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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 

ZEKİYE KILIÇSAYMAZ 

BOLU ABANT IZZET BAYSAL UNIVERSITY  

INSTITUTE OF GRADUATE STUDIES 

DEPARTMENT OF BIOLOGY 

(SUPERVISOR: PROF. DR. MEHMET ÖZTÜRK ) 

 

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 II. 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 

(mrLpBSHs) were expressed using the BLR (DE3) strain of E. coli and the activity 

of mrLpBSHs against six different BAs were detected. The study showed that the 

V58 and predominantly Y65 residues in loop II 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.  
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 ÖZET 

LACTOBACİLLUS PLANTARUM B14'TEN SAFRA TUZU HİDROLAZIN 

(STH) YÖNLENDİRİLMİŞ MUTAGENEZİ VE MUTANT BSH 

ENZİMLERİNİN SUBSTRAT ÖZGÜLLÜĞÜ ANALİZİ 

DOKTORA TEZİ 

ZEKİYE KILIÇSAYMAZ 

BOLU ABANT İZZET BAYSAL ÜNİVERSİTESİ 

LİSANSÜSTÜ EĞİTİM ENSTİTÜSÜ 

BİYOLOJİ ANABİLİM DALI 

 

(TEZ DANIŞMANI: PROF. DR. MEHMET ÖZTÜRK) 

 

BOLU, TEMMUZ - 2024 

xiii + 82  

 

Safra asidi (SA) dekonjugasyonu, kolilglisin hidrolaz (KGH) ailesinin bir üyesi 

olan ve bağırsak bakterileri tarafından üretilen safra tuzu hidrolaz (STH) enzimi 

tarafından katalize edilir. Klinik olarak önemli olan STH, glikoz metabolizması, 

enerji homeostazı ve lipid emilimi ile ilgili SA aracılı sinyal yollarını değiştirir. 

Bununla birlikte, STH'ler kaynaklar arasında farklı safra tuzlarına karşı çeşitli 

substrat tercihleri sergilemektedir. STH üzerine yapılan kayda değer araştırmalara 

rağmen, STH substrat tanıma ile ilgili moleküler mekanizmalarının araştırılması 

sınırlı kalmıştır. Bu araştırma, Lactobacillus plantarum B14'ün STH enziminin 

(LpSTH) substrat özgüllüğü ile onun lup II bölgesinde bulunan V58 ve Y65'teki 

iki kalıntının arasındaki ilişkiyi analiz etmeyi amaçlamaktadır. Bu kalıntılar 

sırasıyla alifatik-hidrofobik ve aromatik-hidrofobik özelliklere sahiptir. V58 ve 

Y65 yerine sırasıyla M58, F58, N58, F65, L65 ve C65 aminoasitlerini ikame 

etmek için PCR tabanlı bölgeye yönelik mutagenez kullanılmıştır. Mutant 

rekombinant LpSTH'ler (mrLpSTH'ler) E. coli'nin BLR (DE3) suş’unda ifade 

edilmiş ve mrLpSTH'lerin altı farklı SA'ya karşı aktivitesi, belirlenmiştir. 

Çalışma, lup II'deki V58 ve ağırlıklı olarak Y65 kalıntılarının, substrat özgüllüğü 

ve katalizden sorumlu yapısal bölgede hayati bir rol oynayabileceğini 

göstermiştir. Sonuçlar, LpSTH'nin V58 ve Y65 kalıntılarının substrat özgüllüğüne 

dahil olabileceğini düşündürmektedir. Ayrıca, STH'nin substrat özgüllüğünü 

aminoasitlerden ziyade kolat grubunun belirleyebileceği gözlenmiştir. Bununla 

birlikte, BSH'lerin yapısı ve substrat özgüllüğü ilişkilerini anlamak için diğer 

KGH ailesi üyeleri üzerinde mutagenez temelli daha fazla araştırma yapılması 

gerekmektedir. Elde edilen sonuçlar, STH'lerin, kolatın steroid çekirdeğinde ve 

amino asit gruplarında safra asitlerini tanımlama yeteneğini geliştirmiş olması 

ihtimalini desteklemektedir. Sonuç olarak, bağlanma için tek gerekliliğin, kolat 

kısımlarının ve amino asitlerin substrat bağlama ceplerini uygun şekilde 

eşleştirmesi ve tamamlaması olabileceği muhtemel görünmektedir. 

 

ANAHTAR KELİMELER: Substrat özgüllüğü, PCR tabanlı bölgeye yönelik 

mutagenez, Safra tuzu hidrolaz, Lactobacillus plantarum B14. 

 



vii 

TABLE OF CONTENTS 

Page 

APPROVAL OF THE THESIS ...................................................................... iii 

ETHICAL DECLARATION .......................................................................... iv 

ABSTRACT ....................................................................................................... v 

ÖZET ................................................................................................................. vi 

TABLE OF CONTENTS ................................................................................ vii 

LIST OF FIGURES .......................................................................................... x 

LIST OF TABLES .......................................................................................... xii 

ACKNOWLEDGEMENTS ........................................................................... xiii 

