
alignment program. In the resulting DNA sequences, only target mutations were
detected (Figure 4.32 — 4.33). Sequencing revealed that the code for the amino acid
tyrosine 65 was converted to the TTT and CTG codons, which code for the amino
acids phenylalanine 65 and leucine 65.
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Figure 4.32. The target mutation of pPCON1V58M-Y65F. Valine-58 (V) codon,
GTA, was converted to Methionine (M) codon, ATG and Tyrosine-65 (Y) codon,
TAC, was converted to Phenylelanine (F) codon, TTT, labelled with a frame.

250 60 270 23 IG 200
ATGCGATGAAT

[ TACTGCTGATENWHG AAAGCTATCCACTTTAQCTG

i

) - Wa3BM | , YosL
ATG(Met/M;Methionine) CTGE(Lew/L; Leucine)

Figure 4.33. The target mutation of pPCON1V58M-Y65L. Valine-58 (V) codon,
GTA, was converted to Methionine (M) codon, ATG and Tyrosine-65 (YY) codon,
TAC, was converted to Leucine (L) codon, CTG, labelled with a frame.

4.7 Making Mutant pZEKV58M-Y65F and pZEKV58M-Y65L
Constructs
4.7.1 Digestion of Mutant pZEKV58M-Y65F and pZEKV58M-Y65L

DNAs by EcoRI and Notl Restriction Enzymes
Following the restriction enzyme cuts of the pCON1V58M-Y65F and
pCON1V58M-Y65L, plasmid DNAs with Notl and EcoRl, the resulting roughly 1
kbp mutant BSH fragments of DNA were extracted from gels with 1% agarose
(Figure 4.34).
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Figure 4.34. Digestion of pPCON1V58M-Y65F and pCON1V58M-Y65L plasmid
DNAs by Notl and EcoRI REs. M, 1 kb plus DNA ladder; A, 1: pPCON1V58M-
Y65F DNA cut with EcoRI and Notl REs; 2, pPCON1V58M-Y65L DNA cut with
EcoRI and Notl REs; B, 1, sliced V58M-Y65F bsh DNA fragment from
pCON1V58M-Y65F DNA,; 2, sliced V58M-Y65L bsh DNA fragment from
pCON1V58M-Y65L DNA; C, 1, gel purified V58M-Y65F bsh DNA fragment
from pCON1V58M-Y65F DNA,; 2, gel purified V58M-Y65L bsh DNA fragment
from pCON1V58M-Y65L DNA.

4.7.2 Accuracy of Mutant bsh Genes in pZEKV58M-Y65F and
pZEKV58M-Y65L Constructs

The correct insertion of the mutant bsh genes, approximately 1.0 kbp in size,

into the pET22b, 5.5 kbp, vector was confirmed by the restriction enzymes Notl and

EcoRI (Figure 4.35). Correctly defined transformants were named pZEKV58M-

Y65F and pZEKV58M-Y65L.
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Figure 4.35. Accuracy of mutant bsh genes in pZEKV58M-Y 65F and
pZEKV58M-Y65L constructs. M, 1 kb plus DNA ladder; 1, circular DNAs of
PET22b; 2, Notl and EcoRI REs digested DNAs of pET22b; 3 circular DNAs

of in pZEKV58M-Y65F; 4, Notl and EcoRI REs digested DNAs of
pZEKV58M-Y65F; 5 circular DNAs of in pZEKV58M-Y65L; 6, Notl and
EcoRI REs digested DNAs of pZEKV58M-Y65L..

4.7.3 Substrate Specificity of V58M-Y65F and V58M-Y65L Mutants
BSH Enzymes

pCON2 with wild type BSH enzyme, mutant pZEKV58M BSH, double
mutants pZEKV58M-Y65F and pZEKV58M-Y65L BSHSs exhibited varying levels
of relative activity against six BAs, GCA, TCA, GDCA, TDCA, GCDCA, and
TCDCA, as depicted in Figures 4.35. The double mutant pZEKV58M-Y65F BSH
with values of 26.6%, 41.1%, 20%, 3.68%, 7.14% and 3.1% and also pZEKV58M-
Y65L BSH with values of 15.1%, 26.03%, 14.3%, 3.5%, 6.34% and 3% are shown
in the Figures 4.36 and Figures 4.37. The ninhydrine results indicated that the
double mutations, V58M-Y65F and V58M-Y65L, exhibited a further reduction in
BSH activity against conjugated BAs with taurine and glycine compared to the
single mutations, V58M, Y65F and Y65L (Figures 4.36 and Figures 4.37).
However, the V58M-Y65F and V58M-Y65L mutations did not result in any

