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Abstract

Chapter 1: Introduction

Out of two catabolic pathways of cholesterol i.e. bile acids and steroids, conversion of
cholesterol to bile acids is major route for cholesterol reduction. The bile acid pool regulates
its own synthesis involving FXR signaling pathway. Any disturbances in the bile acid pool
activate CYP7AL in liver which starts conversion of cholesterol to bile acid. Moreover, Bile
salt Hydrolase (BSH) in the human gut deconjugates the bile salts and reduces its affinity for
enterohepatic circulation. Here, we reviewed the regulation of bile acids and involvement of
gut microbiome in signaling as well as bile acid homeostasis. Role of bile salt hydrolase,
present in gut microbiome, in removal of bile acid through feces and its role in cholesterol
reduction are discussed.
Chapter 2: Dissection of Catalytic Site in Crucial Gut Microbiome Enzyme: Bile Salt
Hydrolase

Bile Salt Hydrolase (BSH) is a crucial enzyme in bile acid metabolism in Gl tract and
present in many gut microbiomes. A gut inhabitant Enterococcus faecalis BSH (EfBSH)
displays substantially high activity compared to other reported BSHs. We have explored the
mechanistic study of the highly active EfBSH by looking into the dynamic hydrogen bonding
interactions at substrate binding pocket. Apart from core substrate binding amino acids
residues, R207 and E269 were have also been identified to be crucial in substrate binding and
catalytic activity as the mutant R207A and E269A showed substantial modulation in
biochemical activity and affinity towards the different bile acids. The mutant E269A showed
a significant loss of in BSH activity and with increased affinity towards GCA. Whereas,
R207 was found to be involved in allostery, which displayed the MM-Kinetics compared to
native EfBSH. Further, the structural investigations of R207A and E269A mutant revealed
the molecular basis for activity, specificity and allostery in the EfBSH. A comparison of
electrostatic properties of the active sites of R207A suggests no major change in the in
electrostatic potential surface of active site. However, E269A mutant showed more
electropositive nature of active site as compared to the wild type. A comparative electrostatic
force analysis of the active site of the E269A mutant and the wild type revealed that the long-
range electrostatic force experienced by the S-H bond due the other amino acid residues at
the active site of the two types are marginal. Thereby, provides a conformational basis of

reduced enzymatic activity in the E269A mutant.

vii



Chapter 3: Oligomeric Attributes of Choloylglycine Hydrolase (CGH) Family in
Biochemical Activity and Stability
In this chapter, we have considered the oligomeric attribute of Bile Salt Hydrolase (BSH) in
Cholylglycine Hydrolase (CGH) family (BSH, a member of Ntn hydrolase superfamily). N-
terminal nucleophile (Ntn) hydrolase superfamily is one of the most diverse superfamily of
hydrolytic enzymes. This superfamily includes many families of enzymes having
physiological, clinical and pharmaceutical importance which harbours different homo and
hetero oligomeric quaternary state. The cholylglycine hydrolase (CGH) family has been
reportd to consist of homo-oligomeric BSH and PVA.

Here we identified the crucial residues which is imperative to the oligomerization of
CGH family of proteins and has implications on screening the highly active BSH/PVA using
primary structure of protein from genomic databases and also predicts the oligomeric state of
the protein. We propose, in general, there must be two fundamentally different pathway of
oligomerization depending upon the intrinsic symmetry of the molecule. In cyclic symmetry,
oligomeric proteins exist in two different forms i.e. active (monomer) or inactive (oligomer)
or vice-versa. While in proteins having dihedral symmetry, can exist in multiple oligomeric
state which perhaps, gives plasticity to the enzyme evolution and ability to metabolize or
overcome the toxic effect of metabolites which leads to survival of the microorganisms.
Chapter 4: Efficacy studies of encapsulated BSH enzyme on serum cholesterol level
Here, we optimized the stability of EfBSH enzyme in presence of cryoprotectant. Further, the
EfBSH was encapsulated in sophorolipid based liposome to develop an enzyme-based
formulation. Animal studies were carried out to ascertain the hypocholesterolemic effect of
enzyme based therapeutic formulation. We found that the level of cholesterol in EfBSH
enzyme-based formulation showed significant decrease in HDL and LDL cholesterol without
influencing the other parameters such as glucose and creatine level, which was found to be
normal throughout the study. The efficacy of enzyme based biotherapeutics was compared
with statins, which is a widely used class of molecule which specifically inhibits HMG co-A
reductase inhibitor in mevalonate pathway. Moreover, various blood parameters studied
during the experimental phase showed less adverse effect of protein formulation as compared
to statins. Further, cholesterol dependent pathways are not affected as we are targeting the by-
product of cholesterol i.e. bile acids in gut.
Chapter 5: Summary and conclusions
The salient finding of the present work and conclusions drawn from the data are discussed in

this chapter.
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1. Introduction

Bile is a greenish yellow fluid produced by hepatocytes which helps in emulsification of
dietary lipids. It consists of 95 % water and endogenous component such as bile salt,
cholesterol, amino acids, steroids etc. Bile is concentrated and stored in the gall bladder and
part of it is secreted in the duodenum. Bile helps in excretion of maor toxic lipophilic
compounds which are not filtered by kidney. Bile salts in bile help in emulsification of
dietary lipids. Bile salt exhibits detergent properties such as micelle formation which
facilitate the lipid absorption and also reduces the detergent effect of bile salt in biliary
epithelium. Bile also serves as amajor route for the excretion of cholesterol [1,2].
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a) b) ofhering” W M M W M W W VM VWV V VW WV ',Ij' \/
Ductules ’l
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Interlobular —\ D/ ) EE
ducts ook -.-.:l?,' b
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/ \ L/ v O HCO;
R|ght Left \ LT Somatostatin ] . Cls.,
\ o oo !
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Figure 1.1: Anatomy of bile secretion system in human body: panel a) o&erview of biliary

system [3] panel b) biliary tree showing heterogeneity in bile duct epithelial cells[4]

Rudolf schoenheimers in his bottle experiment reported the effect of diet on synthesis and
destruction of cholesterol. Also, incorporation of Glycocholic acid (GCA) in the diet induces
the synthesis of cholesterol [5]. This study was later confirmed in 1953 by using radioactive
C™-labeled acetate incorporation in cholesterol [6]. This feedback control was due to the
presence of HMG co-A reductase, a rate limiting enzyme for cholesterol biosynthesis
[7](Bucher and Lynen, 1959). Goldstein and Brown found that the activity of HMG co-A
reductase is 10 fold higher in familial hypercholesterolemia (FH) patients and its activity is

Yashpal Yadav Page 1
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controlled by lipoproteins, specificaly low density lipoproteins [8,9] which eventually led to
the discovery of low density lipoprotein receptor (LDL receptor) [10].

Here we reviewed the interplay of cholesterol and bile acids at cellular as well as
tissue level and maladies associated with the mutation in associated genes involved in bile

acid regulation.
1.1 Typesand modification of Bile salts

Bile acids are categorized into primary bile acid and secondary bile acids. Primary
bile acids are synthesized entirely in liver while secondary bile acids are generated upon
bacterial modification in gut. Cholic acid (CA) and Chenodeoxycholic acid (CDCA) are the
primary bile acids and rest others bile acids are derived from the CA and CDCA (Fig.2).
Liver isthe primary source for production of bile acid. Bile acids are conjugated with Glycine
and taurine in the liver catalyzed by termina enzyme, BAAT in bile acid synthesis pathway.
The conjugation of these moieties to the bile acid enhances the hydrophilic property of the
bile acid. Conjugation of cholic acid yields glycocholic acid and taurocholic acid while
conjugation of chenodeoxycholic acid yields glycochenodeoxycholic acid and
taurochenodeoxycholic acid. Bacterial modification of cholic acid and chenodeoxycholic acid
leads to synthesis of deoxycholic acid and lithocholic acid respectively [1]. Conjugated, and
to lesser extent unconjugated bile acids are reabsorbed from the intestine and modified by
liver enzymes to produce tertiary bile acids [11]. This process is known as enterohepatic
recirculation (Fig.3). SLC family of proteins play important role in active transportation of
conjugated bile acid. SLC10A2 codes for apical sodium bile acid transporter (ASBT) aso
known as IBAT [12], which efficiently reabsorb >95 % of conjugated bile acids [13]. Since
inhibition of ASBT transporters reduces the plasma cholesterol level, it was proposed to be a
drug target for treatment of hypercholesterolemia [14,15]. Structural study from bacterial
homologs showed the involvement of two domains which alternates the accessibility to inner
and outer side of membrane [16,17]. In liver active transport of bile acids takes place through
sodium transporter cotransporting polypeptide (NTCP) [18]. Bile salts also diffuses passively
through upper small intestine and large intestine.
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a) Cholesterol

b) Chenodeoxycholic acid ¢) Deoxycholic acid d) Cholic acid

H OH
OCH COOH COOH

H OH H HO OH

|

Glycine and Taurine conjugates
Figure 1.2: Structure of bile acids: panel a) describes the naming and numbering in ring

system of cholesterol. b) & d) primary bile acids synthesized from cholesterol c) DCA,

secondary bile acid synthesized from cholic acid upon bacterial modification in gut.

The effect of hydroxylation of bile acid makes huge difference in their solubility [19,20] (Fig.
3a). This hydroxylation occurs at different position of bile acid during synthesis which makes
different bile acid pool (Fig. 3b) [21]. Ursocholic acid (UCA) and Cholic acid (CA) are more
soluble as compared to other bile acids owing to the hydroxylation at two different sites (Fig.
3c). Although UCA and CA are more soluble, the extent of solubility of UCA is significantly
higher owing to the axial conformation of hydroxyl group rather than planar as in CA
[19,20].

Yashpal Yadav Page 3



Ph.D. Thesis Chapter

a)  Bile acids R1 R2 R3
CA H OH OH
CDCA H OH H
DCA H H OH
LCA H H H
MCA OH OH H
UDCA H OH H
UCA H OH OH
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=N KN 273 M
=,
HO E CDCA 28 uM
= | pca 28 1M
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Figure 1.3: Modifications of bile acids panel a) & b) shows the different modification of bile
acid due to position of hydroxyl group in cholesterol moiety [21] Panel ¢) shows the effect of
hydroxyl group on solubility of different bile acids[19,20].

1.2 Synthesis of bile acids

Synthesis of bile acid starts from liver which require 17 enzymes to complete the process.
Most of these enzymes are synthesized in liver and belongs to cytochrome P450 superfamily
which are mixed function oxidases. The CYP7A1 gene encodes first and the rate limiting
enzyme, Cholesterol 7a-hydroxylase for bile acid synthesis from cholesterol in liver. Bile
acid synthesis takes place through two different route viz. classical pathway and alternate
pathway. Classical pathways runs entirely in liver while alternate pathway works in other

tissues.

1.2.1 Classical pathway

Both the pathways involves four different steps Initiation, sterol ring modification, side chain
shortening and conjugation steps for bile acid synthesis independent of classical and aternate
pathways. In classical pathway, cholesterol 7o hydroxylase encoded by CYP7A1 add
hydroxyl group at 7a position in cholesterol whilst alternate pathway starts with side chain
shortening which involve CYP27A1.
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Figure 1.4: Bile acid synthesis pathways: Initiation, sterol ring modification, side chain

shortening and conjugation are four different steps for bile acid synthesis independent of
classical and alternate pathways. In classical pathway initiation step hydroxylates 7o position

in cholesterol whilst aternate pathway starts with side chain shortening which involve
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CYP27A1. Later CYP7B1 hydroxylates 7a position of 27a hydroxy -cholesterol to form 7a
hydroxysterol intermediates which then enters the classical pathway. Sterol ring modification
involves HSD3B7, CYP8BI1 and AKR1D1 which produce 120 and 5f intermediates. These
intermediates are converted into respective bile acid by CYP27A1 viz. CA and CDCA. BAT
is the terminal enzyme of this pathway leading to the conjugation of primary bile acids CA
and CDCA to form GCA, TCA and GCDCA, TCDCA respectively.

Later CYP7B1 hydroxylates 7a position of 270 hydroxy -cholesterol to form 7a
hydroxysterol intermediates which then enters the classical pathway. Sterol ring modification
involves HSD3B7, CYP8BI1 and AKR1D1 which produce 120 and 5f intermediates. These
intermediates are converted into respective bile acid by CYP27A1 viz. CA and CDCA.
BAAT is the termina enzyme of this pathway leading to the conjugation of primary bile
acids CA and CDCA to form GCA, TCA and GCDCA, TCDCA respectively.

1.2.2 Alternate pathway

Alternate pathway for bile acid synthesis plays crucia role in removal of cholesterol from
tissues other than liver unlike classica pathway which operates entirely in liver. In this
pathway Initiation step occurs after side chain shortening in which three different enzymes
namely sterol 27-hydroxylase (cyp27) [22,23], cholesterol25-hydroxylase [24] and
cholesterol 24-hydroxylase (cyp46) [25] participates depending upon different tissues which
leads to the synthesis of oxysterols. The presence of oxysterolsin blood serum prompted
scientific community to look for metabolism of this cholesterol. Further study revealed that
the pathway of oxysterol metabolism is known as Alternate pathway. CY P7B1 encodes 25-
hydroxycholesterol 7-alpha-hydroxylase, which is the key enzyme in this pathway. Mutation

reported in this enzyme showed phenotype such as severe cholestasis [26].
1.3 Functions of Bile Acids
1.3.1 Digestion and related functions

Being amphiphilic molecule, having hydrophobic and hydrophilic site, it is good in micellar
sulubilization of polar and non polar lipids. Bile acid forms two different types of micelles
one merely bile acid micelle and other is mixed micelle consist of bile acid and polar lipids. It
helps in the solubilization of dietary lipid and fat molecule. Bile salts are aso reported to
have antibacterial action in gut microflora which precludes the overgrowth in small intestine.

Floch and coworker studied the antimicrobial action of conjugated and unconjugated bile
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acid. They reported that unconjugated bile acids are more potent inhibitor to bacterial cell
growth as compared to conjugated bile acids [27]. These finding suggest bile acid might
show antimicrobia activity in synergism with fatty acid [28]. Later another group of scientist
reported that in obstructive jaundice, bacterial cells overgrowth in small intestine and
tranglocation in neighboring organs [29,30]. Slocum and coworker confirmed whether the
bacterial overgrowth is due to biliary obstruction or absence of bile in small intestine. They
observed higher incidence of bacterial growth in case of bile duct ligated or diverted in rats as
compared to sham ligated or control rats [31]. The first report on the effect of bile acid on
innate immune response was appeared in 1994, when the histological study of mice deprived
of bilefor 48 hrs was carried out. They showed the outgrowth of coliforms and tissue damage
which hints that multiple factors are involved in the regulation [32]. Lin et. al. identified the
presence of 14 kDa hile acid binding protein (iBABP) in enterocytes of rat ileum. This 14
kDa bile acid binding protein was cloned and characterized in different tissues and found
predominantly in ileal enterocytes [33]. The level of I-BABP increases in the presence of
hydrophobic bile acids such as Chenodeoxycholic acid and deoxycholic acid as compared to

more hydrophilic bile acids [34].

a)
Bile acids  Critical Micellar Conc.
(CMC in mM)
DCA 3
CDCA 4
CA 11
UDCA 7

Micelle of BA Mixed micelle

Figure 1.5: Detergent action of bile panel a) shows number of molecules required for
formation of micelle, which is different for each type of bile acids. Panel b) shows the

different types of micelles formed by bile acids.

At this point researchers established that bile acids play role in their regulation. To check
whether this effect is mediated through hormone receptor family, Park and colleagues fused
the ligand binding domain of orphan receptors and nucleotide binding domain of yeast
transcription factors and found that CDCA selectively activates FXR [35]. Agonist of FXR
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i.e. GW4064 has been identified to aid in the study of cholesterol and bile acid regulation
[36]. Recently inagaki et al. reported that activation of FXR blocks the bacterial overgrowth
and prevent mucosal injury by synthesizing iNOS leads to the production of nitric oxide
which is antibacterial [37]. However this result is debateful because absence of bacterial

overgrowth in iINOS deficient mice.
1.3.2Bileacid in FXR/TGR5 (GPBAR) signaling

Mayurama and kawamata independently identified the G protein coupled receptor for bile
acids, also known as TGR5/GPBAR [38,39]. Initidly designated as Orphan receptor, TGR5
isnow classified as a subclass of GPCR [40]. Later watanabe et. al., reported that the binding
of bile acid activates thyroid stimulating hormone type 2 iodothyronine deiodinase (D2) in a
cyclic AMP dependent manner, which is involved in energy expenditure process [41]. TGRS
is involved in multiple metabolic and immunomodulatory function. Its expression level is
high in gall bladder as compared to other tissues. Also, it has been demonstrated that removal

of Tgr5 gene prevents the gallstone formation in mice [42].

GPBAR

Adenylate cyclase

\_We_ / ( ATP

CDCA
G protein

+
cAMP & PKA

Brown adipose tissues l
Hormone
sensitive p HSL
Energy expenditure lipases

I /

UCP] ¢mmm= Eatty acids === Diglyceride ¢==== Triglyceride
(Uncoupling protein 1)

Figure 1.6: Cascade of TGR5 signalling.

1.3.3 Bilesalt in regulation of cholesterol
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1.3.3.1 Feedback regulation: Cholesterol homeostasis is maintained by de-novo synthesis
via mevalonate pathway using acetate and from dietary cholesterol uptake from blood plasma
through LDL receptor. The cholesterol is present in the esterified form in blood plasma with
lipoproteins such as VLDL (very low density lipoprotein), IDL (intermediate density
lipoprotein), LDL (low density lipoprotein), and HDL (high density lipoprotein) [43-45]
which is transported through receptor mediated endocytosis to the lysosome where it is
degraded. This dietary cholesterol when enters the cell, reduces the expression of HMG co-A
reductase which is the rate limiting enzyme for cholesterol synthesis [46]. Moreover, excess
of cholesterol also reduces the expression of LDL receptors which internalizes the cholesterol
esters through lipoproteins [10,47,48]. This leads to inhibition of de-novo synthesis of
cholesterol through mevalonate pathway. Futher, the catabolism of cholesterol depends on
the conversion of cholesterol to bile acids in liver [49,50] and steroid harmones where it
serves as feedstock to the downstream pathway. This process depends upon the oxygenation
of cholesterol which generates oxysterol which binds to LXR receptor. Targeted disruption of
oxysterol nuclear receptor, LXRa in mice developed fatty liver starting from seven days [51].
Also, severd fold increase in CYP7A1 mRNA was observed in LXR-/- mice when fed with
high fat diet. This might be because of the presence of LXR response element (LXRE)
upstream to CYP7A1 which is rate limiting enzyme in bile acid synthesis [52]. Later,
Timothy et. al. delineate rational behind the liver specific action of LXRa although expressed
in different tissues. They found that activation of CYP7AL1 by LXRa requires LRH1 and
leads to synthesis of bile acids. Later, bile acid binds to Farnesoid X receptor (FXR) which
synthesizes small heterodimer protein (SHP). SHP stops the bile acid biosynthesis by binding
to LRH1 in a feedback manner and stops its own synthesis in a similar fashion [36]. Inagaki
reported that SHP works synergistically with Fibroblast growth factor 15 (FGF15) [53]. The
formation of bile acid is tightly regulated by the presence of four genes LRH1, FXR, RXR,
SHP (Fig.7).