1. INTRODUCTION ........................................................................................ 1 

1.1 Bile Acids and Bile Salts ........................................................................... 1 

1.2 BSH ........................................................................................................... 5 

1.3 Substrate Specifty of BSH ......................................................................... 7 

1.4 Effects of Deconjugated Bile Acids .......................................................... 9 

1.4.1 Cholesterol  ......................................................................................... 9 

1.4.2 Molecular Signals  ............................................................................ 10 

1.4.3 Anti-Giardial Effect  ......................................................................... 11 

1.4.4 Anti-Patojenic Effects ...................................................................... 12 

1.4.5 Other Positive Effects  ...................................................................... 13 

1.5 Negative Effects BSH.............................................................................. 14 

1.6 BSH Inhibitors ......................................................................................... 14 

1.7 Distribution of BSH ................................................................................. 15 

2. AIM AND SCOPE OF THE STUDY ....................................................... 17 

3. MATERIALS AND METHODS ............................................................... 18 

3.1 Conditions of Culture, Plasmids and Bacterial Strains ............................ 18 

3.2 Mutant Constructions of pCON1  ............................................................ 19 

3.2.1 Analysis of Target Amino Acid Sequences …… ............................. 19 

3.2.2 Site-directed Mutagenesis on Wild-type BSH Enzyme ................... 20 

3.2.3 Purifying Mutated PCR Products ..................................................... 22 

3.2.4 Preparing XL1-Blue and BLR(DE3) Competent Cells .................... 22 

3.2.5 Mutants of pCON1* Transforming into the E. Coli XL1-Blue ........ 23 

3.2.6 Detection of Targeted Mutations by DNA Sequencing.................... 23 

3.2.7 Preparation of Stock ......................................................................... 23 

3.3 Making Mutant pZEK Constructs ........................................................... 23 

3.3.1 Preparation of pET22b Expression Vector ....................................... 23 

3.3.2 Digestion of Mutant Recombinant DNAs by NotI and EcoRI 

Restriction Enzymes into pBluescript SKII + Vector ................................ 24 

3.3.3 Mutant bsh genes ligation into pET22b ............................................ 24 

3.3.4 Incorporation of pZEK Mutants into BLR (DE3) of E. Coli ........... 25 
3.3.5 Accuracy of Mutant bsh Genes in pZEK Constructs ....................... 25 

3.4 Assay of the BSH Activity in the pZEK Constructs................................ 26 



viii 

3.4.1 Direct Plate Assay ............................................................................ 26 
3.4.2 Overexpression of Mutant bsh Genes ............................................... 27 

3.4.3 Partially Purification of the Mutant BSH Enzymes.......................... 28 
3.4.4 Ninhydrine Assay ............................................................................. 28 
3.4.5 SDS PAGE Analysis ........................................................................ 29 

3.5 Mutant Constructions of pCON1V58M-Y65F and pCON1V58M-65L . 29 
3.5.1 Site-directed Mutagenesis on pCON1V58M .................................... 29 
3.5.2 Purifying Mutated PCR Products ..................................................... 30 

3.5.3 Mutants of pCON1V58M*-Y65F and pCON1V58M*-Y65L 

Transforming into the E. coli XL1-Blue .................................................... 31 
3.5.4 Detection of Double Mutations by DNA Sequencing ...................... 31 

3.5.5 Preparation of Stock ......................................................................... 31 

3.6 Making Mutant pZEKV58M-Y65F and pZEKV58M-Y65L Constructs 31 
3.6.1 Digestion of Mutant pCON1V58M-Y65F and pCON1V58M-Y65L 

DNAs by NotI and EcoRI Restriction Enzymes ........................................ 31 
3.6.2 Double mutant bsh genes Ligation into pET22b .............................. 32 

3.6.3 Incorporation of pZEKV58M-Y65F and pZEKV58M-Y65L Mutants 

into BLR (DE3) of E. coli……………………………..………………… 32 
3.6.4 Accuracy of Mutant bsh Genes in pZEKV58M-Y65F and 

pZEKV58M-Y65L Constructs…………………………………. ............. 33 

3.7 Assay of the BSH Activity in the pZEKV58M-Y65F and          

pZEKV58M-Y65L Constructs ...................................................................... 34 
3.7.1 Overexpression of bsh Gene Mutants ............................................... 34 
3.7.2 Partially Purification of the Mutant BSH Enzymes.......................... 34 

3.7.3 Ninhydrine Assay for V58M-Y65F and V58M-Y65L bsh genes .... 35 
 

4. RESULTS .................................................................................................... 36 

4.1 Analysis of Target Amino Acid Sequences  ............................................ 36 
4.2 Mutant Constructions of pCON1  ............................................................ 44 

4.2.1 Target Amino Acid Site-Directed Mutagenesis ................................ 44 

4.2.2 Purifying Mutated PCR Products ..................................................... 44 

4.2.3 Transformation of pCON1* Mutant Constructs  .............................. 45 
4.2.4 Detection of Targeted Mutations by DNA Sequencing.................... 47 

4.3 Making Mutant pZEK Constructs ........................................................... 49 
4.3.1 Making the Expression Vector for pET22b ...................................... 49 
4.3.2 Digestion of Mutant Recombinant DNAs by EcoRI and NotI 

Restriction Enzymes into pBluescript SKII + Vector ................................ 49 

4.3.3 Accuracy of Mutant bsh Genes in pZEK and pCON2 Constructs ... 50 

4.4 Assay of the BSH Activity in the pZEK and pCON2 Constructs ........... 51 
4.4.1 Direct Plate Assay ............................................................................. 51 
4.4.2 Substrate Specificity of Mutant BSH Enzymes ................................ 55 

4.5 SDS PAGE Analysis of Mutant BSH Enzymes ...................................... 57 

4.6 Mutant Constructions of pCON1V58M-Y65F and pCON1V58M-65L  58 
4.6.1 Target Amino Acid Site-Directed Mutagenesis ................................ 58 

4.6.2 Purifying Mutated PCR Products ..................................................... 59 

4.6.3 Transformation of pCON1V58M*-Y65F and pCON1V58M*-Y65L 

Mutant Constructs    ................................................................................... 60 

4.6.4 Detection of Targeted Mutations by DNA Sequencing ................... 61 

4.7 Making Mutant pZEKV58M-Y65F and pZEKV58M-Y65L Constructs 62 



ix 

4.7.1 Digestion of Mutant pZEKV58M-Y65F and pZEKV58M-Y65L 

DNAs by EcoRI and NotI Restriction Enzymes ........................................ 62 
4.7.2 Accuracy of Mutant bsh Genes in pZEKV58M-Y65F and 

pZEKV58M-Y65L Constructs …………………………………………...63 

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

BSH Enzymes ......................... …………………………………………...64 
 

5. DISCUSSION .............................................................................................. 66 

6. CONCLUSIONS AND RECOMMENDATIONS ................................... 69 

7. REFERENCES ........................................................................................... 70 

 