alterations to substrate selectivity.
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Figure 4.36. Comparison of substrate specificity between BSH enzymes of
pZEKV58M-Y65F and pZEKV58M-Y65L and pCONZ2 using six bile salts. The
deconjugation activity for each substrate was measured relative to the highest
activity in the experiment, with 100% considered as GDCA.

BSHs GCA GDCA GCDCA TCA TDCA TCDCA
pCON2 wild type 36.1% 100% 952% 11% 18 % 11.3%
pZEKV38M 602%  73.9% 64% 4.6% 3% 29%
pCON2Y65F 64 % T7%  504% 153% 134% 3.8%
pCON2Y65L 21% 386% 233% 43% 65% 103%
pZEKV358M-Y6S5F  266%  41.1% 20% 3.68% 7.14% 3.1%
pZEKV5S8M-Y6SL  151% 2603% 143% 35% 634% 3%

Figure 4.37. The activity profiles of pCON2, pZEKV58M, pCON2Y 65F,
pCON2Y®65L, pZEKV58M-Y65F and pZEKV58M-Y65L in relation to each
other. The deconjugation activity for each substrate was measured relative to the
highest activity in the experiment, with 100% considered as GDCA.
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5. DISCUSSION

BSHs are special enzymes that play a major role in the deconjugation
reaction. They present a promising approach to managing a wide range of illnesses,
from inflammatory diseases, infectious and to metabolic disorders. Research
focusing on the molecular characteristics of BSH enzymes, such as genetic
regulation and protein structure, would be extremely relevant to properly discuss
and assess the implications of BSHs as a therapeutic tool. The hydrophobic
interactions between BAs and BSH were derived from crystal structures and in
silico analyses The high hydrophobic complementarity between CGH members is
a critical factor influencing catalytic activity and substrate specificity. CGH loops
Il and Il also play a role in substrate binding, as with PVA (32, 54, 179). Upon
substrate binding to subunits surrounding the tetramer, loop Il can convey
conformational changes to neighbouring tetramer subunits. Conformational
changes within the active site could potentially affect substrate binding and
catalysis (180).

Sequence alignment of BSHs shows low sequence identity and likely
positions of residues contributing to substrate selectivity in various BSH isotypes.
The crystal structure's homology modelling the and sequence alignment of BSHs
revealed that Y65, which is closer to Cys2 and may be important for the catalytic
activity of LpBSH, is more conserved around catalytic sites than V58 in BSHs.

It is probable that distinct BSH isotypes' substrate selectivity is influenced
by residues at various locations. The substrate binding profile in LpBSH is
determined by two essential residues in loop 2, which were found and
experimentally investigated in this work. The contribution of Tyr65 and Val58
mutations in LpBSH to substrate selectivity was shown. The substitution of VVal58
with methionine on LpBSH leads to a modified substrate specificity. Presumably,
Val58 establishes an H-bond network with manifold pocket residues instead of
having a direct interaction with BA. Consequently, the mutation of Val58 can
change the hydrophilic features and structure of the pocket, which in turn
potentially affects the binding mechanism of substrates that involve glycol and
tauro conjugations. Similarly, Karlov et al. (181) performed site-directed

mutagenesis to determine the function of A58 in the reaction catalysis and substrate
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binding of Lactobacillus salivarus BSH and observed small differences in
hydrolysis for some glyco- and tauro-conjugates.