1.3.3.2 Role of BSH in regulation of bile salts. Decades after Schoenheimer reported the
effect of bile acid in the regulation of cholesterol, researcher started looking into the
regulatory aspect of bile acids. Subsequent report suggested that bile acids in the bile flow
from liver to gall bladder are conjugated while the feces bile acids are deconjugated [54].
Later, Norman and Sjovall found that the labeled bile acids present in small intestine were
conjugated; however in cecum conjugated bile acid reduces to only 20% and even less in
fecal content [55]. Recent reports suggest that the binding affinity of Apical Sodium Bile acid
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Transporter (ASBT) to unconjugated bile acids were significantly lower than conjugated bile
acids [16]. Tennet in 1960 used high molecular weight polymer which binds to Bile acidsin
intestine and found lowering of serum cholesterol. He concluded that lowering of bile acids
lowers serum cholesterol without influencing the distribution of cholesterol in tissues [56].
Shimada et. a. screened large number of anaerobic gut microbe for Bile Salt Hydrolase
(BSH) activity [57]. Later, Kobashi et. a. reported that not al microorganisms are active
against both tauro and glycol-conjugated bile acids, some are active against tauro conjugated

while others are hydrolyzing only glyco- conjugated bile acids [58].

/ Liver \

Oxysterol —> | xR / Gut \

Enterohepatic circulation

\ L > BA

Cholesterol —=> (CYP7AI Vl'
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I

I
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@ﬂmalc pathway l
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Figure 1.7: Schematic representation of enterohepatic circulation and feedback control of

interdependence of bile acids and cholesterol.

Reports on animal studied showed that lactobacilli are majorly responsible for Bile
salt hydrolase activity [59,60]. Tanaka et. al. compared the biochemical activity and found
that BSH activity is much higher in bifidobacteria as compared to lactobacilli [61]. Begley in
2006 correlated the BSH activity as one of the probiotic selection criteria and a desirable trait
for survival in human gut [62]. Studies on human gut microbiome using metagenomic
approach revealed archeal species (Methanobrevibacter smithii and Methanobrevibacter

stadmanae) and uncultured bacteria (Dorea longicatena) showing BSH activity [63]. This

Yashpal Yadav Page 10



Ph.D. Thesis Chapter

study also suggests the growth of BSH positive organisms are better in presence of bile acids.
The organisms having BSH activity play crucial role in bile acid homeostasis and
maintenance of bile acid pool. Recently, Chand et. al. reported Bile Salt Hydrolase from
Enterococcus fecalis which showed many fold higher specific activity than other reported
BSHs. This enzyme acts on both tauro and glyco conjugated bile acids [64]. With few
exceptions, gram positive as well as gram negative organism showed tetrameric form of
BSH. Panigrahi et. a. reported that presence of indel of 20-22 amino acid in BSH leads to
separate clustering of gram positive and gram negative organism [65]. Structural study of bile
salt hydrolase revealed indel belongs to tetrameric loop region, which is absent in gram
negative BSH [66,67]. Removal of the tetramerization loop in EfBSH changes the
oligomerization state from tetramer to dimer and loss in activity. Consurf analysis showed
the tetramer loop to be hypervariable, while the core B-sheets are highly conserved and
helices in between (Fig. 1.8). The present scenario suggests that difference in BSH activity
liesin variability of tetramer loop. Structural analysis showed that Arg207 in tetramer loop is
protruding in active site of neighbouring chain which might influence the active site
geometry. Hydrogen bonding network of Arg207 differ in different monomeric chain. The
open conformation showed Arg 207 hydrogen bonded to Asp 21 which is a gatekeeper
residue. While in closed conformation the hydrogen bonds were absent. This analysis

correlates with the change in active site volume of different chains.

c)

Active site

Figure 1.8: Structura study of BSH from gut microbiome: panel a) tetramer of EfBSH [68],
panel b) CastP anaysis showing binding groove of active site pocket of EfBSH [69]. Panel c)
Consurf analysis of EfBSH color ramped from most conserved (red) to least conserved (cyan)
[70Q].
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1.4 Distribution of bile salt hydrolasesin gut microbiome:

The human body is inhabited by a huge number of bacteria, archaea, viruses, and unicellular
eukaryotes. The collection of microorganisms that live in coexistence with their hosts has
been referred to as the microbiota. To remain viable in the gut environment bacteria need to
be resistant to detergent action of bile acids. Both gram positive and gram negative organisms
evolved differently to overcome the toxic effects of bile acids [3]. Metagenomic analysis of
gut microbiome reported that BSH is widely distributed in gut microbiome which changes
through different stages of life [63,71]. Recent report highlighted the role of bile salt
hydrolases in atering host metabolism which has impacts on weight gain, circadian rhythm
and immunological reaction in gut and liver [72]. The human microbiota consists of the 10—
100 trillion symbiotic microbial cells harbored by each person, primarily bacteria in the gut.
Studies of the diversity of the human microbiome started with Antonie van Leeuwenhoek,
who, as early as the 1680s, had compared his oral and fecal microbiota and noted the striking
differences in microbes between these two habitats. Human Microbiome Project (HMP)
revealed the genome size of microbiome to be around 3.5 TB [73] which is many fold higher
than the genome size of human and adds up the complexity of synergistic action in human
gut. This gut microbiome involved in multifaceted role such as cholesterol regulation, bile

acid signaling and glucose homeostasis [ 74]

1.5 Hypothesis and obj ectives of the present investigation

As reported by Tennet, remova of bile acids from intestine decreases the level of serum
cholesterol by using polymer. Similar results were obtained by Kobayashi using cholestimide
resin which binds to bile acids and found decrease in obesity in mice. And deconjugation of
bile sat decreases the affinity to bind the epithelial transporter which helps in the
enterohepatic circulation of conjugated bile salts. This deconjugation leads to removal of bile
acids through feces and confer similar effect to that of synthetic polymer used by Tennet in
1960. Therefore a highly active Enterococcus fecalis BSH (EfBSH) could be an alternative to
reduce the serum cholesterol level. Using site directed mutagenesis approach, mapping the
residue showing significant increase in activity will be of great importance. The contribution
of individual residue in allostery may alleviate the need of conventional biochemical
characterization and screening of plethora of microbes. In future, this study will complement
the gut microbiome project and will be useful for designing the better probiotic drink. The
rationale behind our study is to understand the effect of microbiome enzyme on host

metabolism with respect to cholesterol regulation and their application in development of
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biotherapeutics. Moreover, to screen novel Bile Salt Hydrolases (BSH) for higher activity at
high alkaline pH and thermostability. The major objective of our work is to investigate the
molecular characteristics for the high activity of Enterococcus faecalis Bile Salt Hydrolase
(EfBSH) through mutational study to understand the mechanism of cooperativity. Further,
identification and characterization of highly active microbial BSH from gut source which has

implicationsin therapeutic formulation and devel opment of enzyme based biotherapeutics.
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2.1 Introduction

Bile Salt Hydrolases (BSH's) is a class of enzyme that catalyzes the hydrolysis of amide
bonds of Bile Acids (BA’s). Due to presence of catalytic cysteine residue at N terminal, this
enzyme is considered to be a member of Cholylglycine Hydrolase (CGH) family of enzymes,
which is a member of Ntn hydrolase superfamily[1]. In CGH family, cysteine acts as
nucleophile, which attacks the carbonyl carbon of peptide linkage present in bile acids. Upon
hydrolysis of bile acids into cholesterol and corresponding amino acids, the solubility of
cholesterol decreases and it precipitates out in the gut and excreted through feceg2]. The
unconjugated bile acids have lower affinity for bile acid transporter such as ASBT and NTCP
and are not recirculated in blood stream to liver[3-9]. Begley in 2006 correlated the BSH
activity as one of the probiotic selection criteria and a desirable trait for survival of
microflorain human gut[10]. Recent studies also suggests the growth of BSH positive
organisms are better in presence of bile acidg[11]. The organisms having BSH activity play
crucia role in bile acid homeostasis and maintenance of bile acid pool. With few exceptions,
gram positive as well as gram negative organism showed tetrameric form of BSH. Structural
study of bile salt hydrolases revealed the active site pocket, which is surrounded with the four
distinct loops (L1-L4)and a assembly loop or tetramerization (Figure2.1) loop which holds
the tetramer [12,13]. These tetrameric loop region is result of indel mutation which is evident
in gram positive BSH.The presence of indel of 20-22 amino acid in BSH leads to separate
clustering of gram positive and gram negative bacterig[14]. Moreover, loopl and loop2 alow
the entry of substrates into active site of enzyme and designated as ‘Site A’ as shown in
CpBSHstructure,whereasthe site of glycine release is referred to as Site L (Figure 2.1)
[13,14]. Recently, Bile Salt Hydrolase from Enterococcus fecalis(EfBSH) showed many fold
higher specific activity than previously reported BSHY 15]. This enzyme acts on both tauro-
and glyco- conjugated bile acids. Furthermore, structural studies of EfBSHreported that
binding pocket of this enzyme has more hydrophobic residues (particularly aromatic
residues) near site A consisting of loopl and loop2, where choloyl moietybinds [14,16].
RMSD calculation of different chains of EfBSHexhibited dynamics owing to high RMSD,
which indicatesall osteric behavior of this enzyme[16].
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d

Assembly loop / Tetramer loop

Figure 2.1: Review of structural insight: @) shows the arrangement of loopl to loop 4 near

active site and tetramer loop or assembly loop with reference to whole molecule of wild type
EfBSH. b) Superposed image of reported BSH structure i.e. EfBSH (orange), 4wl3; LsBSH
(yellow), 5hke; BIBSH (Red), 2hez; and CpBSH (Blue), 2rlc; showing the entry and exit site
of substrates. Inset image shows two tyrosine residues reported to align substrates.
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Moreover, disruption of loop2 is assumed to transmit alostery to different chainsvia tetramer
loop (assembly loop) and residues viz. F18, Y20 and Y 650f which Y20 and Y65 belongs to
loop 1 and loop2 respectivel y(Figure 2.1). These residues are proposed to align the substrate
in an orientation, whichhas been projected to be the reason ofhigher specific activityof
EfBSH[16]. However,detailed molecularmechanism of enzyme's higher activity and its
allosteric naturehas not been explored so far. Owing to the pharmacological importance of
BSH enzymes, it is of paramount importance to understand the structure and activity
correlation of these enzymes. Further,pinpointing of residues responsible for this activity may
help to tailor the molecule to obtain enhanced activity, and thus can be extrapolated to protein

engineering of other industrially important enzymes.

Herein, we report that apart from loopl and loop2, Loop4 aso play crucia role in
activity of EfBSH.Consurf analysis[17]showed the tetramer loop to be hypervariable,
whereas the core (-sheets are highly conserved (Figure 2.2). However, helices showed
intermediate behaviour.The present scenario suggests that difference in BSH activity also lies
in variability of tetramer loop. Structural analysis showed that Arg207 in tetramer loop
protrudes in active site of adjacent subunit, which might influence the active site geometry
(Figure2.3). Hydrogen bonding network showed Arg 207 interacts with two residues of
adjacent subunit viz. Glu269 and Glu21 (Figure 2.3). However, levels of this interaction for
each monomeric chainbeen found to be different. We aso proposed here that the open and
closed conformation of BSH active site owing to different hydrogen bonding pattern showed
by Arg 207 with Asp 21 perhaps acts as a gatekeeper residue. We have used electrostatic
analysis to understand the dynamics of residues involved in catalysis or turnover of enzyme.
We prepared the mutants of EfBSH viz. E269A and R207A to study the effect on catalytic
efficiency and allostery exhibited by the EfBSH molecule. Furthermore, in enzymes,
formation and breakdown of hydrogen bond is very crucial to its activity. Understanding the
dynamics of hydrogen bonding in active sites of Mutant and wild type will shed some light
on the understanding of structure-function correlation. Recently proposed views in hydrogen
bonding directionality and force have been exploited to analyze the structura difference in

mutant and wild type structures.
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Active site

Figure2.2: Consurf image showing conservation of residues in core f-sheets and assembly
loop. The conservation score is color ramped from cyan (variable) to white (average) to red

(conserved)

Figure 2.3:Dimeric form of wtEfBSH revealing the Arg207 of chainB protrudes above the
active site of chainA. Inset image displays Arg207 from chain B protruding inside the active
site pocket and hydrogen bonded to residues of chain A.
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30 40 50 60 70

BIBSH_Q9KK62 YGET[LVTPRGYHYDTVFGAGGKAKPNAVIGVGVVMADRPMYF CAN 72
CpBSH_P54965 FNQS | [FIPRNFKCVNKSNK}(ELTTKYAVLGMPTIFDDYPTFA GMN 72
LsBSH_CT7AQX8 YGEQV | | TPAEYEFKFR- KEKAIKNHKSLIGVEG | VANAYPLYFBAIN 69
MsBSH_B9AEX3 YNERVT | TPRNYPL | FR-DTEDIENHYG I IG I AAGIDEYPLYYBACN 69
DIBSH_A0A174GR10 YGDQ |V ITPRNYAFNFR- HVGDMKNHYA | IGMAHVAEDYPLYYBAMN 69
EfBSH_QBKUA7 YNEVVT | TPRNYKFSFR- EVGNLDHHFA I IG | AAGIADYPLYYBAIN 69
) ! 100 110 120 130 140
BIBSH_Q9KK62 ‘ AGLENFPGYASFVHEPVEGTENVATFEFPLWVARNFDSVDEVEETLRNVTEVSQIVPGQ- QESL] 143
CpBSH_P54965 GLGCAI FPVYVSYSKEDIEGKT| IPVYNFLLWVLANFSSVEEVKEALKNANIVDIP ISENIPNTTLEW 144
LsBSH_CTAQX8 GLGMAGLNFPGNAYYSDALENDKDN I TPFEF | PWI LRQCSDVNEARNLVER INL INLSFSEQLPLAG] 141
MsBSH_BOAEX3 G GOLNFPDYCDYK-PLDKSKVNIASFE | IPMILSQAKT | SDAERLLENLNISDEKFSAQLPPSPLHW 140
DIBSH_A0A174GR10 GVAMAGLNF VGNAVYA- A IKPDVEN | AQFEF IPWI LSQCSSLVEVRELLERINIVNTPFSEQLPLAQLHA 140
EfBSH_QBKUA7 70 EKGLEBMAGLNFSGYADYK - K IEEGKENVSPFEF | PIWVLGACS TVDEAKKLLKNLNLYNINFSDELPLSPLHA 140
160 170 180 190 200 210
BIBSH_Q9KKB2 144 FIIG QMADGMHVHHDDVONEENOP TEDF HMENERN MCVSNEMAEPTSWGKASLTAWGAGVGM 214
CpBSH_P54965 145 MI'S QTKEKLNVFDNN | GVLENSP TEDAHVANLNOYVGLRYNQVPE FKLGDOSLTALGQGTpL 216
LsBSH_C7AQX8 142 LA \ VTKSGVH I YDNP | GV NPEFNYOMYNLNK RNLS | STPQNTFSDSVDLKVDGTGFpG 212
MsBSH_B9AEX3 141 118 /EVVEEGLD | YDNPVGVLENNPP FDKOLFNLNN¥MALSNRTPENTFGGNLDLATYSREBMGS 211
DIBSH_AQA174GR10 141 I|IIS VESMSDGLH | YDNPVGM NPPF‘PQQMFO].!NN MYLSSKQPRNTFCENLALDAYMQG 211
EfBSH_QBKUAT7 141 LLA /ES TKEGLRVFDNPVGMLTNNP TEDYQLFNLNNMRVLSTRTPKNNFSDQIELD | YSRBMGG 211
220 % 230 240 250 260 270 280
BIBSH_Q9KK62 215 HGIPG FVRVAYTNAHYPOONDEAANVSRLF TLGSVQMVDGMAKMG DGOQAERBLFTSGYSSKTN 285
CpBSH_P54965 217 VGLPG F |RVAFLRDAM | KNDKDS IDL 1 EFFH | LNNVAMVRGS TRTV - EEKS QYTSCMCLEKG 287
LsBSH_C7AQX8 213 IGLPG FVRAAFSKLNSSKGTTVEED I TQFFHILGTMEQ I KEBVNKTE - SGKH VYSNCYDLDNK 283
MsBSH_B9AEX3 212 1 GLPC FVKAAFVKENSVSGDSEKESVSQFF ILASVEOQKGCTLVEEPDK I YSDCYNTDKG 283
DIBSH_A0A174GR10 212 LGLPG! FVRVAFTKVNA | SGESEEESVSQFF ILGSVDQQRGCCEVA DGK LYTSCCNVTKG 282
EfBSH_QBKUAT 212 IGLPG| FVKATFTKLNSVSRSSEYES ISQFFH | LSSMEQOKGBLCDVG- DEK I YSSCCNLEKG 282
290 300 310 320 330 ;3
BIBSH_QOKK62 286 TY! DDP A IRS YAMADYDMDSSE LI SVAR ----------- 317
CpBSH_P54965 288 1Y ENNQ | NA | DMNKENLDGNE | KTYKYNKTLS | NHVN- 329
LsBSH_CT7AQX8 284 TL ENRQ | VAVTLNE - DKNGNGL | AYPFERKQV | NKLN- 324
MsBSH_B9AEX3 284 1L DGPQT-SVNIHDEDLETNQL INFELVD---=------ 316
DIBSH_AO0A174GR10 283 1Y, ENHQ | SAVDMHVENLDSDKM | CYPV | QGER | NYQNK 325
EfBSH_QBKUAT 283 1Y DNSQ | TAVDMNKENLEKDSL | VYPMVETQQ I NYAN- 324

Figure 2.4: Sequence alignment of Bile salt Hydrolases. all the conserved residues are
highlighted and catalytically active residues are marked with asterisks. Shown with red arrow
highlighting the presence of motif DYE of loopl, Arg207 of Tetramer loop and Glu269 of

loop4.
2.2 Materials

All chemicals were procured from Sigma (Sigma, USA), Merck (Merck, USA) and media
components from Hi-Media, Thermal cycler (AB sciences, USA), plasmid isolation kits
(Qiagen, Germany), Quick Change site-directed-mutagenesis kit (Stratagene, USA),
restriction enzymes and ligases from New England Biolabs (NEB,UK) were used.
Oligonucleotide DNA (Sigma, USA and Eurofin, India), pE T 22b(+) vector and Nova Blue
competent cells were from Novagen (Novagen, USA). EfBSH wild type clone was gift from
Deepak Chand[15].

Site-directed mutagenesis,Wild-type clone pET22b(+)-EfBSH was used as template for
preparation of the EfBSH_Y175A and EfBSH_Y175A clones using Quick Change site-

directed mutagenesis kit. Cloned plasmid was transformed into NovaBlue competent cells
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and propagated. Recombinant plasmid was isolated and mutation was confirmed by

sequencing. The details of experimental have been shown in following subsections.