 

 

 

 

  



x 

LIST OF FIGURES 

 Page 

Figure 1.1. Enterohepatic circulation of bile salts .............................................. 3 

Figure 1.2. Bile acid structures, both primary and secondary. ........................... 4 

Figure 1.3. (a) The composition of the Bifidobacterium longum BSH monomer 

subunit. (b) The bacterial BSH enzyme assembled into tetramers. .................... 7 

Figure 3.1. Codon usage in E. coli Genes. ....................................................... 21 

Figure 3.2. BSH Activity Assay. ...................................................................... 27 
Figure 4.1. The amino acid residues of the wild type bsh gene ....................... 37 
Figure 4.2. The multiple sequence alignment of BSH isotypes  ...................... 38 

Figure 4.2.b (cont’d) ........................................................................................ 39 
Figure 4.2.c (cont’d) ......................................................................................... 40 

Figure 4.2.d (cont’d) ........................................................................................ 41 
Figure 4.3. The phylogenetic tree of BSH isotypes ......................................... 42 

Figure 4.4. The BSH isotypes amino acid sequences' BLAST identity                               

percentage analysiss and substrate specificity of BSH isotypes with sites 58 

and 65. ............................................................................................................... 43 

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 ......... 43 

Figure 4.6. Mutation of pCON1* (* represents desired mutation) with                  

site-directed ....................................................................................................... 44 

Figure 4.7. Gel Purification of the pCON1*V58F, pCON1*V58M and 

pCON1*V58N PCR products from 1% agarose gel ......................................... 45 

Figure 4.8. Gel Purification of the pCON1*Y65C, pCON1*Y65F and 

pCON1*Y65L PCR products from 1% agarose gel ......................................... 45 

Figure 4.9. Transformation of pCON1*V58F, pCON1*V58M and 

pCON1*V58N into E. coli XL1-Blue strains. .................................................. 46 

Figure 4.10. Transformation of pCON1*Y65C, pCON1*Y65F and 

pCON1*Y65L into E. coli XL1-Blue strains. ................................................... 46 
Figure 4.11. The target mutation of pCON1V58F  .......................................... 47 

Figure 4.12. The target mutation of pCON1V58M .......................................... 47 

Figure 4.13. The target mutation of pCON1V58N. ......................................... 48 
Figure 4.14. The target mutation of pCON1Y65C........................................... 48 

Figure 4.15. The target mutation of pCON1Y65F ........................................... 48 

Figure 4.16. The target mutation of pCON1Y65L. .......................................... 49 

Figure 4.17. Making the expression vector pET22b.. ...................................... 49 

Figure 4.18. Digestion of pCON1V58F, pCON1V58M and pCON1V58N 

plasmid DNAs by NotI and EcoRI REs ............................................................ 50 
Figure 4.19. Digestion of pCON1Y65C, pCON1Y65F and pCON1Y65L 

plasmid DNAs by NotI and EcoRI REs.. .......................................................... 50 

Figure 4.20. Accuracy of Mutant bsh genes in pZEK Constructs and pCON2 

constructs. ......................................................................................................... 51 

Figure 4.21. Detection of the pZEKV58F, pZEKV58M and pZEKV58N 

activity against GDCA by direct plate assay. ................................................... 52 
Figure 4.22. Detection of the pZEKV58F, pZEKV58M and pZEKV58N activity 

against TDCA by direct plate assay .................................................................. 53 
 



xi 

Figure 4.23. Detection of the pCON2Y65C, pCON2Y65F and pCON2Y65L 

activity against GDCA by direct plate assay .................................................... 54 

Figure 4.24. Detection of the pCON2Y65C, pCON2Y65F and pCON2Y65L 

activity against tDCA by direct plate assay ...................................................... 55 

Figure 4.25. Comparison of substrate specificity between bsh enzymes of 

pZEKV58F, pZEKV58M, pZEKV58N and pCON2 using six bile salts ......... 56 
Figure 4.26. Comparison of substrate specificity between bsh enzymes of 

pCON2Y65C, pCON2Y65F, pCON2Y65L and pCON2 using six bile salts ... 57 

Figure 4.27. Analysis of L. plantarum BSH 14’s amino acid composition.. ... 57 

Figure 4.28. Analysis of partially purified mutant BSHs using SDS-PAGE ... 58 

Figure 4.29. Mutation of pCON1V58M*-Y65L and pCON1V58M*-Y65L with 

site-directed (* represents desired mutation)... ................................................. 59 
Figure 4.30. Gel Purification for pCON1V58M*-Y65F and       

pCON1V58M*-Y65L. ...................................................................................... 60 

Figure 4.31. Transformation of pCON1V58M*-Y65F and            

pCON1V58M*-Y65L into E. coli XL1-Blue strains. ....................................... 61 

Figure 4.32. The target mutation of pCON1V58M-Y65F.. ............................. 62  

Figure 4.33. The target mutation of pCON1V58M-Y65L... ............................ 62 
Figure 4.34. Digestion of pCON1V58M-Y65F and pCON1V58M-Y65L 

plasmid DNAs by NotI and EcoRI REs. ........................................................... 63 

Figure 4.35. Accuracy of mutant bsh genes in pZEKV58M-Y65F and 

pZEKV58M-Y65L constructs.. ......................................................................... 64 

Figure 4.36. Comparison of substrate specificity between BSH enzymes of 

pZEKV58M-Y65F and pZEKV58M-Y65L and pCON2 using six bile salts... 65 
Figure 4.37. The activity profiles of pCON2, pZEKV58M, pCON2Y65F, 

pCON2Y65L, pZEKV58M-Y65F and pZEKV58M-Y65L in relation to each 

other................................................................................................................... 65 
 

 

 

 

 