However, it is noteworthy that in both EfBSH and LpBSH, Tyr65 is
conserved indicating that this amino acid residue may play a crucial role in substrate
specificity. The crystal structure of EfBSH, along with homology modelling and
sequence alignment, revealed that in BSHSs, the Y65 residue close to the catalytic
sites is conserved to a greater extent than V58. Additionally, Y65 is in closer
proximity to Cys2 and may play a crucial role in the catalytic activity of LpBSH.
During the post-translational processing of CGHs, Chand et al's (34) research
highlights the importance of two adjacent residues, Y65and Y20 in relation to the
Cys nucleophile. Furthermore, Xu et al (182) carried out site-directed mutagenesis
to ascertain the function of Y65 in the reaction catalysis and substrate binding of
Lactobacillus salivarus BSH (LsBSH). To illustrate its role in stabilising the sterane
ring of bile salts, the amino acid F65 was modified. F65's mutation reduced
hydrolytic activity against GCDCA but eliminated it entirely against GDCA and
GCA. In comparison to the wild-type LsBSH, the activity of the mutant LsBSH
towards TDCA and TCA was diminished by 40 to 50%. However, no changes were
observed in TCDCA. This is directly supported by our experimental data which
show that BSH's catalytic activity for BAs is significantly decreased when Y65 is
converted to C65, F65, and L65. Comparing the BSH activity of the V58M-Y65F
and V58M-Y65L to that of the single mutations V58M, Y65F, and Y65L, they
showed a further decrease against conjugated BAs taurine and glycine (Figures 4.36
and 4.37). Substrate selectivity was unaffected by the V58M-Y65F and V58M-
Y65L mutations, though. All these results suggest that although amino acids in
certain regions of BSH play a very important role in substrate activity, substrate
selectivity may depend on multiple variables rather than a single criterion.

The BSH enzyme primarily recognizes possible substrates by their amino
acid moieties, as opposed to the cholate steroid nucleus (166). Furthermore, in
comparison to their taurine-conjugated equivalents, glycine-conjugated bile salts
are more likely to be deconjugated by the majority of BSH enzymes (22, 183).
Moreover, certain host species display an increased level of BAs conjugated with
glycine in their stomachs in comparison to taurine-conjugated BAs, potentially
acting as a selective pressure for this specific substrate preference (47). By contrast,

our prior research (177) and current findings demonstrate considerable variance in
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BSH catalytic activity towards different BA cholate groups, indicating that the
cholate group instead of the amino acid moieties, may determine BSH substrate
specificity.

In summary, BSH enzymes are crucial for maintaining intestinal microbiota
balance, regulating cholesterol levels, and supporting metabolic health. They
deconjugate bile acids, which affects intestinal bacterial composition, lowers serum
cholesterol, and modulates lipid and glucose metabolism. BSH enzymes are
important for selecting effective probiotics, developing pharmaceuticals for bile
acid-related disorders, and creating nutritional supplements to improve digestive
health and cholesterol management. Their role in metabolic regulation and potential
applications in health and medicine make BSH enzymes an important area of
research and innovation. Industrially, BSH enzymes can improve probiotic
formulations, increase animal feed efficiency and support biotechnological
applications. In the probiotic industry, BSH enzymes can support gut health and
metabolic balance by helping to develop strains that function effectively in the
gastrointestinal tract. In livestock farming, BSH free probiotics in feed can reduce
the need for antibiotics and promote sustainable animal husbandry by improving
nutrient absorption and growth performance. Furthermore, BSH enzymes have
potential applications in synthesis of bioactive compounds, making them valuable
for the environmental and pharmaceutical industries. These versatile benefits may
position BSH enzymes as essential tools in a variety of industrial processes aimed
at improving health, sustainability and efficiency.
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6. CONCLUSIONS AND RECOMMENDATIONS

The study showed experimentally that the turnover of substrate binding and
catalytic activity is altered by mutations of residues V58 and Y65 in LpBSH loop
I. This suggests that these residues play a significant role in the specificity for
substrate and the catalytic process. Furthermore, it appears that loop II's V58 and,
in particular, the Y65 residues may play a significant role in establishing the
structural site that controls substrate specificity. Prior studies (166) suggest that the
cholate steroid nucleus is not the primary factor used by the BSH enzyme to identify
potential substrates; however, our data show significant fluctuations in the catalytic
activity of BSH toward various cholate groups in BA, suggesting that the cholate
group may be the determining factor in BSH substrate specificity rather than amino
acid moieties. These findings are new, but they need confirmation in BSHs of other
related CGHSs. Thus, to identify residues that the BSHSs prefer as a substrate and to
understand the substrate preferences of BSHs with particular substrates, additional
structural analyses and mutagenesis with amino acid replacement of BSHs are

necessary.
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