For crystallization, Commercia screens were procured from Hampton research. Synchrotron
radiation source was usedfor high resolution data, which werecollected at INDUS-II, PX-
BL21 beamline,RRCAT, Indore having MAR CCD detector. The crystals were flash cooled
in a nitrogenstream produced by X-stream tocollect diffraction data at low temperature,
(Rigaku-MSC, USA). Different crystallographic softwaresuch as iMOSFLMfor data
integration, AIMLESS or SCALAfor scaling the data during data processing. Molecular
replacement was performed in phenix byusing Phaser-MR module or by Molrepof CCPA4i

suite. Model building was done in Coot and refined in refmac version 5.0.
2.3 Methods

2.3.1Heterologous expression and purification of EfBSH and mutant protens:
Recombinant plasmid of wild-type EfBSH and R207A, E269A, E269Q and E269D mutant
was transformed into the expression host E. coli BL21 (DE3) cells. Bacteria cells were
cultured in LB (Luria broth) media containing 0.1 mg/ml of Ampicillin antibiotics at 37 °C in
shaking incubator (Steelmet, India) at 180 rpm. After OD 600nm reached 0.8 IPTG
(isopropyl b-D21-thiogalactopyranoside, Merck, USA) induction was given to the fina
concentration of 1 and 0.5 mM, respectively and culture was shifted to a lower temperature of
16 °C overnight (16-18 h). Bacterial cells were harvested by centrifugation at 5000 rpm at 4
oC for 15 min. Cell pellet was resuspended in the lysis buffer composed of 25mM Tris-Cl pH
8.0, 500mM NaCl, 0.1% (v/v) Triton X-100, 1 mM DTT and sonicated (E-Squire Biotech,
India). Cell lysate was centrifuged at 12,000 rpm at 4 °C for 30 min. Clear supernatant was
collected and allowed to bind on Ni-NTA affinity resin pre-equilibrated with buffer A (25
mM Tris-Cl pH 8.0, 500 mM NaCl, 20mM imidazole) and washed with buffer A containing
60mM imidazole. Elution was performed using buffer A containing 500 mM imidazole.
Eluted fractions were checked on SDS-PAGE. Fractions containing protein of interest were
pooled, concentrated using 30K membrane cut-off (Millipore) and subjected to Size
Exclusion Chromatography (SEC) using Sephacryl S300 was performed with 20 Mm Tris-Cl
pH 7.5 buffer containing 150 mM NaCl to purify the protein to homogeneity and purity was
checked by SDS-PAGE. Fractions from gel filtration were pooled and concentrated to 10
mg/ml for crystal set-up and 1.2 mg/ml for kinetics study of mutants.
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2.3.2Site directed mutagenesis: Different mutants of wild-type EfBSH i.e. R207A, E269A,
E2690Q and E269D were prepared using WT EfBSH plasmid. PCR was performed at 95 °C
for 3 min and 18 cycles of (94/ 30 sec, 55 °C for 30 sec, 72 °C for 6 min 30 sec.) and final
ramping of 72 C for 10 min. PCR mixture was then treated with Dpnl enzyme to degrade the
methylated parental DNA and incubated at 37 °C for 3 hrs. 5ul of PCR mixture is further is
transformed in E.coli DH5a cells. Plasmids were purified and sequenced for confirmation of
desired mutation.List of primers used for the desired mutations are listed in table 2.1

Table2.1: List of primers for generating site directed mutagenesis in EfBSH wild type

Primer 5-3 sequence

EfBSH R207AF GAT ATT TAT AGT GCG GGA ATG GGT GGT

EfBSH R207AR ACCACCCAT TCCCGCACT ATA AAT ATC
EfBSHE269A F GGT GAT GAA AGA TAT GCG TAT ACGATT TATTCT
EfBSHE269A R AGA ATA AAT CGT ATA CGCATATCT TTCATCACC
EfBSH E269D F GGT GAT GAA AGA TAT GAT TAT ACG ATT TAT
EfBSH E269D R ATA AAT CGT ATAATCATATCT TTCATCACC
EfBSH E269Q F GGT GAT GAA AGA TAT CAGTAT ACGATT TAT

EfBSH E269Q R ATA AAT CGT ATACTGATATCT TTCATCACC

2.3.3 Measurement of Enzyme Activity and Kinetic parameter of EFBSH mutants: Bile
Salt Hydrolase enzyme activity can be determined by ninhydrin assay [12,13,18]. 50 ul
mixture of enzyme and GCA incubated at 37 °C for 10 min and the reaction was terminated
using equal volume of 15% v/v TCA (Trichloroacetic Acid). Enzyme units are defined in
terms of glycine release. One unit is defined as the amount of enzyme liberates 1umol of
Glycine per minute. The kinetic constant, K, and Vs, of EfBSH mutants were calcul ated
using varying substrate concentration ranging from 0.5 mM to 60 mM in triplicates and
kinetic constant were determined using Graphpad Prism version 5.0 (Graphpad Inc., USA)
From previous study it is well established that GCA is preferred substrate over other glycol-
and tauro-conjugated bile salts [15]. The enzyme concentration used for the kinetic study was
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1.2 pg/ul throughout the study. Kinetic parameters such as Km, h and Vmax were calcul ated
using hill equation. As reported earlier, the presence of DTT does not contribute to allostery,
all the kinetic studies were studied using ImM DTT maintained in the buffer[15].

2.3.4 Molecular Dynamics simulation:

100 ns al atom MD simulation was performed for WT EfBSH using Amber forcefield[19] in
Gromacs 4.5 [20]. All four chains of EfBSH were utilized for simulation. The EfBSH
tetramer protein was solvated and thesystem was neutralized by addition of counter ions.
Upon neutralization, the system was subjected tominimization and equilibration prior to

production run.

2.3.5Crystallization, diffraction and data collection:Crystallization of Protein is empirical
process which is based on severa round of trial and error and aso, it is a multifactorial
process.Factors contributing or sensitive to protein crystallization includes pH, temperature,
ionic strength of salts, protein homogeneity and concentration (~ 10 mg/ml), atmospheric
pressure, gravity, mixing, presence ofsubstrates analogs and sometimes impurity.
Temperature and pH play significant role in protein crystallization as it also affects the
protein. With time different methods have been developed forcrystallizing the proteins
including, Sitting-drop, Hanging-drop, micro-batch method and Lipidic cubic phase
(LCP)[21]magorly for membrane proteins. Initial screening for protein crystallization is
generally performed with commercially available screens to get the conditions required for
crystallization. Further optimization was performed by sitting-drop method is used widely to
tailor the crystal condition for crystal improvement[22-25]. Moreover, the protein crysta
quality can also be improved by seeding, a technique where crushed crystalswere transferred
to the fresh screen where it induces nucleation which alow the crystal to grow bigger and
faster. Thestreak seeding uses a needle to transfer seeds of crystals to a drop of non-nucleated
proteintechnique [26]. The needlecan be introduced into a multiple pre-equilibrated drop
which may support mainly growth. Seeding techniques are generally employed in a condition

where crystals are very small and of poor quality which takes time to grow.

Here, we purified the EFBSH mutants proteins i.e. R207A, E269A, E269D, E269Qand wild
type was purified to the homogeneity and concentrated upto 10 mg/ml using Amicon ultra-15
ml 30 kDa cutoff centrifugal filters (Millipore, USA) at4 °C with 4000 rpm. EfBSH protein
was screened against several commercially availablecrystallization screens including, Index

(HamptonResearch Corp.) Nextal PACT (Qiagen) and JCSG plus (Molecular Dimensions).
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Screenings were performed using vapour diffusion method in 96 well MRC2 sitting drop
plates (Hampton) having 200 nl of both protein and screening solution. The good diffractable
crystals of EfBSH E269A mutant obtained in JCSG plus Screen having 0.14 M CaCl2, 0.07M
CH3COONa pH-4.6, 14% v/v isopropanol. While EfBSH R207A mutant crystallized in 0.1M
Sodium Citrate Tribasic Dihydrate (pH-5.5), 22% PEG1000 and the crystals were flash
frozen in liquid nitrogen (100 K) without cryoprotectant and data were collected at PXBL-21
(Indus-2), RRCAT, Indore, India[27]

2.3.6X-ray diffraction and cryo-protection

Upon crystallization, crystals are exposed to X-ray beam either in home source or in high
energy x-ray wave in synchrotron radiation facility. X-rays are electromagnetic radiation
whose wavelength ranges from 0.1 — 10 nm (1 -100 A) (Blundell & Johnson, 1976). The
wavelength of X-rays generated from home source using copper K-a is approx. 1.5418 A. In
asingle crystal, X-rays are scattered by individual atomsin a unit cell. This scattered rays, on
the basis of their path length, shows constructive or destructive interference. This type of
scattering phenomenon is called Thomson scattering.Before exposing crystals to high energy
X-rays, crystals are protected from radiation damage (breaks the forces between the lattices
and generates free radical which degrades the quality of datasets) using cryoprotectant which

is commonly used organic solvent such as ethylene glycol, glycerol, MPD, Isopropyl alcohol.
2.3.7 Data collection and processing

The confirmed protein crystals of EfBSH mutants i.e. E269A and R207A were cryoprotected
and flash frozen in liquid nitrogen. These crystals were diffracted at PX-BL21, INDUS-2 PX-
BL2, RRCAT, Indore, India. Data were collected using CCD RAY ONIX M X-225detector, at
100K temperature. The mutantEfBSH crystals diffracted well and 180 frameswere collected
with the exposure of 20 sec each having constant flux. These diffraction images were further
integrated through IMOSFLM[28]. Later SCALA[29] module of the CCP4i suite is used to
scale the reflections(Collaborative Computational Project No.4, 1994).During data
processing, resolution limit were set on the basis of data statistics. SCALA output include 2,
Rmerge and <I/cI>. Mathematically these parameters are defined as(equations 2.1 &
2.2)[30].

Riege= X hkl Y, Thkl.......... (2.1)

x2 =2 [(li - <Ii>)2/ (612N / (N-1))]........... (2.2
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Where, 1i is the intensity measurement of reflection hkl, and <I> is the average intensityof
multiple observations. The R merge is generally recognized for statistical data
qualityassessment parameter in macromolecular crystallography. It denotes the extent to
whichobservations of each unique reflection deviate from being equal to each other.
Aprocessed good data can have R merge of less than 10%. The Chi square (y2) is the
measureof the good fit of the data and good refinement will have y2 values closer to 1.0.
TheRmerge is less appropriate than the Chi-square, because of its dependency on
themultiplicity of the data and on the symmetry of the crystal [31]. Rmerge alone is not
sufficient to decide the high resolution cut-off because of itsdependence on the redundancy of
data] 32,33].

2.3.8 M atthews coefficient

It is an importantparameter in the macromolecular crystallography, which helps in
determining the number of macromolecules in asymmetric unit provided the unit cell
parameter, space group and molecular weight of the macromolecule is known.
Mathematically,Matthews coefficient (Vm) is expressed as

volume of unit cell

Vm =
molecular weight of macromolecule * Z x X

where, Z represents the number of asymmetric unit in unit cell, X represents the number of
molecule in asymmetric unit [34]. Previoudly the difference in ‘wet’ and ‘air dried’ crystals
were used to decipher the number of molecule in asymmetric unit but small sized crysta
poses risk of wrong interpretation. Because of higher solvent content (nearly 40-60 %) [35],
number of protein subunits in the asymmetric unit were difficult to elucidate. Matthews in
1968 plotted the graph of volume of asymmetric unit Vs molecular weight of protein and
defined Vyas a ratio of the two parameters which sets the lower cut-off beyond that, the
possibility of protein crystals would be exceptionally closed pack.

2.3.9Structure deter mination and refinement: The data sets were recorded with a Rayonix
M X225 CCD imaging plate detector system. The data were processed in iMosflm and scaled
in the AIMLESS programs, respectively, and 5% of the data was reserved for cross-
validation. Data collection statistics are detailed in the Table 1. The structure was determined
using molecular replacement method using data between 50 and 2.0 A in the Phaser-MR. The
crystal structure of BSH from Enterococcus faecalis (PDB 1D: 4wl 3, chain A) was used as
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template for search model. Model building and structure refinement were done using Coot
and Refmac5 (CCP4 suite), respectively. Phaser-MR model was subjected to restrained re-
finement using REFMAC of CCP4i suite. Refinement using maximum likelihood method
was carried out by multiple cycles in REFMACS followed by manual model building and
fitting in the Coot 7.0. Water molecules were manually added in coot at peaks of density
above 46 in the asymmetric unit. Finally, stereochemistry of the structure was validated by

SFCHECK program. All structure related figures were prepared in Pymol.
2.3.10Structurevalidation:

Upon phasing, the model is built using COOT and refined using REFMAC5[36]
untilcrystallographic model is in agreement with the experimental X-ray diffractiondata. The
model of EfBSH mutant viz.E269A and R207A were validated using SFcheck (Figure 2.5 &
2.6) and thrRfactor and Rfree were in agreement. Rfactor is a structure validation parameter
which measures theagreement between the model generated and the X-ray diffraction while
Rfree help monitor the model over fitting. Before refinement, about 5-10 % of the
experimental data are removed, called as test set, from the data set. Remaining 95% of
experimental data are subject to refinement. The calculation of Rfree is based on how well
the model predicts theremaining 5-10 % data in the test set, justifies the reason why Rfreeis
always higher than Rfactor.
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Figure 2.5:Ramachandran map of EfBSH E269A mutant generated using SFcheck (CCP4i).
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Figure2.6: Ramachandran map of EfBSH R207A mutant generated using SFcheck (CCP4i)
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2.3.11Computational Details: All the DFT calculations, until unless mentioned specifically,
were carried out at the M06-2X/6-31G** level of theory[37,38] using the Gaussian 09 suite
of quantum-chemical programs [39]. The solvent effect has been introduced into the
calculations employing Conductor like Polarization Continuum Model (CPCM) considering
water as the solvent (¢ = 78.3553) [40,41]. The amino acids constituting active sitesin all the
four chains (A-D) of two cases (the wild type case and the E269A mutant type case) were
chopped out from the crystal structure geometry, capped with the acyl (at N-end) and N-
methyl (at C-end) groups (making all the amino acids as tripeptide except the cystine which
is the N-termial residue and resulted in a dipeptide after capping) followed by the addition of
hydrogen atoms in order to complete the valences of all heavy atom. The geometries were
optimized under the constrained condition where coordinates of al the heavy atoms (atoms
other than hydrogen) were fixed at their crystal structure geometry and allowing only to
optimize the externally added hydrogen atoms. Thus, the conformations of the active sites
were preserved in the optimized geometries in order to mimic experimental conditions.
Please see Figure 2.7 for the optimized geometries of the active sites of Chain A in two cases
specified below.

The forces were caculated employing Coulomb's law considering long range
electrostatic influence of every atom on the chemistry of the enzyme is significant. Atoms in
molecules have been considered as point charges for electrostatic force caculations. The
charges have been obtained from the quantum chemica calculations. The NBO4 [42]and
Mulliken5 [43]charges have been used to calculate the electrostatic forces. This approach has
been shown to give reliable trend in our previous studies [44]. Since S-H bond cleavage (of
cystine) has been reported to be one of the key steps in the catalytic process of the enzyme
[45,46], the long range influence of amino acids (other than cystine) present at the active
sites on the S-H bond cleavage has been studied to evaluate the long range electrostatic
influence of the mutation. To calculate this effect, the cystine molecule (in dipeptidic form
here) has been considered to be made up of two fragments: (i) the hydrogen atom (fragment
1) and (ii) rest of the part (fragment 2). The contribution of non-cystine atoms on the S-H
bond cleavage has been calculated employing following procedure. Every non-cystine atom
has been considered to be interacting with each atom of the cystine (from both the
fragments). A component of each individual interaction forces experienced by the hydrogen
atom in the fragment 1 due to each atom of non-cystine amino acids has been taken along a
vector pointed from H to S. Then the magnitude of each component was added in order to get

the net electrostatic force exerted by the non-cyctine residues of the active site on fragment 1
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(hydrogen fragment). The same procedure was repeated for the other fragment but the
components of individual forces experienced by atoms in fragments 2 due to atoms in non-
cysteine residues were calculated along a vector pointed towards H (from S atom). Then the
sum of components of these forces has been taken to obtain the net force experienced by the
fragment 2 due to non-cystine atoms at the active site. Finally, the forces experienced by the
two fragments had been added vectorily to obtain the net contributing force from the external
environment of the active site. A schematic illustration of how these forces on each fragments
have been calculated has been provided in figure 2.7 below. The magnitude of the individual
interaction forces between have been calculated employing the dielectric constant of the

water (e = 78.3553) as solvent as per the Coulomb's Law.

Figure
2.7. The optimized geometry of chain A of a) wild type and b) E269A mutant type under
constrained conditions at the M06-2X (water)/6-31G** |level of theory. Color representation:

red - oxygen, grey - carbon, blue - nitrogen and white - hydrogen.
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a)

Figure 2.8. Shown here is the optimized geometry of Glu21 and Tyr20 of a) E269A and b)
R207A mutant type under constrained conditions at the M06-2X (water)/6-31G** level of
theory. Color representation: red — oxygen, grey — carbon, blue — nitrogen and white -

hydrogen.

2.4 Results
2.4.1 Protein purification:

The purification of WT EfBSH, R207A, E269A, E269D and E269Q were achieved as
discussed in previous paper[15]. For kinetic study, Citrate-phosphate buffer (pH-5.0) was
preferred as similar to optimum pH of wild type EfBSH. The oligomericprofile of all the
mutants was also checked in Size Exclusion Chromatography (SEC) using Sephacryl S300
column and compared with the biorad Gel Filtration standardlisted in table 2.2 and were
found to be tetramer (Figure 2.10). Peak 1 and peak 2 of standard correspond to protein
aggregate and thyroglobulin (670 kDa)respectively. Peak 3 correspond to y- globulin (bovine)
of molecular weight 158 kDa, peak 4 correspond to ovalbumin and peak 5 correspond to
myoglobin. All the EfBSH wild type and mutant proteins are eluting at peak 3 of standard
which corresponds to tetrameric form of BSHthe purified fractions were run on SDS-PAGE
and confirmed through western blotting using Anti His antibody (Figure 2.9)
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37 kDa

Figure 2.9: Purification of EfBSH wild type and mutants. 8) SDS-PAGE image stained with
Coomassie Brilliant Blue stain showing monomeric EfBSH protein bands corresponding to
37 kDamarker . b) confirmation of purified protein using western blot analysis showing band
at 37 kDa.

Table2.2: Protein component used for gel filtration standards

Sr. No. Protein Molecular weight
1 Thyroglobulin (bovine) 670,000

2 v- globulin (bovine) 158000

3 Ovalbumin (chicken) 44,000

4 Myoglobin (horse) 17,000

5 Vitamin B 12 1,350
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Figure 2.10: Size Exclusion Chromatography (SEC) of EfBSH wild type and mutant and

compared with protein standards.
2.4.2 Enzyme assay and steady state kinetics:

Ninhydrin assay was used for the biochemical study to estimate the hydrolysed by-product
glycine. The allosteric behavior of EfBSH was reported for different glyco- and tauro-
conjugated bile salts in the previous study [15]. Upon mutation of residues such as R207A
and E269A near active site, we investigated the change in kinetic constant of mutant
EfBSH(Figure 2.12) and aso calculated the percent residua activity of the mutants with
comparison to wild type as100 % activity (Table 2.3). Both, tauro and glycol- conjugated bile
acids were used as substrates for EFBSH mutants. Wild type EfBSH showed more activity
towards Glyco- conjugated bile acids while R207A mutant showed increased activity towards
tauro- conjugated bile acids (Figure 2.11). E269A and E269Q mutant showed reduction in
biochemical activity against al substrates as compared to WT EfBSH and R207A mutant.
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Surprisingly, mutating Glu269 to aspartic acid (E269D) completely abolishes the biochemical

activity (Figure 2.11).

Table 2.3:Percent residual activity profile of EFBSH mutants as compared to wild type.

EfBSH GCA GDCA TCA TDCA
Wild type 100 100 100 100
E269A 22.10 27.07 19.80 19.95
E269D 0.18 0.76 0.19 041
E269Q 41.73 44.93 64.25 38.67
R207A 61.34 93.97 141.39 240.23

% Residual activity = EA mutan EAwild type *100,EA=Enzyme Activity

14

12
—_ -
IS I
é 1.0 T

I
= i aca
= -
£
> i GDCA
)
®
i TCA
€
R W TDCA
c
L
—E
Wild type E269A E268D E269Q R207A
-0.2

Enterococcus faecalis BSH

Fig. 2.11:Biochemical activity of EfBSH wild type and mutants against glycol- and tauro-

conjugated bile acids.
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Figure 2.12: Difference in enzyme kinetic behavior of EfFBSH E269A and R207A mutant
enzymes: Left panel represents R207A mutant showing shift from Allostery(Middle panel) to
MM kineticg[47]. Right panel represents E269A mutant showing loss in Activity as reflected
by Vmax.