 

 

 

 

 

 

 

 



xii 

LIST OF TABLES 

 Page 

Table 3.1. Plasmids and strains of bacteria. ..................................................... 19 
Table 3.2. Primers for mutagenesis with site-directed. .................................... 21 
Table 3.3. PCR-Reactive materials for V58F, V58M, V58N, Y65C, Y65F and 

Y65L mutagenesis. ......................................................................... 21 

Table 3.4. Conditions for PCR reactions. ......................................................... 22 
Table 3.5. Conditions of reaction for DpnI digestion of PCR products. .......... 22 
Table 3.6. Conditions of pET22b DNA digestion by NotI and EcoRI. ............ 24 

Table 3.7. Conditions of mutant recombinant DNAs digestion by EcoRI and 

NotI .................................................................................................................... 24 
Table 3.8. Insertion of mutant BSHs into pET22b  .......................................... 25   

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

EcoRI .............................................................................................. 26 
Table 3.10. Primers for mutagenesis with site-directed  .................................. 30   
Table 3.11. PCR-Reactive materials for pCON1V58M-Y65F and  

pCON1V58M-Y65L mutagenesis .................................................................... 30   
Table 3.12. Conditions for PCR reactions    ..................................................... 30 

Table 3.13. Conditions of reaction for DpnI digestion of PCR products  ........ 30   
Table 3.14. Conditions of pCON1V58M-Y65F and pCON1V58M-Y65L DNAs 

digestion by NotI and EcoRI ............................................................................. 32   

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

pET22b   ............................................................................................................ 32   

Table 3.16. Conditions of pZEKV58M-Y65F and pZEKV58M-Y65L DNAs 

digestion by NotI and EcoRI    .......................................................................... 33 

 

 
 

 

 

 

 

 

 

 

 

 

 



xiii 

ACKNOWLEDGEMENTS 

 

The author wishes to express her deepest gratitude to her supervisor Prof. Dr. 

Mehmet Öztürk for his guidance, advice, criticism, encouragements, and insight 

throughout the research. 

 

The author would also like to thank Assist. Prof. Dr. Cansu Önal for her 

suggestions and comments. 

 

 

 

 

 

 

 

 

 

 

 



1 

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 BSHs 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 7α-hydroxylase (CYP7A1, Cytochrome P450 family 7 subfamily A 



2 

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 α-hydroxylase 

(CYP7A1). 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, 7α-dehydroxylase dehydroxylates them. This 

process removes the 7α-hydroxyl group from the deconjugated BAs' 7α-position, 

resulting in the formation of secondary BAs, which are deoxycholic acid (DCA) 

and lithocholic acid (LCA), respectively. On the other hand, 7α-dehydrogenation 

via 7α-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 
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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-β-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 
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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 PF01 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 

BSHs, 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 
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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 α-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 Arg18, Asp21, 

Asn82, Asn173, 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 Loop1 (20–26). Nonetheless, no significant residues have been 

identified in Loop4 (261–269) (All residues in BlSBT2928_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. 
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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 BlSBT2928_BSH and EfNCIM2403_BSH 

were analyzed. Compared to BlSBT2928_BSH, Cp13_CBAH1 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). 
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 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 CYP7A1, 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 

TGR5 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 TGR5, 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). TGR5 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 

a critical 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 La1 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 PF01 (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 II 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. pCON1 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 µg/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  (176) 

Escherichia coli Genotype – Origin Phenotype Reference 

XL1-Blue 
rec A end A 1 gyr A986 thi- 

1hsdr17supE44 rel A1 lac 
 Stratagene 

BLR (DE3) 
F-ompT gal dcm lon hsdSB 

(rB- mB-) λ(DE3) 
 Novagen 

Plasmid Genotype Phenotype Reference 
pBluescript SKII+ Ampr Fermentas 

pCON1 pBluescript SKII+ with 1.0 kb bsh gene insert Ampr (176) 

pET22b(+) 
pelB, T7 lac, ApR, pBR322 ori 

(C-terminal His-tagged protein) 
Ampr Novagen 

pCON2 
with 1.0 kb bsh gene insert and 

fragment from MCS site of pET22b(+) 
Ampr (176) 

pCON1V58F 
Substitution of valine for phenylalanine in 

pCON1 
Ampr This work 

pCON1V58M 
Substitution of valine for methionine in 

pCON1 
Ampr This work 

pCON1V58N Substitution of valine for asparagine in pCON1 Ampr This work 

pCON1Y65C Substitution of tyrosine for cysteine in pCON1 Ampr This work 

pCON1Y65F 
Substitution of tyrosine for phenylelanine in 

pCON1 
Ampr This work 

pCON1Y65L Substitution of tyrosine for leucine in pCON1 Ampr This work 

pCON1V58MY65F 
Substitution of tyrosine-65 for phenylelanine 

in pCON1V58M 
Ampr This work 

pCON1V58MY65L 
Substitution of tyrosine-65 for leucine in 

pCON1V58M 
Ampr This work 

pZEKV58F 
Substitution of valine for phenylalanine in 

pET22b(+) 
Ampr This work 

pZEKV58M 
Substitution of valine for methionine in 

pET22b(+) 
Ampr This work 

pZEKV58N 
Substitution of valine for asparagine in 

pET22b(+) 
Ampr This work 

pCON2Y65C 
Substitution of tyrosine for cysteine in 

pET22b(+) 
Ampr This work 

pCON2Y65F 
Substitution of tyrosine for phenylelanine in 

pET22b(+) 
Ampr This work 

pCON2Y65L 
Substitution of tyrosine for leucine in 

pET22b(+) 
Ampr This work 

pZEKV58MY65F 
Substitution of valine for methionine-58 and 

tyrosine-65 for phenylelanine in pET22b(+) 
Ampr This work 

pZEKV58MY65L 
Substitution of valine for methionine-58 and 

tyrosine-65 for leucine in pET22b(+) 
Ampr This work 

  

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 
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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 μl volume with the following contents: plasmid DNA that used 

pCON1 DNA (pBluescript/bsh1) as a template, forward and reverse primers (25 

μM each), dNTP mix (5 mM), MgCl2 (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 DpnI (Fermentas, Thermo Scientific) under the guidelines 

listed in Table 3.5. 
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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’- TGGAATTACTGCTGATTTTGAAAGCTATCCAC -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 

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 3.3. PCR-Reactive materials for V58F, V58M, V58N, Y65C, Y65F and 

Y65L mutagenesis 
Reactants Concentrations Quantities 

UP (ultra pure) H2O - 33.25 μl 

Template DNA (100 ng) 135 ng/μl 0.75μl 

MgCl2  (25 mM) 25 mM 4 μl 

dNTP mix (5 mM) 5 mM 2 μl 

Forward Primer (25 µM) 25 μM 2 μl 

Reverse Primer (25 µM) 25 μM 2 μl 

Pfu DNA Polymerase Buffer (10X)                10X 5 μl 

Pfu DNA Polymerase Enzyme (2.5 U/µl) 2.5 u/μl 1 μl 

TOTAL VOLUME -           50 μl 
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Table 3.4. Conditions for PCR reactions 

Cycles 
Temperatures           Time  

 V58F V58M V58N Y65C Y65F Y65L  

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 DpnI digestion of PCR products 

Reactants Quantities 
 

at 37 °C 
Up H2O 4 μl 

PCR product (>500 ng) 40 μl 

Tango Buffer (10X) 5 μl 

for 2 h. DpnI enzyme (10U/µl) 1 μl 

TOTAL VOLUME 50 μl 

  

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(DE3) 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 OD600 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, CaCl2, (pH: 7.0, 100mM,). 

This was followed by centrifugation at 4°C for 10 minutes at 4000 rpm. After 

resuspension of pellets in 1ml CaCl2 solution with 10% glycerol, aliquots of 100 µl 

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 μl of PCR purified products from 

pCON1*V58F, pCON1*V58M, pCON1*V58N, pCON1*Y65C, pCON1*Y65F 

and pCON1*Y65L were added to 100 μl 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 μl 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 µg/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 µg/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(DE3) carrying the pET22b expression vector was 

incubated overnight in 10 ml LB medium containing ampicillin (100 µg/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 NotI and EcoRI 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 NotI and EcoRI. 

Reactants  Quantities 
 

at 37 °C 
Up H2O 20 μl 

pET22b (>500 ng) 30 μl 

Fast Digest Buffer (10X) 6 μl 

for 45 min. 
EcoRI enzyme (Fast Digest) 2 μl 

NotI enzyme (Fast Digest) 2 μl 

TOTAL VOLUME                60 μl 

 

3.3.2 Digestion of Mutant Recombinant DNAs by NotI and EcoRI 

Restriction Enzymes into pBluescript SKII + Vector 

The V58M, V58F, V58N, Y65L, Y65F and Y65C, mutant bsh genes were 

obtained from pCON1V58M, pCON1V58F, pCON1V58N, pCON1Y65L, 

pCON1Y65F and pCON1Y65C clones using NotI 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 NotI. 
Reactants Quantities 

 

at 37 °C 
Up H2O 18 μl 

Mutant Recombinant DNAs (>500 ng) 40 μl 

Fast Digest Buffer   7 μl  

EcoRI Enzyme (Fast Digest)      2.5 μl 

for 2 h. NotI Enzyme (Fast Digest)      2.5 μl 

TOTAL VOLUME 70 μl 

 

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, pZEKV58F, pZEKV58M, and 

pZEKV58N. The following formula was used to calculate the proper amounts of 

insert and vector DNA for an efficient ligation: 

 

Table 3.8. Insertion of mutant BSHs into pET22b 

 Reactants  Quantities  

Up H2O          11 μl 
at 22 °C 

pET22b Vector (EcoRI/NotI digested)  (>500 ng) 4 μl 

Mutant BSHs DNAs (EcoRI/NotI cut ) 2 μl 

for 1 h. 
T4 10X Ligase Buffer 2 μl 

T4 DNA Ligase Enzyme (5 U/μl) 1 μl 

TOTAL VOLUME   20 μl 

 

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

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

pZEKV58F, pZEKV58M, pZEKV58N, pCON2Y65C, pCON2Y65F or 

pCON2Y65L 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 μl LB. For 37°C growth, the solved cells were plated on LB agar plates 

supplemented with ampicillin (100µg/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 µg/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, pCON2Y65F or pCON2Y65L constructs were digested with EcoRI 

and NotI 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, pCON2Y65F or pCON2Y65L constructs were grown 

in 10 ml ampicillin (100 µg/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 NotI and 

EcoRI 
 Reactants  Quantities  

at 37 °C Up H2O    5.5 μl 

pZEK and pCON2 Mutant DNAs (>500 ng) 3 μl 

Fast Digest Buffer  (10X ) 1 μl  

for 30 min. EcoRI Enzyme (Fast digest)      0.25 μl 

NotI Enzyme (Fast digest)      0.25 μl 

TOTAL VOLUME               10 μl 

 

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 µg/ml) with 5 g/L TDCA or 2 mM GDCA 1 mM isopropyl-β-D-1-

thiogalactopyranoside (IPTG), 0.35 g/L CaCl2. 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). 
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Figure 3.2. BSH Activity Assay 

 

3.4.2 Overexpression of Mutant bsh Genes  

The pZEKV58F, pZEKV58M, pZEKV58N, pCON2Y65C, pCON2Y65F or 

pCON2Y65L and pCON2 (bsh/pET22b) transformants were individually 

cultivated in ampicillin (100µg/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 pCON2Y65L 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 µg/ml ampicillin. 