2.4.3 Crystallization, data collection and refinement:

The EfBSH mutant proteins were crystallized using commercial screens by sitting drop
method. Good quality diffracting crystals were obtained in 0.1 M Lithium sulfate, 0.1 M Na
citrate tribasic dehydrate pH-5.5 and 20% PEG1000 (Figure 2.13). The crystal of mutant
EfBSH R207 and E269 diffracted at 2.0 Aand 1.5 A respectively (Figure 2.14). The R207A
and E269A mutant, both belongs to P2; space group having unit cell parameter a=59.33A,
b=156.45 A, c=72.91 A; a=y=90, p=98.62 and a=59.84 A, b=156.32 A, c=73.15 A; a=y=90,
=98.8, respectively. Details of data collection of EFBSH R207A and E269A are given in
Table2.4.

Yashpal Yadav Page 42



Ph.D. Thesis Chapter II

UV light
F,

R207A

E269A

Figure 2.13:Diffractable protein crystal mounted under UV and visible light

EBSHE269A EBSHR207A

Figure 2.14: X-ray diffraction image of EfFBSH E269A and R207A mutant
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Table 2.4:X-ray diffraction and Data collection statistics for EfBSH mutant structures viz.

R207A and E269A. Numbers in parentheses correspond to highest resolution shell.

Data Statistics R207A_mutant E269A_mutant

Space group P2, P2,

X-ray source INDUS-II, RRCAT INDUS-1I, RRCAT

Wavelength (A) 0.97 0.97

Resolution (A) 38.97—2.0 41.14-2.10

Unit cell parameter a=59.33, b=156.45, c=72.91; a=59.84, h=156.32, c=73.15;
a=y=90, oa=y=90,
p=98.62 p=98.8

Molecule per asymmetric unit 4 4

Matthews Coefficient (A3 Da’'l) 221 2.20

Solvent content (%) 44.38 44.0

Total No. of reflection 335415(17397) 290807(17176)

No. of unique reflection 83294(4365) 77248(4592)

Multiplicity 4.0 (4.0) 12.0(7.4)

Compl eteness (%) 98.7 (96.5) 100%(100%)

Average I/o(I) 5.0(2.0 3.8(3.7)

Rsym or Rmerge (%) 5.6 (0.41) 6.1 (0.74)

Refinement Statistics

Rfactor (%) 20.73 20.35

Rfree (%) 23.62 24.8

RMS Bond Length (A) 0.0133 0.0152

RMS Bond Angle (°) 1.6380 1.7650

Overall B (Isotropic) 134 13.3

Wilson Plot

Most favourable region (%) 96.6 96.2

Additional allowed Region (%) 3.0 3.2

Outlier region (%) 0.5 0.6

Disallowed region (%) 0 0
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Data was collected using Image plate and the images were processed and integrated by
imosflm. The merged mtz files were scaled in AIMLESS program of CCP4i suite, and 5% of
the Data were kept Rfree for cross validation. Data collection and refinement statistics of
both the EfBSH mutants are given in table 2.4. In both the cases, the structure was phased
using molecular replacement method by using wild type EfBSH structure alreadydeposited in
PDB (PDB ID: 4WL3) as a search model template. Matthews coefficient[34] confirms the
presence of four chains in asymmetric unit in both the mutant. The model generated was
further subjected to model building and refinementusing coot and Refmac5suite of CCP4i
software package. The R207A mutant was refined till R factor and R-free reaches to 20.73
and 23.62, respectively. The E269A mutant was refined till R factor and R-free reaches to
20.35 and 24.8, respectively. The geometry of the residues were further confirmed by

Ramachandran plot and found no residues in disallowed region.

2.4.4Structur e analysis: EfBSH mutants structures viz R207A and E269A were anayzed and
compared with WT EfBSH structure already deposited in PDB (4wl3) and previously
reported structures i.e. BIBSH (2hez) and CpBSH (2rlc) and LsBSH (5hke). Anaysis of
active site of wt EfBSH showed similarity and differences in hydrogen bonding network in
active site residues. Residues like Cys2, Aspl9, GIn256 and Glu269 is in constant hydrogen
bonded network (Figure 2.15) while Arg207, Glu269 and Glu2l showed dynamics in
hydrogen bonding pattern in different chains of wt EfBSH (Figure 2.15 & Figure 2.16).
Crystal structure of Arg207 mutant showed the absence of any interaction between Glu21 and
Glu269 in al different chains while in Glu269 mutant displayed presence of hydrogen bond
between Glu21 and Arg207 throughout the different chains (Figure 2.16).
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Chain B

Fig 2.15:Anaysis of Hydrogen bonding pattern in active site residues of four different chains
of wild type EfBSH
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Chain D

Chain A Chain B

Wild type

GI 21

Arg 207
5‘5"‘
ISZSQA .

I

Fig. 2.16:Dynamics of Active site: Top panel describes the dynamics of active site in wild
type EfBSH between Arg207, Glu2l and Glu269. Middle panel showed no interaction
between the specified residues after mutating Arg207. Lower Panel describes the E269A
mutant which shows the interaction in all the chains between R207 and Glu21.

The spatia position of Glu269 in EfBSH is found to be conserved in BIBSH (2HEZ), LsBSH
(5HKE) andEfBSH(4WL3) while in CpBSH the spatia position Glu269is replaced by
Aspartic acid and Arg207 is replaced by Ala209 in BIBSH,GIn212 in CpBSH and Thr208 in
LsBSH(Figure 2.18). Furthermore, the position of Glu2lin EfBSH is replaced by Ser22 in
BIBSH and Asp21 in LsBSH while conserved in CpBSH i.e. Glu23.

Tyr20 in loopl of EfBSH reported to align the substrate alongwith Tyr65 of loop2 which is
why the biochemical activity is exceptionally higher that the reported BSH. We here, aso
sought the corresponding residues of Tyr20 in other reported BSH structures. Tyr20 is
replaced by Trp21in BIBSH, 11€22 in CpBSH and Leu20 in LsBSH. Side fhain of tryptophan,
being bulky in nature, further moving closer to Asn81, residue involved in oxyanion hole

formation, and closing the active site which is evident in surface view of Asn81 and Trp21.
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Similarly, surface view Leu20 and Asn79 of LsBSH closes the active site. While in CpBSH
and EfBSH, the surface view of corresponding amino acids showed open conformation
(Figure 2.17).Upon superposition of all four chains of wild type EfBSH showed approx. 2A
inwardmovement of tyrosine residues, while in E269A and R207A mutant, such movement is
restricted (Figure 2.19). In E269A, Arg207 is found to be hydrogen bonded in all the chains
and hence restricting the dynamics of loopl as compared to wild type (Figure 2.16). Due to
the restriction imposed by Arg207, there is significant reduction in RMSD of loopl and
corresponding residues (Figure 2.22). While in R207A mutant, Glu269 and Glu21 do not
interact thereby sets free the Glu21 of loopl (Figure 2.16). Moreover superposition of all four
chains of E269A mutant with al four chain of R207A mutant showed two extreme
arrangement of Tyr20(Figure 2.20). The calculated distance between the hydroxyl end of the
Tyr20 of the superposed structure of E269A and R207A showed the movement of around 2.6
A away from each other. Similar results were observed with RMSD plot of EfBSH wild type,
E269A and R207 mutant structure which is calculated between the chains (Figure 2.21, 2.22
& 2.23). The position of the Tyr20 and Glu2l of E269A and R207A mutant of EfBSH
residues involved in the analysis were further confirmed by 2Fo-Fc map. All the residues are
found to be in the electron density developed at lo (Figure 2.24). Comparison of the
electrostatic profile of active site of WT EfBSH, E269A and R207A mutant showed similar
electrostatic nature of wild type and R207A mutant. In case of E269A mutant, the active site
becomes more electropositive as compared to WT EfBSH and R207A mutant (Figure 2.25).
Docking with GCA showed that none of the chains accepts the ligand from site A which isa
binding site for cholyl moiety (Figure 2.26). All the conformation of GCA generated during
Ligprep were superposed and showed in the figure 2.26
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LsBSH(5HKE)

Figure 2.17:Analysis of loopl:a) shows the superposed image of Wt EfBSH (orange) PDB
[d-4wl3, BIBSH (Blue) PDB Id-2hez, CpBSH (Red) PDB 1d-2rlc, LsBSH (Yellow), PDB Id-
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4wl 3. b) Detailed insight of corresponding residues of Tyr20 in loopl of EfBSH showed in
stick form and individually shown in c-f panel. c) surface view of Trp21 and Asn81 residue
of BIBSH. d) surface view of 11e22 and Asn82 residue of CpBSH. €) surface view of Tyr20
and Asn79 residue of EfBSH. f) surface view of Leu20 and Asn79 residue of LsBSH.

Tetramer loop

Figure 2.18:Analysis of corresponding residues of Glu21, Glu269 and Arg207 of EfBSH in
other reported BSH structures. Color coding of different PDBs is same as above. a) stick
form of GIu21(EfBSH) of loopl and its corresponding residues. b) stick form of
Glu269(EfBSH) of loop4 and its corresponding residues. c) stick form of Arg207(EfBSH) of

assembly loop or tetramer loop and its corresponding residues in other reported BSHs.

Table 2.5:List of corresponding amino acids of Tyr20, Glu2l, Glu269 and Arg207 of
EfBSH (PDB I1d-4wl3) in LsBSH, CpBSH and BIBSH

4wl3 2hez 2ric 5hke
Tyr20 Trp21 lle22 Leu20
Glu2l Ser22 Glu23 Asp2l
Glu269 Glu271 Asp274 Glu270
Arg207 Ala209 Gln212 Thr208
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Glu21

Tyr20 \ Tyr20 g
| | \ »
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2A ~,

\
EfBSH R207A L EfBSH wild type EfBSH E269A

Fig 2.19:Structural superposition of all four chains (Green:Chain A; Cyan: Chan B;
Magenta: Chain C; Yellow: Chain D) of EfBSH wild type and its mutants. fig ac shows
Stick form of Glu2l and Tyr20 in EfBSH R207A, EfBSH wild type and EfBSH E269A
respectively.

\

Figure 2.20: Structural superposition of all four chains (colour, orange: E269A and
BlueR207A) of EfBSH R207A and EfBSH E269A respectively. Glu21, Tyr20 and catalytic
cys2 is shown in Stick form.

A
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Figure 2.21: Residue wise RMSD analysis of EfBSH wild type a) chain A superposed with
Chain B. b)Chain A superposed with Chain C. ¢) Chain A superposed with Chain D.
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Figure 2.22: Residue wise RMSD analysis of EfBSH E269A mutant a) chain A superposed
with Chain B. b)Chain A superposed with Chain C. ¢) Chain A superposed with Chain D.
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Figure 2.23: Residue wise RMSD analysis of EfBSH R207A mutant a) chain A superposed
with Chain B. b)Chain A superposed with Chain C. ¢) Chain A superposed with Chain D.
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Chain A

R20TA

Figure 2.24: 2Fo-Fc map of Glu2l and Tyr20 residues of all four chains from E269A and
R207A mutant developed at 1.

Chain A Chain B

Chain C

Site A

7 Loop2 ’

Figure 2.25: Docking of GCA in four chains of E269A mutant shown with respect to loopl

to loop4. Site A represents the cholyl moiety binding site and site L is designated as glycine
release site.
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Chain A Chain B Chain C ChainD

Wild type

E269A

Figure 2.26: Comparison of electrostatic potential surface view of active site of EFBSH wild
type, R207A and E269A mutants. All four chains are labeled accordingly. Difference in the

electrostatics is marked by arrow pointing towards active site.

Electrostatic potential surface of wt EfBSH showed gradient of electropositive to
electronegative and electroneutral in between near the active site involving loopl and loop4.
Electrostatic potential surface of R207A mutant was found to be similar to wild type EfBSH.
Surprisingly, electrostatic potential surface of E269A mutant showed enhanced
electropositive nature of active site and no demarcation of electroneutral in between
electropositive and electronegative surface. This confirms the role of Glu269 in maintaining

the dynamicsin electrostatic potential of active site (Figure 2.26).
2.4.5Molecular Dynamics simulation:

To establish the importance of Arg207 in alostery of WT EfBSH was performed for 100 ns
and thetrgjectory was analysed using RMSD (Figure 2.27) andRg - radius of gyration (Figure
2.28). The EfBSH tetramer was found to be stable during the entire simulation timescale.

Radius of gyration showed no unfolding of protein in during production run.

Yashpal Yadav Page 56



Ph.D. Thesis

Chapter II

RMSD

Backbone after Isq fit to Backbone

0.3

025~

0.05—

20000

40000

Time (ps)

60000

80000

le+05

Figure 2.27: RMSD plot of MD simulation of EfBSH wild type performed for 100 ns.
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Figure 2.28: Radius of gyration during MD simulation of EfBSH showing no change in the

guaternary arrangement and packing of molecule.

2.4.6. Density Function Theory (DFT) calculations. In order to examine the electrostatic
basis of reduced activity of the E269A mutant type with respect to the wt EfBSH,
electrostatic force analysis has been performed for the two cases. The effect of the non-
cystine amino acids of the active sites of all the four chains on the S-H bond stretching has
been evaluated. The details of the procedure have been provided in the Computational Details

section. The results of the force analysis have been summarized in the Table 2.6 below.
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Table 2.6:The influence of the non-cystine residues of the active site on the S-H bond
cleavage in the pN for the geometries obtained after the constrained optimization at the M 06-
2X (water)/6-31G** level of theory.

wt EfBSH E269A mutant

Net binding force | S-H Net binding force| S-H Difference in forces
Chain | exerted by the non- | bond | exerted by the non- | bond | between wt EfBSH
type | cystine residues of | length | cystine residues of the | length | and E269A mutant

the active site active site

(A) (R)

Mullken | NBO Mullken NBO Mulliken | NBO
A -2.0 -2.2 1.3403 | 1.0 1.0 1.3396 | -3.0 -3.2
B -2.7 -3.0 1.3403 | 1.3 1.2 1.3402 | -4.0 -4.2
C -2.0 -2.2 1.3402 | 1.0 1.0 1.3403 | -3.0 -3.2
D -19 -2.1 13402 | 1.4 14 1.3399 | -3.3 -3.5

Mulliken = Forces obtained employing Mulliken charges
NBO= forces obtained employing NBO charges

The negative value of the force indicates stabilizing effect of the bond and positive force
indicates destabilizing (cleaving) effect of S-H bond.

The interaction between side chain of Tyr20 and acetate group of Glu21 has been calculated
using DFT in E269A and R207A. The interaction energy obtained for the two cases is
provided in the Table 2.8. The interaction energy between acetate moiety of XX and the side
chain of Tyr isfound to be smaller in E269A in comparison to that in the R207A by amost
1.5 kcal/mol, which suggests that the acetate in the R207A is more strongly bound with the
Tyr, and hence holds the structure tighter in this conformation. This result has been found to
be consistent with different levels of theory involved for the calculation. The interaction

energy has been calculated employing following formula.
Ei = Ecomp - (Efragl + Efrag2) (2.3

Where, Ecomp is the energy of noncovalently bonded complex, and Efrag1 and Esrage are single

point energies of two fragments being separated from an optimized complex. The optimized
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complexes for two cases were obtained after constrained optimization. The starting point of
each constrained geometry optimization were taken by chopping these structures out from the
crystal structure in such as way that the only the noncovalent interactions between acetate and
side chain of tyrosine persists. The constrained optimization was done to preserve the
experimental geometry keeping position of all heavy atoms fixed while optimizing only the
externally added hydrogen atoms. The optimized geometries at the ®B97XD (water)/6-
311++g** level of theory have been shown in Figure 2.8.

Table 2.7: Hydrogen bond distance (in A) between Arg207 and Glu21 of WT EfBSH and
E269A mutant.

Chan ID WT EfBSH EfBSH E269A

H1 H2 H1 H2
A 2.241 2.753 1.941 2.619
B 2.118 2.770 2.018 2.58
C 1.949 1.649 1.729 2419
D 2.002 2.927 2.206 2442

*Distance cut off = 2.75 A ('sum of Van Der Waals radii of H and O).

Table 2.8: The intraction energy between acetate moiety of Glu21 and side chain of Tyr20in
E269A and R207A.

Leve of theory L, L, Ls L4
E269A -0.3 -1.5 0.5 -0.3
R207A -14 -2.7 -11 -1.8

L1 = MO06-2X (water)/6-311++g**
Lo=MO06-2X (water)/6-31g**
L3=B3LYP-D2(water)/6-311++g**
Ls= wB97XD (water)/6-311++g**

2.5 Discussion:

Recently, it was reported that EfBSH is a highly catalytic enzyme as compared to other
known BSH9[15]. Since, the BSH enzyme exhibited multifaceted role in the gut environment
[2], the structure of this highly active molecule was deciphered to study the molecular
deviation from previously reported BSHs [16]. Detailed analysis of active site leads to
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speculation that presence of Tyr20 in loopl and Tyr65 in loop2 help align the substrates,
being the reason of higher activity and the distorted loop2 transmit the allostery through the
tetramer loop[16]. To begin with, we started our analysis with Cys2 (since Metl is auto-
catalytically processed and removed) to map the hydrogen bonding network in the active site
pocket in all chains of EfBSH. The hydrogen bonding pattern near active siteis uniformin all
chains for Cys2, GIn256, and Aspl9 but varies in Glu269 and Glu2l in different chains
(Figure 2.15). These variation above the active site resulted from the involvement of Arg207
from other chain of dimer which protrudes into the active site to interact with Glu2land
Glu269 of loopl and loop4 respectively (Figure 2.1 & 2.3). Mutating the Arg207 residue to
alanine (R207A) releases the Glu269 and Glu21. While mutating Glu269 to alanine (E269A),
Arg207 showed uniformity in hydrogen binding interaction with Glu2l in al chains of
tetramer (Figure 2.16). Moreover, it is evident from the structural analysis that the Arg207
issymmetrically placed in between Glu2l and Glu269 (Fig. S5). Hence, arginine’s amino
group, perhaps, experiences a similar electrostatic interaction but in opposite direction which
results in the formation of weak but transient hydrogen bond. In case of E269A mutant,
Arg207 form triplet of hydrogen bond and forms stronger hydrogen bond network with
Glu21[48].This result is further validated using computational approach such as DFT
studies.In E269A mutant, the distances between the residue Arg207 and Glu21 are reduced in
all chains as compared to wild type (Table 2.7) which perhaps strengthen the hydrogen bond
formed between Arg207 and Glu2l. In case of E269A mutant distance of both the hydrogen
bond is less than 2.75 A in al chains. According to IUPAC, distance of hydrogen bond
should be smaller than the sum of Van Der Waals radii of donor and acceptor atoms, which is
around 2.75 A. In WT EfBSH, distance between the Arg207 and Glu21 is comparatively
higher, which perhaps explains the weaker nature of hydrogen bond in the active site as
compared to E269A mutant. This leads toreduction in active site dynamics of E269A mutant
as evident in RMSD analysis of mutants and wt EfBSH (Figure 2.22). Further, recent reports
on EfBSH highlighted the role of two tyrosine residues viz. Tyr20 and Tyr65 of loopl and
loop2 respectively [16], for higher biochemical activity. Analysis of Tyr20 in wt EfBSH
showed scattered arrangement of tyrosine side chain in different monomers (Figure 2.19).
While similar analysis in Tyr20 of al four superposed chains showed congregation of
tyrosine in identical orientation in E269A and R207A mutant respectively (Figure 2.19).
Moreover, superposition of four chains of E269A with four chains of R207A showed two
extreme conformations possible for Tyr20 and Tyr20 of wt EfBSH drift between these two
extremes (Figure 2.20).These conformations of Tyr20 resulted from the mutation of Arg207
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and E269A which showed variable interaction with Glu21 of loopl. In order to decipher the
effect of these mutants on Tyr20 which is mediated via Glu21, the interaction energy between
side chain of tyrosine and acetate group of Glu21 has been calculated using DFT in E269A
and R207A (Table 2.8). The interaction energy between acetate moiety of Glu21 and the side
chain of Tyr20 isfound to be smaller in E269A in comparison to that in the R207A by amost
1.5 kcal/mol, which suggests that the acetate in the R207A is more strongly bound with the
Tyr20, and hence holds the structure tighter in this conformation. Structural superposition of
wt EfBSH with previously characterized BSHs structures showed corresponding amino acids
of Arg207, Glu2l, Glu269 and Tyr20 of EfBSH (Fig. S9& S10).Tyr20 of EfBSH is replaced
by Trp21 in BIBSH, 11€22 in CpBSH and Leu20 in LsBSH (Figure 2.18). Surface view of
Tyr20 and its corresponding amino acids in other BSHs with conserved asparagine (crucial in
anion hole formation) showed blockage of acceptor site in BIBSH and LsBSH (Figure 2.17).
Alternatively, mutating the conserved Asn79 to tryptophan and tyrosine showed reduction in
the biochemical activity to 17% and 88% respectively, as compared to wild type EfBSH. This
result indicates that increasing the bulkiness of side chains reduces the biochemical activity.
As Asn79 is conserved in all BSHs (Figure 2.4), differences in biochemical activity can be
attributed to Tyr20 in EfBSH and corresponding amino acids of other BSHs. This, in part,
explains the difference in biochemical nature of different Bile Salt Hydrolases (BSHS)

depends on corresponding residues present in position of Tyr20 of loopl in EfBSH.