The cultures were then grown at 175 rpm and 37 °C until their optical density 

reached OD600:0.45 - 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 OD600 values of 1.5-3.0. After the cultures reached an OD600 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, 5µg/ml DNase and 5µg/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 μm 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 ÄKTAprime 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 µl 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 37ºC and pH 

6. Initially, 10 µl sample was incorporated into the mixture that contained 50 µl of 

40 mM bile salt, 50 µl of 40 mM dithiothreitol (DTT) and 100 µl of 0.1 M sodium 

phosphate buffer (pH: 6.0). The final mixture was incubated for 30 minutes at 37 

°C. After adding 210 μl 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 pCON1V58M-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-Y65L 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 μl volume with the following contents: plasmid 

DNA that used pCON1V58M DNA as a template, forward and reverse primers (25 

μM each), dNTP 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 DpnI (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 pCON1V58M-Y65F and  

pCON1V58M-Y65L mutagenesis 
Reactants Concentrations Quantities 

UP (ultra pure) H2O -   33.25 

μl 

Template DNA pCON1V58M (100 ng) 135 ng/μl     0.75μl 

MgCl2  (25 mM) 25 mM 4 μl 

dNTP mix (5 mM) 5 mM 2 μl 

Forward Primer (25 µM) 25 μM 2 μl 

Reverse Primer (25 µM) 25 μM 2 μl 

Pfu DNA Polymerase Buffer (10X)                10X 5 μl 

Pfu DNA Polymerase Enzyme (2.5 U/µl) 2.5 u/μl 1 μl 

TOTAL VOLUME -        50 μl 

 

Table 3.12. Conditions for PCR reactions 

Cycles 
           Time 

Y65F Y65L    

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 DpnI digestion of PCR products 

Reactants Quantities 
 

at 37 °C 
Up H2O  4 μl 

PCR product (>500 ng) 40 μl 

Tango Buffer (10X)  5 μl 

for 2 h. DpnI enzyme (10U/µl)  1 μl 

TOTAL VOLUME 50 μl 

 

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 μl of PCR purified products from 

pCON1V58M*-Y65F and pCON1V58M*-Y65L were added to 100 μl 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 μl LB 

medium. The cell suspensions were plated on ampicillin (100µg/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(100µg/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. 

3.5.4 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 µg/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 ml 

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 pCON1V58M-Y65F and pCON1V58M-Y65L 

DNAs by NotI and EcoRI Restriction Enzymes  

The V58M-Y65F and V58M-Y65L, double mutant bsh genes were obtained 

from pCON1V58M-Y65F and pCON1V58M-Y65L clones using NotI 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 pCON1V58M-Y65F and pCON1V58M-Y65L 

DNAs digestion by NotI and EcoRI 
Reactants  Quantities 

 

at 37 °C 
Up H2O 18 μl 

pCON1V58MY65F and pCON1V58MY65L DNAs (>500 ng) 40 μl 

Fast Digest Buffer 7 μl  

EcoRI Enzyme (Fast Digest) 2.5 μl 

for 2 h. NotI Enzyme (Fast Digest) 2.5 μl 

TOTAL VOLUME 70 μl 

 

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: 

 

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

into the pET22b 
 Reactants  Quantities  

Up H2O 11 μl 
at 22 °C 

pET22b Vector (EcoRI/NotI digested)  (>500 ng) 4 μl 

Mutant V58MY65F and V58M65L BSH DNAs (EcoRI/NotI cut )    2 μl 

for 1 h. 
T4 10X Ligase Buffer 2 μl 

T4 DNA Ligase Enzyme (5 U/μl) 1 μl 

TOTAL VOLUME       20 μl 

 

 

3.6.3 Incorporation of pZEKV58M-Y65F and pZEKV58M-Y65L 

Mutants into BLR (DE3) of E. coli 

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

pZEKV58M-Y65F or pZEKV58M-Y65L 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 μl LB. For 37°C growth, the solved cells were 

plated on LB agar plates supplemented with ampicillin (100µg/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 µg/ml) for 16-

18 hours at 37°C at 175 rpm on a shaker and simultaneously plated onto ampicillin 

(100 µg/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-Y65F or 

pZEKV58M-Y65L constructs are digested with EcoRI and NotI 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-Y65F or 

pZEKV58M-Y65L constructs were grown in 10 ml ampicillin (100 µg/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 NotI and EcoRI 
Reactants              Quantities  

at 37 °C Up H2O 5.5 μl 

pZEKV58MY65F and pZEKV58MY65L DNAs (>500 ng) 3 μl 

Fast Digest Buffer  (10X ) 1 μl  

for 30 min. EcoRI Enzyme (Fast digest) 0.25 μl 

NotI Enzyme (Fast digest) 0.25 μl 

TOTAL VOLUME 10 μl 
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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 (100µg/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 µg/ml ampicillin. The cultures were 

then grown at 175 rpm and 37 °C until their optical density reached OD600:0.45 - 

0.6.  0.3 mM IPTG was used to induce the protein expression of pZEKV58M-Y65F 

or pZEKV58M-Y65L mrBSH. The cultures were then reincubated at 37°C and 175 

rpm until they achieved OD600 values of 1.5-3.0. After the cultures reached an OD600 

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, 5µg/ml DNase and 5µg/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 μm 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 ÄKTAprime 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-Y65F or pZEKV58M-Y65L mutant BSHs. 
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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 

µl 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 37ºC and pH 6. Initially, 10 µl sample was incorporated into the 

mixture that contained 50 µl of 40 mM bile salt, 50 µl of 40 mM DTT and 100 µl 

of 0.1 M sodium phosphate buffer (pH: 6.0). The final mixture was incubated for 

30 minutes at 37 °C. After adding 210 μl 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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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-III 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 BSHs, 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, Ile, 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 

http://web.expasy.org/compute_pi/
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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). 

  

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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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,          

c, 161-250 aminoacid sequence, d, 251-3254 aminoacid sequence for L. plantarum). 
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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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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.nlm.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. 

 

 
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 pCON1  

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 pCON1 (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 DpnI (Figure 4.6). 

 

  

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, XhoI cut pCON1 template DNA; 3, 

pCON1*V58F PCR product; 4, pCON1*V58F PCR product digested 

with DpnI restriction enzyme; 5, pCON1*V58M PCR product; 6, 

pCON1*V58M PCR product digested with DpnI restriction enzyme; 

7, pCON1*V58N PCR product; 8, pCON1*V58N PCR product 

digested with DpnI restriction enzyme; 9, pCON1*Y65C PCR 

product; 10, pCON1*Y65C  PCR product digested with DpnI 

restriction enzyme; 11, pCON1*Y65F PCR product; 12, 

pCON1*Y65F PCR product digested with DpnI restriction enzyme; 

13, pCON1*Y65L PCR product; 14, pCON1*Y65L  PCR product 

digested with DpnI restriction enzyme. 

 

4.2.2 Purifying Mutated PCR Products 

The pCON1*V58F, V58M, V58N, Y65C, Y65F and Y65L mutants 

digested with DpnI 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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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, pCON1*V58F PCR products; 2, pCON1*V58M PCR products;                 

3, pCON1*V58N PCR products; (B), 1, sliced pCON1*V58F PCR products;      

2, sliced pCON1*V58M PCR products; 3, sliced pCON1*V58N PCR products; 

(C) 1, purified pCON1*V58F (4.0 kb); 2, purified pCON1*V58M (4.0 kb); 3, 

purified pCON1*V58N (4.0 kb) 

 

 
Figure 4. 8. Gel Purification of the pCON1*Y65C, pCON1*Y65F and 

pCON1*Y65L PCR products from 1% agarose gel. M, 1 kb plus DNA ladder.  

(A) 1, pCON1*Y65C PCR products; 2, pCON1*Y65F PCR products;                   

3, pCON1*Y65L PCR products; (B), 1, sliced pCON1*Y65C PCR products;       

2, sliced pCON1*Y65F PCR products; 3, sliced pCON1*Y65L PCR products;  

(C) 1, purified pCON1*Y65C (4.0 kb); 2, purified pCON1*Y65F (4.0 kb);          

3, purified pCON1*Y65L (4.0 kb) 

  

4.2.3 Transformation of pCON1* 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 XhoI restriction enzyme (Figure 4.9 and 4.10).   
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Figure 4.9. Transformation of pCON1*V58F, pCON1*V58M and 

pCON1*V58N into E. coli XL1-Blue strains. M, 1 kb plus DNA ladder; 1, uncut 

pCON1 DNA; 2, XhoI cut pCON1 DNA; 3, pCON1*V58F DNA; 4, XhoI cut 

pCON1*V58F DNA; 5, pCON1*V58M DNA; 6, XhoI cut pCON1*V58M;  

7, pCON1*V58N; 8, XhoI cut pCON1*V58N. 

 

  

Figure 4.10. Transformation of pCON1*Y65C, pCON1*Y65F and 

pCON1*Y65L into E. coli XL1-Blue strains. M, 1 kb plus DNA ladder; 1, uncut 

pCON1 DNA; 2, XhoI cut pCON1 DNA; 3, pCON1*Y65C DNA; 4, XhoI cut 

pCON1*Y65C DNA; 5, pCON1*Y65F DNA; 6, XhoI cut pCON1*Y65F; 

7, pCON1*Y65L; 8, XhoI cut pCON1*Y65L. 
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4.2.4 Detection of Targeted Mutations by DNA Sequencing 

The DNAs of pCON1V58F, pCON1V58M, pCON1V58N, pCON1Y65C, 

pCON1Y65F and pCON1Y65L 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. 

 

  
Figure 4.11.  The target mutation of pCON1V58F. Valine (V) codon, GTA, was 

converted to Pheylalanine (F) codon, TTT,  labelled with a frame. 

 

  
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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Figure 4.13. The target mutation of pCON1V58N. Valine (V) codon, GTA, was 

converted to Asparagine (N) codon, AAC,  labelled with a frame. 

  

  
Figure 4.14. The target mutation of pCON1Y65C. Tyrosine (Y) codon, TAC, was 

converted to Cysteine (C) codon, TGC,  labelled with a frame. 

  

  
Figure 4.15.  The target mutation of pCON1Y65F. Tyrosine (Y) codon, TAC, was 

converted to Phenylelanine (F) codon, TTT,  labelled with a frame 
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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 NotI and EcoRI restriction enzymes, and purified using 1% 

agarose gels (Figure 4.17). 

 
Figure 4. 17. Making the expression vector pET22b. M, 1 kb plus DNA ladder; 

A, 1: uncut pET22b DNA; 2: NotI and EcoRI digested pET22b DNA; B, NotI and 

EcoRI digested pET22b linear DNA before gel purification; C, gel purified linear 

pET22b DNA. 

  

 

4.3.2 Digestion of Mutant Recombinant DNAs by EcoRI and NotI 

Restriction Enzymes into pBluescript SKII + Vector 

Following the restriction enzyme cuts of the pCON1V58M, pCON1V58F, 

pCON1V58N, pCON1Y65L, pCON1Y65F and pCON1Y65C, plasmid DNAs with 

NotI and EcoRI, 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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Figure 4.18.   Digestion of pCON1V58F, pCON1V58M and pCON1V58N 

plasmid DNAs by NotI and EcoRI REs. M, 1 kb plus DNA ladder; A,                  

1: pCON1V58F DNA cut with EcoRI and NotI REs; 2, pCON1V58M DNA cut 

with EcoRI and NotI REs; 3, pCON1V58N DNA cut with EcoRI and NotI REs; 

B, 1, sliced V58F 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 V58F 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. 