Insights from biochemical studies showed that the R207A mutant retains the activity towards
GCA and GDCA and while showed enhanced activity towards TCA and TDCA (Figure
2.11). The E269A mutant showed reduced biochemical activity towards both Glyco- and
Tauro- conjugated bile acids. Docking of different conformations of GCA, generated after
ligprep, in active site of EfBSH showed different binding mode (Figure 2.25) which restricted
the entry of ligand from acceptor sitegf16]. The E269D mutant is inactive while E269Q is
found to be active towards both glyco- and tauro- conjugated bile acids. Mutating Glu269 to
neutral amino acids i.e. aanine and glutamine retains the feableactivity while reducing the
length of side chain by mutating it to aspartic acid completely abolishes the biochemical
activity towards both glyco- and tauro- conjugated bile acids (Figure 2.11). This confirms the
electrostatic role of Glu269 of loop4 in the active site. The qualitative electrostatic potential
surface of E269A mutant showed enhanced electropositive nature of active site. This
indicates the role of Glu269 in maintaining the electrostatic texture of active site essential for
the catalysis (Figure 2.26). It is to be noted that the different electrostatic potential
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(viz.electrostatic field) have been reported to be crucia for the catalysis of different steps of
the reaction in the catal ytic process of an enzyme [49].

In order to examine the electrostatic basis of reduced activity of the E269A mutant
with respect to the wt EfBSH. Electrostatic force analysis has been performed for the two
cases which (Table 2.6)suggest that the non-cysteine residues in the wt EfBSH stabilizes the
S-H bond of cysteine, which is contrary to the experimental finding. Since the S-H bond
cleavage is one of the key steps in the catalytic cycle of the BSH, any factor which stabilizes
S-H bond is expected to increase the reaction barrier. However, S-H bond cleavage is coupled
with the NO-H bond formation in the transition state structure [46], which may or may not
experience same effect. A complete electrostatic picture evaluating the long range
electrostatic influence of non-cystine residues on the turn over frequency of the enzymatic
activity of two proteins (wt EfBSH and E269A) is out of the scope of the current study.
Moreover, electrostatic influence of the non-cystine residues of the active sites of each chain
on the S-H bond cleavage is marginal (the same is expected for the N-H bond formation as
well due to the large separation between the cystine and the Glu/Ala) as the difference in the
electrostatic binding forces of S-H bond of each chain for two casesis very small. This result
is further corroborated from the comparison of S-H covalent bond length, which is found to
be almost same in the two cases (see column 4 and 7 of the Table 2.6). A slightly smaller S-H
bond length for E269A suggests that the S-H bond is dightly activated in E269A, which isin
accordance with our force analysis results as a very small positive values of the forces (which
pushes hydrogen atom away to the rest part of the cystine) have been obtained for this case
(columns 5 and 6, Table 2.6). Since previous reports suggest that the S-H bond cleavage is
the rate determining step of the BSH activity, (reference) the change in electrostatic due to
mutation of Glu269 with Ala is suggested to have no influence on the activity of the E269
mutant type. Thereby, provides the conformationa basis of reduced enzymatic activity in
E269A mutant. The kinetic calculation showed increased affinity of GCA and reduced Vmax
towards E269A mutant and in R207A mutant showed MM kinetics (Figure 2.12).

Hence, it is evident from the above study that Arg207 interacts with Glu2l, which
directs the movement of Tyr20. In E269A mutant, interaction energy calculation suggest that
Glu21 do not interact with Tyr20 and biochemical data showed very less activity as compared
to wt EfBSH. Moreover, docking of GCA in active site of EfBSH restricted the entry of
substrates from SiteA encompassing the loopl to loop3. Therefore this conformation of
Tyr20 can be designated as closed conformation. While in R207A mutant, the Glu21 showed
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higher interaction energy with Tyr20 and showed increased activity towards Tauro-
conjugated bile acids. Therefore, this conformation of Tyr20 can be designated as open
conformation (Figure 4). This results shows that without Arg207 active site is open in al
chains and involvement of Arg207 regulates the opening and closing of active site via Glu269
and Glu2l. This result is further complemented by biochemical data which showed higher
percent residual activity of R207A mutant with tauro- conjugated bile acids (Figure and
Table). This is supported by the fact that previously reported BSH structures have different
residues at corresponding location (figure suppl) which fails to form ether of these
combinations [12,13]. In conclusion, the conserved residuesAspl9 and residues of loopl i.e.
Tyr20 and Glu21 forms a motif (DYE motif) which is responsible for higher activity and
alostery in EfBSH, provided Arg207 is present in assembly loop or tetramer loop (Figure
2.4).

2.6 Summary and conclusions:

In this chapter we dissected the active site residues to ascertain the high catalytic activity of
EfBSH. We found that Arg207 of tetramer loop protrudes inside the active site of other chain
and influences the active site residues. Mutation of the Arg207 interacting residues i.e.
Glu269 to alanine showed drastic decrease in biochemical activity. Glu269 when mutated to
Aspartic acid loses the activity while when mutated to Glutamine, found to be active against
bile acids. Electrostatic potential of active site of E269A mutant more el ectropositive nature
hence electrostatics of active site could be one of the parameter which influences the activity.
We here, observed that mutation of Glu269 to neutral amino acids retains the activity while
when replaced with Aspartic acid completely shuts the biochemical activity against bile
acids. Structural analysis showed that in Glu269 to alanine i.e. E269A mutant, Arg207 is
hydrogen bonded to Glu21 of loopl and constrain the movement or flexibility of loop in all
the chains. Due to this, movement of Tyr20 of loopl, which aligns the substrates in the active
sites, is aso blocked. In R207A mutant, the Glu21 sets free in al different chains and do not
interact with E269 of loop4. Superposition of Tyr20 of all four chain in E269A and R207
mutant showed very little deviation as compared to wild type. Further, superposition of four
chains of E269A mutant with four chains of R207A mutant revealed two extreme
arrangement possible for Tyr20. Moreover, in wild type, Tyr20 samples the conformation
between the two extreme conformations possible asin E269A and R207A. Subsequently, the
corresponding amino acids of other reported BSH structure were analyzed and we found that

in BIBSH (PDB Id: 2hez) tyrosine is replaced by tryptophan which closes the active site and
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perhaps reduces the accessibility of substrates and hence activity. Therefore, Tyr20 occupies
very strategic location near the active site and we found that Arg207 regul ates the movement

of thistyrosine by interacting with Glu21 and Glu269 (Figure 2.31).
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Figure 2.29: Proposed mechanism of allostery in EfBSH.Shown here is superposed cartoon
image of E269A (orange), WT EfBSH (Green) and R207A (Blue). All four chains of WT
EfBSH were used while ChainA of EfBSH and R207A were used for simplicity.Sticks of
Glu21 and Tyr20 are shown for all chains.

Hence it is clear from above studies that Tyr20 acts as a gatekeeper residue and E269A
mutant correspond to closed conformation and R207 correspond to open conformation. Also,
kinetic calculation showed the reduction in hill coefficient which clearly indicates the

significance of Arg207 in maintaining dynamic allostery near the active site.
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3.1 Introduction

Oligomerization is a key process in most of the cellular enzymes and significant proportion of
cellular enzymes are oligomeric in nature. Moreover, the average oligomeric state of protein in
cellular pool is aso tetrameric[1]. Koshland and Bowden, in his classic paper discussed the
thermodynamically possible arrangement viz. isologous and heterologous, of oligomers in
respect to the stability of enzymeg[2]. One of the early mechanisms proposed for oligomerization
was domain swapping[3]. Appeared later another mechanism for oligomerization is “activating
oligomerization” which includes most of the glycolytic enzymes, in which the enzyme switches
from monomeric to oligomeric state and vice-versa. Yet another mechanism proposed by
hashimoto is the indel of amino acids which enable the formation of oligomerization. These
indels are frequently located on the interface of the oligomeric protein[4]. Indeed, there are
numerous benefits for the protein to form oligomeric structure. It attains thebigger size without
increasing the genome size and aso increases the coding efficiency[5,6]. Moreover, the
oligomeric proteins are more stable as compared totheir monomeric counterpart[7,8].
Oligomerization aso leads to allosterywhich improves the catalytic efficiency of enzymeg9]. In
most of the cases, dedicateddomain known as “oligomerization domain” is present which aidsin
the oligomerization of proteins. Inp53, a tumor suppressor protein, removal of oligomerization
domain leads to functiona monomer[10]. The fragmented polypeptide of murine

dihydrofol atereductase reassembl e into functional protein owing to oligomerization domain[11].

Here we have considered the oligomeric attribute of Bile Salt Hydrolases (BSHS) of
Cholylglycine Hydrolase (CGH) family (member of Ntnhydrolase superfamily). N-terminal
nucleophile (Ntn) hydrolase superfamily, which is one of the most diverse superfamily of
hydrolytic enzymes. This superfamily includes many families of enzymes having physiological,
clinical and pharmaceutical importance which harbours different homo and hetero oligomeric
quaternary state. The cholylglycine hydrolase (CGH) familyhas been reported to consist of
homo-oligomeric BSH and PVA. BSH hydrolyzes the amide bond involved in thedeconjugation
of bile acids in human gut[12,13]. This reaction is very critical asit isinvolved in the regulation
ofcholesterol metabolism. Phylogenetic analysis revealed that evolution of BSH activity depends
uponmicrobia habitat[12]. BSH from gram positive and gram negative organism formdifferent
cluster owing to difference in indel of 20 amino acids in gram positive bacterig[14]. These indels

are known to form tetramerization loop which protrudes out from the corestructure and helpsin
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tetramer formation[15,16]. However, dimeric BSH is reported from Lactobacillus even in the
presence of tetramerizationloop[17]. Theoretical prediction showed that absence of 20 amino
acid indelin gram negative BSH reduces the interface area and stability of enzymeg[14].
Hashimoto et a reported similar prediction after theoretical calculation of enabling anddisabling
loop in dimmers [4].Recently, penicillin V-acylase was reported from Gram negative organism
Pectobacteriumatrosepticum (PaPVA) have been reported to be tetramer andthermostable
without having tetramer loop[18,19]. Structural study of PaPVA showed non planar arrangement
of dimer of dimer perhaps to compensate for the loss of tetramer loop[18] by increasing the
surface area around tetramer interface. Moreover, BSH from Lactobacillus salivarius (LsBSH;
PDB Id-5hke) is reported to be homodimer despite having tetramer loop and recently added
member, Acyl Homoserine Lactone (AHL) acylase, from Shewanellaloihica(SCGH1; PDB ID:
5x8z) showed homodimer (unpublished data). To understand the unifying principle of
oligomerization in CGH family we analyzed the interface of previously reported structure and
aso peformed structura and biochemical characterization of  two recently added
microorganism i.e. Dorea longicatena BSH (DIBSH) and Methanobrevibacter smithii BSH
(MsBSH) from metagenomic analysis of human gut microbiome[12]. Oligomerization study was
performed in greater detail with DIBSH, in which severa mutations has been created using site
directedmutagenesis approach. Furthermore, we identified a residue at tetramer interface,
whichperhaps regulates the BSH oligomerization. This result suggests that mere presence of
tetramer loop cannot lead to formation of tetramer. Interface comparison with gram negative
structure i.e. PaPVA reveaed a unique minicluster, which holds and stabilizes the tetramer in
gram negatives. In Gram positives, these miniclusters were supported by presence of aromatic
residues such as Tyr205 in DIBSH and EfBSH, and in Gram negatives, dimer groove which has
smaller tetramer loop makes very strong hydrophobic interaction with other dimer and stabilize

the tetramer.

Also, we identified the crucia residues, which is imperative to the oligomerization of
CGH family of proteins and has implications on screening the highly active BSH/PVA using
primary structure of protein from genomic databases and also predicts the oligomeric state of the
protein. We propose, in general, there must be two fundamentally different pathway of
oligomerization depending upon the intrinsic symmetry of the molecule. In cyclic symmetry,

oligomeric proteins exist in two different forms i.e. active (monomer) or inactive (oligomer) or
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vice-versa. While in proteins having dihedral symmetry, can exist in multiple oligomeric states,
which perhaps, give plasticity to the enzyme evolution and ability to metabolize or overcome the

toxic effect of metabolites, which leads to survival of the microorganisms.

3.2 Materialsand Methods
3.2.1 Gene synthesis

Genes of Dorea longicatena (uncultured bacteria) and Methanobrevibacter smithii(archea) bile
salt hydrolase (DIBSH and MsBSH) was characterized in Jones et. al. was optimized for E.coli
classll and synthesised in lab by designing overlapping primers using DNAWorks
software[12,20]. This software takes protein sequence as input parameters and execute through

following steps:

R s b NDUL 1TV R E F V V E G T T K

Reverse translate
v

CGCGGAGTGATAACGATCTGATCACCGTAAGAGAATTCGTAGTCGAGGGTACGACCAAAGTACGACCAAAG
Breaks mto sections

v
CCCCEAGTEETA C GATCTGATC A CCGTARGEGERATT GTAGTCGAGGCTACGECEREEGTA CGACCAAAG
Optimize

v

CEEEEEEIEET A ACCATCTGATC A SEGTESEREEENT C GTAGTCGAGG HIOENSEEEEEIE C GACCAAAG

Generate oligos

v
Oligo | DEUEERGIEAT ACGATCTGATCA
Oligo 2 [CCCTARGEGEETTC GTAGTCGAGG
Oligo 3 GTACGECEEEEGTECGACCAAAG

Figure3.1: Steps involved in optimized primer designing using DNAWorks server

DIBSH and MsBSH were breaked into section and oligos were generated as explained above
(Figure 3.1). The detailed information about the oligos is present in table 1 and 2 respectively.
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Table 3.1: Overlapping primers of DIBSH

Sr. Primer Sequence (5'-3") Length

No. (bp)

1 ATGTGCACCGCAGCGACCTACAAAACCAAAGACTTCTACTTTGGTC 57
GTACCCTCGAC

2 CGCGGAGTGATAACGATCTGATCACCGTAAGAGAATTCGTAGTCGAG 60
GGTACGACCAAAG

3 CAGATCGTTATCACTCCGCGTAACTATGCGTTTAACTTCCGTCACGTC 60
GGTGACATGAAA

4 CTTCGGCAACGTGGGCCATACCGATGATGGCGTAGTGGTTTTTCATG 60
TCACCGACGTGAC

5 GCCCACGTTGCCGAAGACTACCCGCTGTACTACGACGCGATGAACG 60
AGAAGGGTGTTGCG

6 CGCCGCATAAACCGCATTACCAACGAAGTTCAGACCCGCCATCGCA 60
ACACCCTTCTCGTT

7 ATGCGGTTTATGCGGCGATCAAACCGGACGTTGAAAACATCGCGCA 60
GTTCGAATTCATCC

8 ACGAACTTCAACCAGGGAAGAGCACTGAGACAGGATCCACGGGAT 60
GAATTCGAACTGCGC

9 CTTCCCTGGTTGAAGTTCGTGAACTGCTGGAGCGTATCAATATCGTC 60
AATACCCCGTTTT

10 ATGATCCAATGCAGCTGAGCCAGCGGCAGCTGTTCAGAAAACGGGG 60
TATTGACGATATTG

11 GCTCAGCTGCATTGGATCATCTCCGACGAAAACGAATCTATTACCGT 60
TGAATCCATGTCT

12 AACGCCTACCGGATTATCGTAGATGTGCAGACCGTCAGACATGGATT 60
CAACGGTAATAGA

13 CGATAATCCGGTAGGCGTTCTGACCAACAATCCGCCGTTCCCGCAGC 60
AGATGTTCCAACT

14 TGTTACGTGGCTGTTTCGGGGACAGATACATATAGTTGTTGAGTTGG 60
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15

16

17

18

19

20

21

22

23

24

AACATCTGCTGCG
CCGAAACAGCCACGTAACACCTTCTGCGAAAACCTGGCGCTGGACG
CTTATAGCCGTGGC
GGAGCTAGAGCTCAGGTCACCCGGCAGACCCAGACCACCCATGCCA
CGGCTATAAGCGTC
TGACCTGAGCTCTAGCTCCCGCTTCGTTCGTGTTGCCTTCACCAAGG
TTAACGCGATCTC
GTGGAAGAACTGAGAAACAGATTCCTCTTCAGATTCACCAGAGATC
GCGTTAACCTTGGT
AATCTGTTTCTCAGTTCTTCCACATCCTGGGTTCTGTTGACCAGCAG
CGTGGTTGCTGCG
GCAAGAGGTGTACAGAGTGATTTCGTATTTGCCGTCCGCAACCTCGC
AGCAACCACGCTG
ATCACTCTGTACACCTCTTGCTGCAATGTTACCAAGGGTATTTACTAT
TACAACACCTAT
GTGCATATCAACCGCAGAAATCTGATGGTTCTCATAGGTGTTGTAATA
GTAAATACCCTT
ATTTCTGCGGTTGATATGCACGTGGAAAATCTGGACTCTGACAAAAT
GATCTGCTACCCG
TTTGTTTTGGTAGTTGATGCGTTCACCCTGAATAACCGGGTAGCAGAT
CATTTTGTC

60

60

60

60

60

60

60

60

60

57

Table 3.2: Overlapping primers of MsBSH

Sr.N  Primer sequence (5'-3')

o.