 

  

Figure 4.19. Digestion of pCON1Y65C, pCON1Y65F and pCON1Y65L plasmid 

DNAs by NotI and EcoRI REs. M, 1 kb plus DNA ladder; A, 1: pCON1Y65C 

DNA cut with EcoRI and NotI REs; 2, pCON1Y65F DNA cut with EcoRI and 

NotI REs; 3, pCON1Y65L DNA cut with EcoRI and NotI REs; B, 1, sliced Y65C 

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

from pCON1Y65F 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 NotI and 
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EcoRI (Figure 4.20). Correctly defined transformants were named pZEKV58F, 

pZEKV58M, pZEKV58N, pCON2Y65C, pCON2Y65F and pCON2Y65L. 

 

  
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 pCON2Y65C; 6, circular DNAs of pCON2Y65F; 7, circular 

DNAs of pCON2Y65L; 8, NotI and EcoRI REs digested DNAs of pET22b;         

9, NotI and EcoRI REs digested DNAs of pZEKV58F; 10, NotI and EcoRI REs 

digested DNAs of pZEKV58M; 11, NotI and EcoRI REs digested DNAs of 

pZEK1V58N; 12, NotI and EcoRI REs digested DNAs of pCON2Y65C; 13, NotI 

and EcoRI REs digested DNAs of pCON2Y65F; 14, NotI and EcoRI REs 

digested DNAs of pCON2Y65L. 

 

 

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 pCON2 (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 (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 TDCA. 

 



54 

 
Figure 4.23. Detection of the pCON2Y65C, pCON2Y65F and 

pCON2Y65L activity against GDCA by direct plate assay. Positive 

controls (pCON2/BLR(DE3), negative controls (pET22b/BLR(DE3) 

and BSH activity of pCON2Y65C/BLR(DE3), 

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 

pCON2Y65L activity against TDCA by direct plate assay. Positive 

controls (pCON2/BLR(DE3), negative controls (pET22b/BLR(DE3) 

and BSH activity of pCON2KY65C/BLR(DE3), 

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 (V58) 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 %,  

pCON2Y65F 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). 

Figure 4.25. Comparison of substrate specificity between BSH enzymes of 

pZEKV58F, pZEKV58M, pZEKV58N 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. 
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Figure 4.26. Comparison of substrate specificity between BSH enzymes of 

pCON2Y65C, pCON2Y65F, pCON2Y65L 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). 

 
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/).  

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 pCON1V58M-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 DpnI (Figure 4.29). 
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Figure 4.29. Mutation of pCON1V58M*-Y65L and pCON1V58M*-

Y65L with site-directed (* represents desired mutation). M, 1 kb plus 

DNA ladder; 1, uncut pCON1V58M template DNA (1/5 diluted); 2, XhoI 

cut pCON1V58M template DNA; 3, pCON1V58M*-Y65F PCR product; 

4, pCON1V58M*-Y65F PCR product digested with DpnI restriction 

enzyme; 5, pCON1V58M*-Y65L PCR product; 6, pCON1V58M*-Y65L 

PCR product digested with DpnI 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 pCON1V58M*-Y65F and pCON1V58M*-

Y65L. M, 1 kb plus DNA ladder. (A) 1, pCON1V58M*-Y65F PCR products;     

2, pCON1V58M*-Y65L PCR products; (B), 1, sliced pCON1V58M*-Y65F PCR 

products; 2, sliced pCON1V58M*-Y65L PCR products; (C) 1, purified 

pCON1V58M*-Y65F (4.0 kb); 2, purified pCON1V58M*-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 XhoI restriction 

enzyme (Figure 4.31).  

 



61 

  
Figure 4.31. Transformation of pCON1V58M*-Y65F and pCON1V58M*-

Y65L into E. coli XL1-Blue strains. M, 1 kb plus DNA ladder; 1, uncut 

pCON1V58M DNA; 2 XhoI cut pCON1V58M DNA; 3, pCON1V58M*-

Y65F DNA; 4, XhoI cut pCON1V58M*-Y65F DNA; 5, pCON1V58M*-

Y65L DNA; 6, XhoI cut pCON1V58M*-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/pUC Forward (5'-

GTAAAACGACGGCCAGT-3') and reported using the BioEdit sequence 

alignment program. In the resulting DNA sequences, only target mutations were 

detected (Figure 4.32 – 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 pCON1V58M-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. 

  

 

  
Figure 4.33. The target mutation of pCON1V58M-Y65L. Valine-58 (V) codon, 

GTA, was converted to Methionine (M) codon, ATG  and Tyrosine-65 (Y) 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 NotI Restriction Enzymes  

Following the restriction enzyme cuts of the pCON1V58M-Y65F and 

pCON1V58M-Y65L, plasmid DNAs with NotI and EcoRI, the resulting roughly 1 

kbp mutant BSH fragments of DNA were extracted from gels with 1% agarose 

(Figure 4.34). 



63 

  
Figure 4.34. Digestion of pCON1V58M-Y65F and pCON1V58M-Y65L plasmid 

DNAs by NotI and EcoRI REs. M, 1 kb plus DNA ladder; A, 1: pCON1V58M-

Y65F DNA cut with EcoRI and NotI REs; 2, pCON1V58M-Y65L DNA cut with 

EcoRI and NotI 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 NotI 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-Y65F and 

pZEKV58M-Y65L constructs. M, 1 kb plus DNA ladder; 1, circular DNAs of 

pET22b; 2, NotI and EcoRI REs digested DNAs of pET22b; 3 circular DNAs 

of in pZEKV58M-Y65F; 4, NotI and EcoRI REs digested DNAs of 

pZEKV58M-Y65F; 5 circular DNAs of in pZEKV58M-Y65L; 6, NotI 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 BSHs 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 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. 

 

 

Figure 4.37. The activity profiles of pCON2, pZEKV58M, pCON2Y65F, 

pCON2Y65L, 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 

II and III also play a role in substrate binding, as with PVA (32, 54, 179). Upon 

substrate binding to subunits surrounding the tetramer, loop II 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 Val58 

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 BSHs, 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 

II. 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 CGHs. Thus, to identify residues that the BSHs 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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