Length
(bp)

1

ATGTGCACCGCGGCAAACTACCTGACGAAGTGCCACTACTTCGGCC
GTAACTT
GGTGATGGTAACACGTTCGTTGTAAGAGATTTCGTAGTCGAAGTTA
CGGCCGAAGTAGTG
ACGAACGTGTTACCATCACCCCGCGTAACTACCCTCTGATCTTCCGT

53

60

60
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GACACCGAAGACA

4 CGATGCCCGCAGCGATACCGATGATACCGTAGTGGTTTTCGATGTCT 60
TCGGTGTCACGGA

5 TCGCTGCGGGCATCGACGAATACCCGCTCTACTATGACGCGTGCAA 60
CGAAAAAGGTCTGG

6 TTGTAGTCGCAATAGTCCGGGAAGTTCAGACCACCCATCGCCAGAC 60
CTTTTTCGTTGCAC

7 CCGGACTATTGCGACTACAAACCGCTGGACAAATCTAAAGTCAACA 60
TCGCCTCTTTTGAA

8 AGAAATGGTTTTGGCCTGAGACAGGATGTACGGGATAATTTCAAAA 60
GAGGCGATGTTGAC

9 TCTCAGGCCAAAACCATTTCTGACGCGGAACGTCTGCTGGAGAAC 60
CTGAACATCTCCGAT

10 GTGGAGCGGAGACGGCGGCAGTTGCGCAGAAAACTTTTCATCGGA 60
GATGTTCAGGTTCTC

11 GCCGTCTCCGCTCCACTGGATCATCTCTGACCGTAATGCGTCTATCG 60
TTGTTGAAGTTGT

12 CACCAACCGGGTTGTCGTAGATGTCCAGGCCTTCTTCTACAACTTC 60
AACAACGATAGACG

13 CGACAACCCGGTTGGTGTTCTGACCAACAATCCGCCGTTTGACAAA 60
CAGCTCTTCAATCT

14 TTCCGGGGTACGGTTAGACAGCGCCATGTAGTTATTCAGATTGAAG 60
AGCTGTTTGTCAAA

15 GTCTAACCGTACCCCGGAAAACACCTTCGGCGGTAACCTGGACCTG 60
GCGACCTACTCTCG

16 TGAGAAGAAACGTCACCCGGCAGACCGATAGAACCCATACCACGA 60
GAGTAGGTCGCCAGG

17 CGGGTGACGTTTCTTCTCAGTCTCGTTTTGTTAAAGCGGCTTTCGTT 60
AAGGAAAATTCTG

18 AACTGGCTAACGGATTCTTTTTCAGAGTCACCAGAAACAGAATTTT 60
CCTTAACGAAAGCC
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19 GAAAAAGAATCCGTTAGCCAGTTCTTCCACATCCTCGCGTCTGTTG 60

AACAGCAGAAAGGC

20 TGGTGTATTCGAACTTGTCCGGTTCCTCAACCAGGGTGCAGCCTTT 60
CTGCTGTTCAACAG

21 CGGACAAGTTCGAATACACCATCTACTCTGACTGCTACAACACCGA 60
CAAAGGTATCCTGT

22 ATGTTAACGGAGGTCTGCGGACCGTCGTAGGTTTTGTAATACAGGA 60
TACCTTTGTCGGTG

23 CGCAGACCTCCGTTAACATCCACGACGAAGACCTGGAAACTAACC 60
AGCTGATCAACTTTG

24 GTCTACCAGCTCAAAGTTGATCAGCTGGTTAGTT 34

These oligos are mixed by aliquoting 5ul of each oligos into 500 pl such that the final
concentration of each primer is 1 uM in mastermix. Whole gene synthesis took place in two step
PCR protocol. In first PCR, mastermix of DIBSH and EfBSH was mixed with the DNTPs (2.5
mM), Ex-Taq buffer(10x) and TaKaRa Ex Tag polymerase (5 unitsy pl) was diluted to 50 pl
(Table 3.3).

Table 3.3: PCR mixture for first PCR

PCR1 mix DIBSH MsBSH
TaKaRaEx Tag (5 unitg pl) 0.25ul 0.25 ul
Ex-Tagbuffer (10x) 5ul 5ul
DNTPs (2.5 mM) 4ul 4ul
Primer mix 25ul 25ul
ddH,0 38 ul 38 ul

Second PCR: This PCR was carried out using gene specific primer designed in Integrated DNA
Technology web server consisting of Ndel/Xhol restriction sites on flanking regions by taking
template from the product of first PCR.
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3.2.2 Cloning, Heter ologous expression and purification:

» Restriction Digestion: DIBSH and MsBSH were cloned in pET-22b(+) having
Ndel/Xhol restriction sites. The pET-22b+ vector (Figure 3.2) and synthesized gene PCR
product were digested with restriction endonucleases (Ndel /Xhol) and incubated at 37 °C
for 4 hr. Upon restriction digestion, the reaction mixture was heated at 65 °C for
denaturation of enzymes and followed by further purification with PCR clean up kit. The
digested products were quantified by Nanodrop (Thermo-Scientific)

6xHis XhoI (158)

NdeI (1140)

/_RBS
\—— (T7 promoter

pET22b(+) + DIBSH
6345 bp

Figure3.2: Construct of DIBSH-pET22b(+)

= Cloning: 1:10 ratio mixture of vector to insert was incubated with T4 DNA Ligase
(Invitrogen) with suitable buffer and two different temperatures were optimized for
ligation strategy. i.e. a 16 °C overnight and at 45 °C for 5 min. Ligation mixture of
plasmid pET22b+/bsh was then transformed into DHsa cells and positive clones were
selected on the basis of colony PCR. was transformed in the maintenance host DH5a. and

plated in the LB agar containing 100 pg/ml Ampicillin and the plate was incubated at 37

Yashpal Yadav Page 79



Ph.D. Thesis Chapter III

°C overnight. Single colony was picked up and colony PCR was performed using gene
specific primers to confirm the bsh gene insert in the cloned plasmid.

= Heterologous expression and purification: Wild type DIBSH, DIBSH Y 205D, DIBSH
6189-209 and MsBSH were purified with affinity column using 6xHis affinity tag as
explained in previous chapter. While DIBSH 6189 (stop codon introduced after 189 aa)
and DIBSH 6207 (stop codon introduced after 207 aa) are purified using conventional
method as it lacks C-termina region aong with 6xHis affinity tag. Upon cell
homogenization, 40% (w/v) ammonium sulfate precipitation was carried out and kept
overnight at 4 °C. The precipitated fraction further centrifuged at 10000 rpm and
supernatant was discarded. The pellet was resuspended in 25mM Tris buffer pH 8 and 50
mMNaCl and passed through desalting column to remove excess of ammonium sulfate.
Upon desalting, anion exchange chromatography (Q sepharose)was used to further purify
the protein. In final step, the protein is passed through Sephacryl S-200 (GE Healthcare)

gel filtration column and oligomeric profile was compared.

3.2.3 Sitedirected mutagenesis

Quick change of truncated clone of DIBSH was carried out using TaKaRa amplitaq followed by
Dpnl treatment for two hour and transformed into XL10 cells. Plasmid was isolated and
transformed into E.coli BL-21 Gold (DE3). Transformed cells were checked for expression of
proteins. Quick change of DIBSH 6189 and DIBSH 6207 were achieved by inserting stop codon
after 189 aa and 207 aa, respectively which does not have 6xHis tag. List of primers used to
create mutation islisted in table 3.4

Table 3.4: List of primers used for site directed mutagenesis in DIBSH. Nucleotide sequences
code for stop codon is highlighted red.

Mutants 5'-3 sequence

DIBSH5189 F CAGATGTTCCAACTCTAACACCTTCTGCGA
DIBSH6189 R TCGCAGAAGGTGTTAGAGTTGGAACATCTG
DIBSH 6209F GACGCTTATAGCCGTTAAGGCATGGGTGGTCTG
DIBSH 6209R CAGACCACCCATGCCTTAACGGCTATAAGCGTC
DIBSH 6189-209F TATATGTATCTGTCCGGTGGTCTGGGTCTG
DIBSH 6189-209 R CAGACCCAGACCACCGGACAGATACATATA
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3.2.4: Homology modeling: Model of Dorea longicatena BSH and Methanobrevibacter smithii
BSH are generated using EfBSH as a template (PDB ID: 4WL3) in a Galaxy web server which
generated the monomeric, dimeric and tetrameric form of BSH (http://galaxy.seoklab.org/).

GalaxyGemini was used for protein structure prediction for homomeric protein based on
template similarity and refined using GalaxyRefine.
Computational details of DFT analysis and biochemical experiments such as kinetic

characterization is explained in previous chapter.

3.3 Results

3.3.1 Gene synthesis and cloning:

The protein sequence was retrieved from UniprotK b(https://www.uniprot.org) having uniprot 1D
A6BGZ5 of Dorea longicatena Bile Salt Hydrolase (DIBSH) and BOAEX3 for
Methanobrevibacter smithii Bile Salt Hydrolase (MsBSH). The theoretical molecular weight and

isoelectric point (pl) calculated using protparam tool is 36885.55 Da and 4.79, respectively for
DIBSH, and 35688.75 and 4.44 for MsBSH ( https.//web.expasy.org/cgi-bin/protparam )

GenelD: (DIBSH)
ATGTGCACCGCAGCGACCTACAAAACCAAAGACTTCTACTTTGGTCGTACCCTCGAC
TAC GAATTCTCTTACGGTGATCAGATCGTTATCACTCCGCGTAACTATGCGTTTAAC
TTCCGTCACGTCGGTGACATGAAAAACCACTACGCCATCATCGGTATGGCCCACGTT
GCCGAAGACTACCCGCTGTACTACGACGCGATGAACGAGAAGGGTGTTGCGATGGC
GGGTCTGAACTTCGTTGGTAATGCGGTTTATGCGGCGATCAAACCGGACGTTGAAAA
CATCGCGCAGTTCGAA TTCATCCCGTGGATCCTGTCTCAGTGCTCTTCCCTGGTTGA
AGTTCGTGAACTGCTGGAG CGTATCAATATCGTCAATACCCCGTTTTCTGAACAGCT
GCCGCTGGCTCAGCTGCATTGGATCATCTCCGACGAAAACGAATCTATTACCGTTGA
ATCCATGTCTGACGGTCTGCACATCTACGATAATCCGGTAGGCGTTCTGACCAACAA
TCCGCCGTTCCCGCAGCAGATGTTCCAACTCAACAACTATATGTATCTGTCCCCGAA
ACAGCCACGTAACACCTTCTGCGAAAACCTGGCGCTGGACGCTTATAGCCGTGGCAT
GGGTGGTCTGGGTCTGCCGGGTGACCTGAGCTCTAGCTCCCGCTTCGTTCGTGTTGC
CTTCACCAAGGTTAACGCGATCTCTGGTGAATCTGAAGAGGAATCTGTTTCTCAGTT
CTTCCACATCCTGGGTTCTGTTGACCAGCAGCGTGGTTGCTGCGAGGTTGCGGACGG
CAAATACGAAATCACTCTGTACACCTCTTGCTGCAATGTTACCAAGGGTATTTACTA
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TTACAACACCTATGAGAACCATCAGATTTCTGCGGTTGATATGCACGTGGAAAATCT
GGACTCTGACAAAATGATCTGCTACCCGGTTATTCAGGGTGAACGCATCAACTACCA
AAACAAATAA

Uniprot ID: A6BGZ5
MCTAATYKTKDFYFGRTLDYEFSYGDQIVITPRNYAFNFRHVGDMKNHYAIIGMAHVA
EDYPLYYDAMNEKGVAMAGLNFVGNAVYAAIKPDVENIAQFEFIPWILSQCSSLVEVRE
LLERINIVNTPFSEQLPLAQLHWIISDENESITVESMSDGLHIY DNPVGVLTNNPPFPQOMF
QLNNYMY LSPKQPRNTFCENLALDAY SRGMGGLGLPGDLSSSSRFVRVAFTKVNAISGE
SEEESV SQFFHILGSVDQQRGCCEVADGKYEITLYTSCCNVTKGIYYYNTYENHQISAVD
MHVENLDSDKMICY PVIQGERINY QNK

GenelD: BK798_RS07090 (MsBSH)
ATGTGTACTGCTGCAAATTATTTAACAAAATGCCATTATTTTGGCCGTAATTTTGACT
ATGAAATTTCATATAATGAAAGAGTAACGATAACTCCTAGAAACTATCCTTTAATAT
TCAGGGATACTGAGGACATTGAAAATCATTATGGGATTATTGGCATAGCTGCAGGTA
TTGATGAATATCCTTTGTATTATGATGCATGTAATGAGAAAGGATTAGCTATGGGGG
GATTAAACTTTCCGGATTACTGTGACTACAAACCACTAGATAAATCTAAAGTTAACA
TAGCTTCTTTTGAGATTATTCCATATATATTATCTCAAGCAAAAACCATCAGTGATGC
CGAAAAGTTATTGGAAAACTTAAATATTTCAGATGAGAAATTTTCCGCCCAGTTGCC
TCCATCTCCACTTCATTGGATTATTTCAGATAGGAATGCTTCAATTGTTGTAGAGGTT
GTAGAAGAAGGACTGGATATTTATGATAATCCTGTAGGAGTTTTAACAAACAACCCT
CCTTTTGATAAACAGCTATTTAATTTAAATAATTATATGGCATTATCAAACAGAACG
CCTGAAAATACATTTGGAGGCAATTTGGATTTGGCAACTTATAGTCGGGGAATGGGT
TCAATTGGTCTTCCGGGGGATGTTTCTTCACAGTCCCGTTTTGTAAAAGCAGCTTTTG
TTAAAGAAAATTCCGTTTCCGGAGATTCTGAAAAAGAAAGTGTGTCTCAGTTTTTCC
ATATTCTGGCATCTGTTGAACAGCAAAAAGGATGTACGTTAGTGGAAGAACCTGAT
AAATTTGAATATACTATTTATTCGGACTGTTACAATACAGATAAGGGAATATTGTAT
TATAAAACATATGATGGTCCTCAAACATCTGTTAATATACATGATGAGGATTTGGAA
ACCAATCAGTTAATTAATTTTGAGTTGGTTGATTAA
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Uniprot ID: BOAEX3

MCTAANYLTKCHY FGRNFDYEISYNERVTITPRNYPLIFRDTEDIENHY GIIGIAAGIDEY P
LYYDACNEKGLAMGGLNFPDYCDY KPLDKSKVNIASFEIIPY ILSQAKTISDAERLLENL
NISDEKFSAQLPPSPLHWIISDRNASIVVEVVEEGLDIYDNPVGVLTNNPPFDKQLFNLNN
YMALSNRTPENTFGGNLDLATY SRGMGSIGLPGDV SSQSRFVKAAFVKENSV SGDSEKE
SVSQFFHILASVEQQKGCTLVEEPDKFEYTIYSDCYNTDKGILYYKTYDGPQTSVNIHDE
DLETNQLINFELVD

EMBSH 1 TYVSKD-HYFGRNFDYEISYNEVVTITP ESEREVGNLDHHFATIGIAAGIAD
DIBSH 1 ﬂhﬁm HTLDYEFTGDQIV%’W —EHWDMP\NHY MAHVAED

LR - - L B . L S B . - LR - - L L L L
. . . . . . . . s . .

EBSH 61 DAINEKGL GMAGLNFSGYADYKKIEEGKENVSPFEFIPWVLGQCS TVDEAKKLLK
DBSH 61 PL AM EKGVA%GLNF gNAWAA KPOVENIAQFEFIPWILSQCSSLVEVRELLE

EEEEEEK « KEKK o EEEEEE O W .. OROR RO R s W OROE R s .
. .. .. . . ..

EMSH 121 NLNLUNINES SPLHWLLADKEQST/VESTKEGLRVFDNPVGVLTNNPTEDYQLEN
DBSH 121 HI%T E§E0 LAOETIEIISEENE%WESMSD LHIY—%GV_MDN LTNNPPEPOQM?Q

s s XK . R R E R

EBSH 181 YRVLSTRTPKNNESDQIELDIYSRGMGG I GLPGDLSSVSRFVKATETKLNSVSRSSE
DBSH 181 NN MY SKOFRH ELENLA A%S'RE.HTS'GLGLPGDLSSSWR\fAF—‘T’KVHAI GE§'E

EEEEK HKss Ke w0 RO RO RO R R0 RO R0 e R0 R0 RO R0 RO R0 RO R R R R R . -h---‘--.
. - . . .

EBSH 241 YESISOFFHILSSVEDOKELEDVCDERYEYT I¥SSCENL EKGIYYY R TYONS DT TAVDMN
DBSH 241 Ef svéolFﬁ'i‘m%o QRGCCEVADGKYEITLYTSCC VTEEW ﬁ“ismu

R e RO R R R LE S R LR LR R WOROR R R R AR s R RR RO R .
. . . . e = PR . . . . .

EBSH 301 KENEEKDSLEV¥PMVETQOINYA
DBSH 301 V'E‘H'Eos KM%CTVIOGERL% HK

Figure 3.3: Sequence alignment of EfBSH and DIBSH. Highlighted with red arrow correspond

to tetramer interface which is involved in minicluster formation. Here, Tyrl76 is replaced by

GInl176 in case of DIBSH.

The reverse translated and optimized sequences were used for gene synthesis in two steps
PCR. Upon second PCR, gene of DIBSH and MsBSH correspond to 1Kb (Figure 3.4 a&b).
Genes from both the species were further cloned in pET22b(+) vector (Figure 3.2) and
transformed in DHsa cells and plasmids were isolated from positive clones and sent for
sequencing.
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1 Kb

Figure 3.4: Gene synthesis and cloning @ shows the 1kb DNA after second step PCR of DNA
synthesis. b) confirmation of clone using restriction digestion of cloned gene with Ndel/Xhol

enzyme.
3.3.2 Protein purification

DIBSH protein samples were collected from lysis, supernatant and pellet and loaded on SDS
PAGE for checking the expression of proteins at two different temperaturesi.e. at 37 °C and at
16 °C and compared with uninduced expression profile. The SDS-PAGE gd profile shows
inclusion body formation upon induction at 37 °C while soluble portion is increased upon
induction at 16 °C (Figure 3.5). Furthermore, the size of DIBSH was not corresponding to 37
kDa, which is the expected size of monomer. To confirm the expression of DIBSH gene, we
checked the hydrolase activity using GDCA as a substrate using whole cell with or without
induction of 1ImM IPTG (Figure 3.6). Since we performed the biochemical activity within
bacteria cell, we incubated for two hours and checked the conversion of GDCA to DCA and
compared with the standards TLC profile. No activity of DIBSH was detected even after two
hours of incubation withuninduced cell while DCA was evident in IPTG induced cell (Figure
3.6). Purification of DIBSH using affinity chromatography showed protein in unbound and wash
fraction and no protein band in eution fraction (Figure 3.7). Gene sequence anaysis of the
cloned gene when compared with the sequence of wt DIBSH showed insertion of cytosine base
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which shifts the frame and code for stop codon (Figure 3.8). This confirms the absence of 6xHis
tag and we tried to purify theheterologouslyexpressed protein without affinity tag using
conventional methods. Firstly, the protein was precipitated by 40% ammonium sulfate and
desalted using desalting column (GE healthcare). Upon desalting, the protein was passed through
Q-sepharose column and eluted with continuous gradient approach. The eluted fraction was
loaded on SDS-PAGE gel and confirmed the presence of DIBSH protein after 70 % of buffer B
(Figure 3.9). The DIBSH fractions were pooled and loaded on SEC650 (Biorad) gel filtration
column and we found that truncated protein is eluting around 44 kDa and monomeric unit
showed molecular weight around 22 kDa (Figure 3.10). This confirms that the oligomeric profile
of the truncated DIBSH is dimeric. To check the activity of purified protein, the protein was
incubated with GDCA and run on TLC plate for qualitative analysis of BSH activity. The
purified dimer truncated DIBSH was found to be inactive towards GDCA (Figure 3.11). To fully
understand the role of oligomerization and its effect on biochemical activity and stability, we
generated two different truncated (before and after tetramer loop) DIBSH i.e. DIBSH 6189 and
DIBSH 6209 by introducing stop codon after residue 189 and 209 respectively and purified using
the same protocol as it lacks the 6X-His tag. Furthermore, DIBSH 6189-209 mutant was also
generated to ascertain the role of assembly loop or tetramer loop in maintaining the oligomeric
profile of CGH family. The oligomeric profile of the entire mutant explained above was shifted
to dimer which showed the importance of tetramer loop in oligomerization (Figure 3.14). The
full length wt DIBSH and MsBSH was purified using the same protocol described above and
both the proteins were found to be tetramer. Figure 3.12 shows the Ni-NTA profile of both
DIBSH and MsBSH and figure 3.13 shows the Size exclusion profile of MsBSH. The SEC
profile of MsSBSH showed that it is tetramer, but unstable and forming soluble aggregate as
evident in figure. Hence, further study was only focused on DIBSH, its mutant and comparison

with other reported BSH structures.
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Figure3.5: Comparison of expression profile of DIBSH at 37 °C and 16 °C
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Figure3.6:Thin Layer Chromatography (TLC) profile of DIBSH(truncated) performed with
whole cell.a) represents the run profile of standard GDCA, DCA and control (untransformed
expression cells, i.e. E.coli Rosetta (DE3)) b) & c) represents the activity profile of truncated
DIBSH in uninduced and induced cell with 1mM IPTG and compared with TLC profile of DCA
as control after one hour and two hour, respectively.
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Figure3.7: SDS-PAGE gel profile after Ni-NTA purification. DIBSH fraction is present in
unbound and wash, while absent in elution fraction.
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CLUSTAL 2.1 multiple seguence alignment

d1 5
dics TACGTAACATTCCCTCTAGAATAATTTTGTTTACTTTAAGAAGGAGATATACATATGTGC 60
PR
di ACCGCAGCGACCTACAAAACCAAAGACTTCTACTTTGGTCGTACCCTCGACTACGAATTC 66
dics ACCGCAGCGACCTACAAAACCAAAGACTTCTACTTTGGTCGTACCCTCGACTACCAATTC 120
e e ek e e e U e G e o e e e e e T S
d1 TCTTACGGTGATCAGATCGTTATCACTCCGCGTAACTATGCGTTTAACTTCCGTCACGTC 126
dlcs TCTTACGGTGATCAGATCGTTATCACTCCGCGTAACTATGCGTTTAACTTCCGTCACGTC 180
ke e e e e de e e e e e e e e ke e e sk e ke e e e e e e e e e A e e e e e e e e e e e e e e e e e e e s e e e e e e e e
dl GGTGACATGAAAAACCACTACGCCATCATCGGTATGGCCCACGTTGCCGAAGACTACCCG 186
dlcs GGTGACATGCCCCACCACTACGCCATCATCGGTATGGCCCACGTTGCCGAAGACTACCCG 240
e G e R o R T o S e e e e i R
=Rk CTGTACTACGACGCGATGAACGAGAAGGGTGTTGCGATGGCGGGTCTGAACTTCGTTGGT 246
dlcs CTGTACTACGACGCGATGAACGAGAAGGGTGTTGCGATGGCGGGTCTGAACTTCGTTGGT 300
e B . e o e 08 B . e e e e e e S B e A, B B e B o e e s e B e . e e he e o
dl AATGCGGTTTATGCGGCGATCAAACCGGACGTTGAAAACATCGCGCAGTTCGAATTCATC 306
diecs AATGCGGTTTATGCGGCGATCAAACCGGACGTTGAAAACATCGCGCAGTTCGAATTCATC 360
e e A A ke ke e e R ke ke R ke ke e e e e e ke e b ke ke e ke e ke ke ke e ke e e e R ke ke R ke e ke e ke e ke ke A ke ke e ke ke R ke ok R ke A ke
di CCGTGGATCCTGTCTCAGTGCTCTTCCCTGGTTGAAGTTCGTGAACTGCTGGAGCGTATC 366
dics CCGTGGATCCTGTCTCAGTGCTCTTCCCTGGTTGAAGTTCGTGAACTGCTGGAGCGTATC 420
e e e S e B e e e e S e S O B e e e o SR e N e B
dl AATATCGTCAATACCCCGTTTTCTGAACAGCTGCCGCTGGCTCAGCTGCATTGGATCATC 426
dics AATATCGTCAATACCCCGTTTTCTGAACAGCTGCCGCTGGCTCAGCTGCATTGGATCATC 480
O o e
di TCCGACGAAAACGAATCTATTACCGTTGAATCCATGTCTGACGGTCTGCACATCTACGAT 486
dics TCCGACGAAAACGAATCTATTACCGTTGAATCCATGTCTGACGGTCTGCACATCTACGAT 540
R s s
a1l AATCCGGTAGGCGTTCTGACCAACAATCCGCCGTTCCCGCAGCAGATGTTCCAACTCAAC 546
dics AATCCGGTAGGCGTTCTGACCAACAATCCGCCGTTCCCGCAGCAGATGTTCCAACTCARAC 600
e e e e e e e e e o e e e A R e
a1 AACTATATGTATCTGTCCCCGAAACAGEC GEEEEACCTTCTGCGAAAACCTGGCGCT 605
d1cS AACTATATGTATCTGTCCCCGAAACAGC ACCTTCTGCGAAAACCTGGCGCT 660
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Figure 3.8:Sequencing result of cloned DIBSH compared with the wild type DIBSH.
Highlighted region shows the insertion of a base (Cytosine) leading to frameshift mutation which
introduces stop codon (highlighted yellow).
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Figure 3.11: Qualitative estimation of the activity profile from purified dimeric form of truncated
DIBSH was performed using of TLC assay.
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Figure3.12:Ni-NTA purification profile of DIBSH and MsBSH showing difference in molecular
weight owing to reduced length of MsBSH (316 aa) as compared to DIBSH ()324 aa).
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Figure3.13: Size exclusion chromatography profile of MsBSH. First peak is eluting at ~10 mL
which isindicative of soluble aggregate. Soluble portion of MSBSH is eluting at ~12 mL.
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Figure 3.14: Overlay anaysis of Size exclusion chromatography profile of WT DIBSH and its
mutant. Top panel shows the overlay analysis of SEC profile of DIBSH deletion mutants from C-
termina end. Bottom panel represents the deletion of tetramer loop or assembly loop region and
compared with WT DIBSH.

Table 3.5. Retention volume and oligomer profile of wtDIBSH and mutants using Sephacryl
S200 column.

Protein Retention volume (mL) Oligomer state
DIBSHwt 45 Tetramer
DIBSH 6189-209 54.25 Dimer

DIBSH 5189 60.82 Dimer

DIBSH 6209 59.48/49.54 Tetramer/Dimer
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3.3.3Kinetic characterization:

The purified DIBSH enzyme was assayed with GCA for determination of optimum pH and
temperature. In case of DIBSH, the optimum pH was found to be around 4.0 and optimum
temperature was 37 °C in citrate phosphate buffer (Figure 3.15). The mutation of interface
residuei.e. Y175A in EfBSH reduced the optimum temperature from 50 °C to 37 °C and kinetic
calculation aso showed drastic reduction in catalytic activity (Figure 3.16). The preferential
substrate activity of DIBSH was studied using different substrates i.e. GCA, GDCA, TCA,
TDCA, GCDCA. Only glycol- conjugated bile salts showed activity while tauro conjugate bile
salts have very low activity as compared to Glyco-conjugated bile salts (Figure3.17).
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Figure 3.15:Biochemical characterization of DIBSH &) optimum pH for DIBSH b) &c) optimum
temperature of DIBSH and EfBSH Y 175A respectively.
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Figure 3.16: Kinetic characterization of DIBSHa) steady-state kinetics plot of DIBSH, and

b)EfBSH Y 175A mutant performed with GCA.
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Figure 3.17:Preferential substrate activity profile of DIBSH with conjugated bile acids.

3.3.4 Structural comparison of CGH family of proteins
» Structural analysis of Dimer/Tetramer in Gram positives

Sequence alignment analysis showed more than 70 % identity in between EfBSH and DIBSH
and has different optimum temperature. The optimum temperature of EfBSH is around 50 °C
and of DIBSH is 37 °C. Hence, to find out the structural difference between the two proteins
which showed different optimum temperature and therefore thermostability, we modeled the
structure of DIBSH and compared with the other reported BSH and PV A structures. Interface
residue analysis of EfBSH showed Tyr176 faces each other and further stabilized by Phel79
(Figure 3.18). These residues form minicluster at the tetramer interface. However, in 2HEZ
(BIBSH) and 2RLC (CpBSH) these miniclusters are not possible as the interface residues are
facing in opposite direction (Figure 3.19). In case of DIBSH, GIn176 is present instead of
Tyrl76 asin EfBSH (Figure 3.20).
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Interface =

EfBSH: 4WL3

Figure 3.18: Cartoon representation of tetramer form of EfBSH (PDB 1D: 4WL3) highlighting

the tetramer interface. Inset shows the key residues of tetramer interface forming miniclusters.

€pBSHARLC ' [/ " BIBSH:2HEZ

I

Figure 3.19: Tetramer interface of CpBSH (Left; PDB ID-2RLC) and BIBSH (Right; PDB ID-
2HEZ).
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Phel79

- M )

Figure 3.20: Tetramer interface of DIBSH (model) highlighting the presence of neutral amino
acidi.e. GIn176 in interface minicluster.

The superposed structure of DIBSH and EfBSH showed that the spatial location of GIn176 and
Tyrl76 is conserved as well as, Phel79of both chains are also superposing well (Figure 3.21).
Removing the tetramer loop from both EfBSH and DIBSH leads to dimerization of protein. This
result indicates the significance of tetramer loop in oligomerization, but recently LsBSH was
reported to be dimer even with tetramer loop or assembly loop domain (Figure 3.22 & 3.23).
This indicates rather than whole tetramer loop, perhaps, certain residues are taking part in
maintaining oligomerization. Consurf analysis showed that the tetramer loop region is highly
variable except Tyr205 to Arg207. Data from PDBsum showed that Tyr205 interact with Phel79
(Figure 3.24).
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Phel79

Figure 3.21: Superposed cartoon representation of EfBSH and DIBSH. Inset image shows the
tetramer interface, pointing out the difference in residues forming miniclusters. Tyr176 in EfBSH
(Blue) isreplaced by GIn176 in DIBSH (Orange).

e E/BSH (4wl3)
+ LsBSH (5hke)

Tetramer interface

A

EfBSHYwI3
% e, ¥

Figure 3.22: Tetramer interface residue mapping in dimer (LsBSH) and tetramer (EfBSH) Bile
Salt Hydrolase a) superposed cartoon representation of LsBSH and EfBSH. b) Inset image shown
in that the interface residues are conserved in LsBSH and EfBSH. c) Tetramer interface showing
residue participation from all chains shown in different color. Tyr205 is coming from tetramer

loop region.
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mmmm £/BSH (dwl3) wes LsBSH (Shke)

Figure 3.23:Superposed cartoon representation of EfBSH and LsBSH showing Tyr205 and
Asp206, respectively in stick form.
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Figure3.24:Interface analysis of EfBSH (PDB ID — 4WL3)
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= Structural analysisof Dimer/Tetramer in Gram negatives

Although the tetramer loop is absent or shortened in gram negative organisms, PaPV A structure
revealed stable tetramer. Analysis of interface using PDBsum showed the presence of Met205
which shows non-bonded contacts with Tyr196 (Figure 3.25). Recently, acyl homoserine lactone
(AHL) acylases dso incorporated in CGH family of Ntn-hydrolase superfamily (data not
published). Structural studies showed that the protein exist in homodimeric state and has similar
feature to PVA and hence annotated wrongly as penicillin acylases. Likewise, in gram positives,
the structure of Shewanella loihica CGH (SCGH1) from Gram negatives is unique which is
attributed to its dimeric oligomer profile. Hence, mapping the difference in sequence between
tetramer and dimer of gram positives and Gram negatives will be of significance of predicting
the oligomeric profile. Tetramer interface comparison of tetrameric and dimeric structure in
gram negatives aready reported in PDB showed major difference in interface residues.
Superposed structure of dimer of PaPVA and SCGH1 represented in cartoon form (Figure 3.26)
with RMSD of 2.590 (2566 atoms). Residues of tetramer interface of PaPVA and SCGH1 are
compared and we found that hydrophobic amino acid is present in PaPV A is replaced by more
hydrophilic amino acids on the tetramer interface (Figure 3.25 and 3.26) such as Met205 and
Va204 in shortened tetramer loop region of PaPVA is replaced by more hydrophilic residues
such as Lys215 and Thr214 in SICGH1 (Figure 3.27b). Furthermore, corresponding position of
Tyrl96 and Trpl97 which forms the unigue minicluster in gram negatives (here PaPVA) is
occupied by GIn204 and Phe205 in SCGH1 (Figure 3.27a).
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Figure3.25: Interface analysis of PaPVA (PDB ID —4WL2).
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Figure 3.26: Cartoon representation of interface analysis in PaPVA (4WL2) Cartoon
representation of tetramer of PaPVA with labeled chain ID as designated in PDB. Tetramer
interface of PaPV A isindicated with arrow and further detail is shown in inset image. a) cartoon
representation of residues which forms minicluster formed by Tyr196 and Trpl197 of chain E and
chain G and further stick form of Met205 is also shown which is analogous to the role of
tetramer loop in Gram positive BSH. b) shows the presence of Val204 and Met205 in the chain F
and chain G interface. Va204 forms hydrophobic interaction with Val204 of other chain of
interface.
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B Val204

Figure3.27: Interface comparison of Tetramer and Dimer structure in gram negatives:
superposed structure of dimer of PaPVA (orange) and SCGH1 (Blue)shown in cartoon form
with RMSD of 2.590 (2566 atoms). Residues of tetramer interface are compared in the inset
image. a) stick representation of Tyr196 and Trpl97 shows that the corresponding position in
SCGHL1 is occupied by GIn204 and Phe205 in EG interface. b) Met205 and Va204 in tetramer
loop region of PaPVA is replaced by more hydrophilic residues such as Lys215 and Thr214 in
SICGH1.
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Tetramer loop

Figure 3.28: Superposed cartoon representation of Gram-positive BSH and PVA. BSH are from
BIBSH (2HEZ-Red), CpBSH (2BJF-Green), EfBSH (4WL3-Yellow), DIBSH (Model-Orange)
and BspPV A (3PVA-Blue) represents Gram positive PVA. Inset shows the corresponding amino
acid of Tyr205in EfBSH.

Figure 3.29: Superposed cartoon representation of Gram negative PVA and BSH. PVA are from
Bcteroides (3HBC- Magenta), Methanosarcina (Model-Yellow) and PaPVA (4WL2- Cyan).
Inset picture shows the corresponding amino acid of Tyr196, Trpl97, Met205 and Va204 in
PaPVA.
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3.3.5 Density Function Theory (DFT):

We compared the energy of interface of highly active enzymes from both Gram positive as well
as Gram negative interface i.e. 4WL3 (EfBSH) and 4WL2 (PaPVA). Both the enzyme showed
unique miniclusters at the tetramer interface (Figure 3.30). We calculated the interaction energy

between the dimers of dimer which, perhaps hold the tetramer. The calculated values using
different theories have been listed in table 3.6.

Tipl197

Phel 79

Phel79

Figure 3.30: Miniclusters formed by tetramer interface residue of PaPVA(a) and EfBSH(Db).
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Table 3.6: Energy calculation between tetramerinterface residues using DFT.

Level of theory E; of 4w13 dimer Ei of 4w12 dimer
(capped) (capped)

PBE3(disp3)/COSMO (water)/TZVP  -9.7 -10.1

M06-2X/ CPCM (water) /6-311G** -11.5 -9.3

Ei = interaction energy; Energies are in Kcal/mol

3.4 Discussion

Quaternary structurein Choloylglycine Hydrolase (CGH)

CGH subfamily of proteins is segregated further in two family viz. BSH and PVA. Recently, we
suggested AHL acylase, on the basis of structure, biochemical function and oligomeric attribute,
the third member of the family. Often in Ntn hydrolase superfamily, even vast sequence
difference also shows signature afpa fold. This makes difficult to classify the BSH from PVA
and seldom wrongly annotated in databases. Panigrahi et. al., reported to specifically categorize
the BSH/ PVA on the basis of Binding Score Similarity (BSS). Also, phylogenetic analysis
showed two distinct clusters of Gram positive and Gram negative BSH/PV A on the basis of indel
of 20-22 aa. These indel correspond to the tetramer loop region in gram positive organisms| 16]
and proposed to provide additional stability as compared to gram negative BSH/PVA[14].
Different homo-oligomeric state has been reported in CGH family of proteing15-17,21].
Structural study of gram negative PaPVA showed stable homotetramer without the presence of
tetramer loop[18]. Recently, AHL acylasefrom gram negative SCGH1 was reported to be dimer
in solution and crystal structure (PDB ID: 5X8Z and 5X9l). Similarly, crystal structure of
LsBSH(gram positive candidate) showed dimer (PDB I1D: 5SHKE)in spite of presence of tetramer
loop region[17]while BIBSH and CpBSH were homotetramerg15,16]. Removing the tetramer
loop (6189-209) region in Dorealongicatena BSH (DIBSH) resulted into the homodimer (Figure
3.14). Truncating the C-terminal region i.e. 6189 was purified to be dimer in solution while 6207

showed two peaks which corresponds to tetramer and dimer on the basis of retention profile in
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gel filtration (Figure 3.14). This confirms the role of tetramer loop in oligomerization. It is
evident from the current and previous study that only specific residues take part in
oligomerization rather than complete loop. In CGH family, BSH/PVA enzymes often show
promiscuous activity. L. plantarumbshl shows feeble activity on 3-oxo-C6 and 3-oxo-C8
HSLS[22]; however, the inactive BSHs (bsh2-4) showed more activity on penicillins and AHLs
than the bshl which is known to be active against bile acid. SCGH and PaPVA showed
structural homology but differ in oligomeric state. Also, SCGH is active against C-10 HSL and
PaPVA is known to hydrolyze Penicillin V. this difference in biochemical activity may be
attributed to quaternary structure of proteins. Biochemical study of DIBSH showed preferential
substrate activity towards glycol conjugated bile acids. In human, the ratio of glycol conjugated
bile acid pool is more as compared to tauro-conjugated bile acids (3:1). Moreover, this study also
suggests that the different strains of Lactobacillusshowed difference in activity towards glycol-
and tauro- conjugated bile acids which confirm the recognition of both glycyl/tauryl and cholate
moiety of substrates in the active sites. Kinetic data suggest that the DIBSH is less active as
compared to previously reported structure (Figure 3.16 & 3.17). Mutation in Tyr276 in EfBSH to
alanine (Y 176A) showed shift in optimum temperature from 50 ° to 37 °C, which is similar to
optimum temperature of DIBSH (Figure 3.15). Sequence analysis showed that Tyr176 in EfBSH
is replaced by glutamine in DIBSH (Figure 3.3). DFT calculation of interaction energy of
miniclusters formed between the chains resulted on average of -10kcal/mol in different level of
theory (Table 3.6). Denaturation studies of PaPVA using 1M GdnHCI does not dissociate into
dimer even without assembly loop which is contradictory to the study performed by panigrahi et
al., which showed less thermodynamic stability of the tetramer in Gram-negative CGHs as
compared to Gram-positive CGHg[14]. Tetramer interface of PaPVA aso showed minicluster
formed by tryptophan and tyrosine (Figure 3.30). It is evident from the above results that the
aromatic residues near tetramer interface perhaps impart additional thermostability to the

tetramer molecule.
I nterface comparison of dimer and tetramer

Interface of wild type EfBSH showed unique arrangement of aromatic residues at the tetramer
interface. Tyrl75 of helix involved in Pi- Pi interaction with the same residue of adjacent chain.

Furthermore, it aso interacts with Phel79 which leads to clustering of four side chain, this
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minicluster were further supported by Asp205 from assembly loop (Figure 3.24). Consurf
analysis showed that Asp205, 206 and Arg207 are well conserved in all reported BSHs. The
more appropriate role of these residues could be the stabilization of tetramers interface. Presence
of aspartic acid in corresponding position of Tyr205 (Figure 3.23) revealed dimeric structure of
LsBSH, as other corresponding mini-clusters in interface are conserved[17] and assembly loop or
tetramer loop is also present. Hence the role of tyrosine 205 could be the stabilization of tetramer
interface. In Gram negativePaPV A structure, similar unique arrangement of mini-cluster has
been observed. Here the interface residues are Tyr and Trp, which forms tightly packed
minicluster. These miniclusters are further supported by Met205 (Figure 3.25). This structura
arrangement showed that two different type of mini-clusters are possible i.e. in between N and
N+1 as in Gram negative PVA/BSH or N and N+3 in gram positive BSH/PVA (Figure 3.19). In
gram negative organisms these tetramers are stabilized using such miniclusters as the interface
area are very small as compared to Gram positives exhibiting assembly loop[14]. By looking at
the interface residues it iswell understood that gram negatives adopted modest approach of being
stable without having assembly loop. Thisis in agreement with the previous study which showed
that the diderms are more evolved as compared to monoderm[23]. The interaction energy
calculated using DFT by applying two different theories showed very high interaction energy,
nearly -10 Kcal/mol for one such minicluster in both EfBSH and PaPV A (Table 3.6). Interaction
energy calculated between cationic — Pi interaction was around -5 Kcal/mol as as shown
byDougherthyet.al. [24]. This shows that, for two such miniclusters in tetramer interface, the
interaction energy would be sufficiently high to hold the tetameris structure. But removing the
tetramer loop in DIBSH changes the oligomeric profile from tetramer to dimer, and dimer
structure is reported for LsBSH even in the presence of tetramer loop. This indicates that
presence of aresidue rather than whole tetramer 1oop is essential for holding the tetrameric form
of BSH/PVA. As reported by Avinashet. a., these PaPVA structure are highly stable under
higher temperature, the reason for which was not discussed in the previous paper[18].
Furthermore, BSH analysed from other species such as D.longicatenashowed variation in
interface residues.Corresponding position of Tyrl75 in EfBSH is replaced by Asnl175 in DIBSH
(Figure 3.20 & 3.21). Biochemical characterization showed that the optimum temperature of
DIBSH isat 37 °C as compared to 50 °C in EfBSH, while optimum pH was nearly similar i.e. in

acidic range of pH 4-5. From the calculation of interface energy, we can say that the arrangement

Yashpal Yadav Page 108



Ph.D. Thesis Chapter III

of such aromatic residues in interface may imparts additional thermostability to the protein
molecule. This information can be extrapolated to improve the thermostability or tailoring the
enzyme activity of industrially important enzymes. Interface analysis showed that both (Gram
+ve and Gram -ve) the cluster have adopted a unigue way to evolve in constrained environment.
Both the mini-cluster have supporting residues viz. Met205 in PaPVA and Tyr205 in EfBSH.
Superposed structures of Gram +ve and Gram —veBSHS/PVAs showed similar arrangement of
corresponding residues (Figure 3.27& 3.28). Dimeric structure reported in PDB so far (SHKE
and 5X8Z), showed more hydrophilic residues at the respective contact point which we discussed
here as EG/FG interface in PaPVA (Figure 3.25) and AD/AC interface (Figure 3.24) in EfBSH.
In LsBSH corresponding position of Tyr205 in EfBSH is replaced by Asp206 in LsBSH and
similarly, in SCGH, Met205 is replaced by Lys215. Although Val205 in PaPV A making strong
hydrophobic contact (Figure 3.26) with Val204 of other chain, presence of aspartic acid in place
of valine in Methanosarcinag(Model) and Bacteroidesthetaiotaomicron (3HBC) confirms no
role in tetramer formation (Figure 3.29) as crystal structure of Bacteroides showed tetramer
arrangement. This confirms the importance of similar role of Tyr205 in Gram +ve's and Met205

in Gram —ve' s in maintaining tetrameric oligomer stete.

3.5 Summary and conclusion

To understand the principle of oligomerization in CGH family, the interface of previously
reported structure and also performed structural and biochemical characterization Dorea
longicatena BSH (DIBSH). Oligomerization study was performed in greater detail with DIBSH,
in which several mutations has been created using Site directed mutagenesis approach. Changes
in oligomerization were observed upon deletion mutation in tetramer loop region. Removing the
tetramer loop (6189-209) showed complete shift to dimer state. In gram negative organisms
tetramer BSH/PVA are stable without assembly loop while in Gram positive organisms
removing the tetramer loop changes the oligomerization profile. Moreover, gram negative
BSH/PVA structure showed non-planar tetramer. Analyzing the interface residue of gram
positive and gram negative showed that both the classes evolved through unique mechanism of
holding the tetramer.We identified, upon interface comparison of dimer and tetramer BSHS,
Tyr205 in tetramer loop region to be essentia in oligomerization. Similarly, in Gram
negativePaPV A structure, showed presence of Met205 in tetramer interface present in shortened

tetramer loop. These residues, perhaps crucia in holding the miniclusters present at tetramer
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interface and also serve as contact point of residues from all four chains of tetramer. Thisin part
explains why gram-negative structures displayed non-planar tetramer structure and perhaps the
modest way of evolution. These residues have implications on screening the highly active
BSH/PVA using primary structure of protein from genomic databases and also predicts the
oligomeric state of the protein. We propose, in general, there must be two fundamentaly
different pathway of oligomerization depending upon the intrinsic symmetry of the molecule. In
cyclic symmetry, oligomeric proteins exist in two different forms i.e. active (monomer) or
inactive (oligomer) or vice-versa. While in proteins having dihedral symmetry, can exist in
multiple oligomeric state which perhaps, gives plasticity to the enzyme evolution and ability to
metabolize or overcome the toxic effect of metabolites which perhaps increases the survival rate

of the microorganisms.
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4.1 Introduction

Bile helpsin excretion of major toxic lipophilic compounds which are not filtered by kidney.
One of the magjor components of bile is Bile salts which serves as a magjor route for the
excretion of cholesterol, and also help in emulsification of dietary lipids. Bile salt exhibit
detergent properties such as micelle formation which facilitate the lipid absorption and aso
reduces the detergent effect of bile salt in biliary epithelium[1,2]. Conjugated, and to lesser
extent unconjugated bile acids are reabsorbed from the intestine and modified by liver
enzymes to produce tertiary bile acids. This process is known as enterohepatic
recirculation[3,4]. SLC family of proteins play important role in active transportation of
conjugated bile acid. SLC10A2 codes for apica sodium bile acid transporter (ASBT) aso
known as IBAT, which efficiently reabsorb >95 % of conjugated bile acidg[5,6]. Upon
deconjugation the solubility of bile acid decreases and precipitates in intestine and excreted
through feceq[7]. Reduced concentration of bile acid is sensed by CYP7A1, a member of
cytochrome P450 family of enzyme, and starts the conversion of cholesterol to bile acid in
liver and thereby reducing the cholesterol level[8,9]. Bile salt Hydrolase (BSH), being active
against Bile salts synthesized in liver secretion, helps reduces the cholesterol level by
bacterial deconjugation through BSH active gut microbiota[10,11]. Hence the biochemical
activity of BSH is of significance in terms of reducing the level of cholesterol. The more
active the enzyme is, the more hydrolysis of bile salts will takes place in gut and reduces the
reabsorption of deconjugated bile acids via enterohepatic recirculation[7]. This approach has
an added advantage over the commercialy used drug statins which acts on starting enzyme
HMG-CoA reductase[12] of mevalonate pathway unlike EfBSH protein formulation which

acts on bile acids where cholesterol lowering are viewed as secondary effect.

Previoudly, it was proposed that the hypocholesterolemic effects of Lactobacillus
acidophilus and a consortium of Lactobacillus casei and Bifidobacterium longuminpigs were
due to dehydroxylation ofbile acid [13].Further, upregulation of CYP7A1 activity upon
feeding of Lactobacillus plantarum clearly indicates its effect on reducing bile acid pool [14].
Another study aso showed the increase of bile acids pool in humans upon feeding of
Lactobacillus reuteri within a week[15]. Comparison of the efficacy of different strains of
Lactobacillitowards BSH activity showed affinity towards glyco- but tauro- conjugated bile
acidg[16]. Human trials of probiotic formulation in yogurt having Lactobacillus reuteri
showed reduction in LDL cholesterol[17]. On contrary, the adsorption or colonization of

bacterial consortia on the endothelia lining may vary from person to person in same
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geographical location and having similar feeding habitg[18,19]. In view to this, the cellular
probiotic consortium for the development of probiotics, perhaps, limit its use on the basis of
feeding habit and geographical location.

Here, we narrowed down our approach to study the enzyme-based formulations. Since BSH
is actively involved in attributing probiotic character, we have studied extensively the highly
active BSH from Enterococcus faecalis in anima model to study its hypocholesterolemic
effect.

4.1.1 Need for Enzyme formulation
+ Enzyme based formulation has an advantage over the probiotic formulation
+ Direct action of the enzyme in the colonresultsquicker response time in
cholesterol removal
+ The enzyme-based therapeutics can be used across the globe, irrespectiveof
food habits of an individual.
+ Effectivedosagecontrol
4.1.2 Studiescarried out-
+ Effect of absence/presence of a cryo-protectant on lyophilized BSH enzyme
+ Comparison of effect of two different cryo-protectants on enzyme activity,
stability and storage stability of Iyophilized enzyme at 4°C (percent residual
activity).
+ Effect of the BSH enzyme-based formulation on Hyperchol esterolemic rats

4.2 Materials and methods

EfBSH (purified)[20], Wistar rats (arranged by PRADO), GCA, Ninhydrin reagent, Trichloro
Acetic Acid (TCA), Statin Drug (Sigma). All animal related experiments were performed in
PRADO Pvt. Ltd (pradopreclinical .com).

M ethods:

4.2.1 Enzyme preparation: Efficacy of different methods was optimized in this study.
Effect of various additives and storage studies was performed using Sucrose and
Glycerol for powder-based formulation.

4.2.2 Enzyme encapsulation:Liposomes were prepared to study the efficiency of protein
loading and its efficacy in biochemical activity. To prepare the liposomes, equimolar
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concentration of Protein and sophorolipid were mixed together and sonicated at 4 °C
for 40-50 min at 40% amplitude. Upon sonication, the mixture was centrifuged at
45000 rpm (Figure 4.1). Further, pellet were analyzed for protein loading using SDS-
PAGE and biochemical activity using ninhydrin assay[21]

a Enzyme formulation
Powder based formulation Solution based formulation
-Lyophilization studies
-Additive studies -Liposomes preparation
-storage studies -Loading studies with SL.
- It can be encapsulated in -Used for animal studies
capsules

Liposomes Preparation:

Protein + Protein + Sophorolipid (SL) Ultra-centrifugation
Sophorolipid | mms | mixture sonication at 4 °C for mm) | of mixture at 45000
(SL) mixture 40-50 min at 40% amplitude rpm

|

Analysis of pellet for protein loading.
-SDS-PAGE
-Enzyme Activity

Figured.l: Preparation of enzyme formulation for animal studies.

4.2.3 In-vivo study of enzyme formulation: The wistar rats were selected for the study
and rats were fed on high fat diet to gain weight and induce hypercholesterolemia.
These animals are further maintained in three different groups. Groupl consist of
hypercholesterolemic diet control, Group2 consist of statin control (positive control)
and group3 consist of hypercholesterolemic diet and fed with enzyme formulation
(Figure 4.2). Each group consists of six rats that were placed in different cage. The
animals were kept at room temperature and followed 12 hr day and 12 hr light cycle.
Institutional Animal Ethics Committee (IAEC) approved animal experiments
conducted as per CPCSEA guidelines. All groups receive solid conventional diet
(rodent chow: 32% protein, 5% fat, 2% fibre 60% nitrogen-free extract). Detailed diet
chartisshownin Table 4.1

Yashpal Yadav Page 116



Ph.D. Thesis Chapter IV

Table 4.1: Composition of high fat diet for introducing hypercholesterolemia in rat
experimental model[22].

Ingredients composition

g kcal
Casein 200 800
Corn starch 155.036 620
Sucrose 50 200
Dextrose 132 528
Cdlulose 50 0
Soybean ail 25 225
Lard 175 1575
Mineral mixture 35 0
Vitamin mixture 10 40
TBHQ 0.014
DL-Methionine 0
L-cystine 3 12
Cholinebitartarate 2.5 0
Total 838 4000
Cholesterol 20 g/kg 2%
Cholic acid 5g/kg 0.5%

The rats were forced-fed total 4ml (100ug/ml protein concentration) formulation,
twice a day (2 ml morning and 2 ml evening session). Statin drug was used as a positive
control (0.3mg/rat/day) and hypercholesterimicrats are used as a negative control. The blood
samples were collected at day O, day 14, day 21 and day 42. Various parameters such as

cholesterol level, triglycerides, HDL, LDL, glucose and creatine were checked.
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Experimental Design :-
Wistar rats selected for studies
Divided into three groups
Group | Group II Group III
Hypercholestermic Hypercholestermic Hyvpercholestermic diet + EfBSH
diet diet + Statins enzyme formulation

After 42 Days
Blood sample removed

v

Measurement of
various parameter

-—

High density lipoprotein (HDL)
Low density lipoprotein (LDL)
Triglycerides (TG)

Total cholesterol (TCH)
Glucose

Creatinine

Figured.2: Experimenta design of animal model to study hypocholesterolemic effect.

4.3 Resaults

4.3.1 Effect of cryo-protectant on lyophilized EFBSH enzyme

Biochemical activity was compared to ascertain the good cryogenic agent, before and after

lyophilization. Here, we used glycerol and sucrose as a cryogenic agent and checked the

efficacy of cryogenic agent after calculating the residual activity at dayl and day7.

Furthermore, the effect of lyophilization was also studied. We found that sucrose acts as a

good cryogenic agent during lyophilization as it retains maximum activity as compared to

enzyme incubated with glycerol, and enzyme aone. Percent residual activity calculated after

seven days showed that sucrose retains nearly 81% activity whereas, enzyme alone retains

only 2.5% activity and glycerol retains only 14% as compared to wild type (refer Table 4.2).
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Table 4.2: Enzyme activity comparison of cryoprotectant used during lyophilization studies
of EfBSH stability. Percent residual activity is shown in parenthesis.

Enzyme Activity (1U/mg) Only Enzyme (E) E+ Sucrose E+Glycerol
Before lyophilization

Residua activity 390.26 (100) 390.26 (100) 390.26 (100)
After lyophilization

Residua activity (Day1) 278.82(71.44) 350.98(89.93) 124.39(31.87)
Residua activity (Day 7) 9.672 (2.48) 317.18 (81.33) 53.781 (13.79)

E=Enterococcus faecalis BSH

4.3.2 Protein loadingin liposomes

For animal studies, to keep the protein in solution form for oral administration of desired
doses, we maintained the protein in liposomes prepared from sophorolipid (SL). Further
qualitative and quantitative estimation was performed to check the protein loading capacity of
liposomes. Out of two different ratios viz. 1:1 and 1:5, we found that protein loading is more
in lane3 and lane5 which correspond to 1:1 and 1:5 ratio of SL supernatant after
ultracentrifugation, respectively (Figure 4.3). The protein loading in liposomes got increased
in 1.5 ratio of SL (lane6) as compared to 1:1(laned) ratio of SL. This result was further
confirmed by protein estimation using Bradford reagent. The protein concentration in
supernatant is indeed higher than that of liposome pellet which confirms the limiting role of
SL in protein loading. Upon increasing the SL concentration i.e.1:5 ratio of SL, the protein
concentration increased in liposomes as compared to 1:1 ratio of SL (Figure 4.4). Further
biochemical activity of whole enzyme, supernatant and liposome pellet after
ultracentrifugation showed the reduction of enzyme activity in supernatant and increase in
enzyme activity in liposomes pellet in 1.5 ratio as compared to 1:1 ratio (Figure 4.5).
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37 kDa

Figure 4.3:Qualitative analysis of Protein (EfBSH) loading in liposomes by SDS-PAGE.
Lane-1, BSH Enzyme (EB); 2, Marker; 3, E1(Enzyme +SL ,1:1 ratio) Supernatant after
sonication and ultra-centrifuge; 4, E1(Enzyme +SL ,1:1 ratio) Pellet after sonication and
ultra-centrifuge; 5, E2(Enzyme +SL ,1:5 ratio) Supernatant after sonication and ultra-
centrifuge; 6, E2(Enzyme +SL ,1.5 ratio) Pellet after sonication and ultra-centrifuge; 7,
Enzyme after sonication; 8, Enzyme after ultracentrifugation. Equal volume of each sample
was loaded in respective well and the protein loading efficiency of sophorolipids liposomes

were compared at two different ratiosviz. 1:1 and 1.5
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Figure 4.4: Efficiency of EfBSH protein loading in liposomes prepared at two different
concentrations i.e. 1% and 5% by protein estimation in pellet and supernatant using Bradford

reagent.
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Figure 4.5: Comparison of biochemical activity profile of EfBSHusing ninhydrin assay upon
protein loading in liposome at two different concentration viz. 1% and 5% SL (SL-
Sophorolipid)
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4.3.3 Hypocholesterolemic study of EfBSH in animal model

The cholesterol level in all the groups were monitored and compared with statin drug which
acts as a positive control and hypercholesterolemic rats were used as a control. The level of
cholesterol found to be decreasing on the day 14, day 21, day 42 as compared to day O
(Figure 4.6). The level of LDL showed decreasing pattern while level of HDL was found to
be constant throughout the experiments. The level of glucose and creatine was found to be
constant throughout and level of triglyceride decreased significantly on day 42 as compared
to day O and day 14 (Figure 4.7).

The level of cholesterol and other parameter were measured on day 42 and compared
with positive and negative control. The cholesterol level in EFBSH protein formulation-based
therapy was decreased and works better or equivalent to that of statin drug control (positive
control). The protein-based formulation and the statin drug showed significant reduction in
cholesterol as compared to hypercholesterolemic rats within 42 days (Figure 4.8). The level
of triglycerides and LDL was reduced in group 2 (statin; positive control) and group 3
(Enzyme formulation) group 3 rats as compared to group 1 rats (Hypercholesterolemic rats;
negative control). Glucose, creatine and HDL level was found to be normal and remain
unchanged during the experimental period under consideration (Figure 4.7).

250

200

150

100 -

Cholesterol (mg/dl)

50

I ' I ' I ! I
Day 0 Day 14 Day 21 Day 42
Days

Figure 4.6: Serum cholesterol profile of Group 111 rats fed on protein formulations.
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Figure 4.7: Secondary effects profile upon treatment with protein formulation in Group3 rats.

G1- Hypercholesterolemic rat(Negative control)
250 4 ) G2- Statin (positive control)
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Figure 4.8: Serum cholesterol profile of Groupl, Group2 and Group3 rats fed on EfBSH

protein formulations after 42 days.
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4.4 Discussion

Cryoprotection and protein loading in liposomes

To develop the EfBSH as an enzyme therapeutic for hypercholesterolemia, this enzyme needs
to be stabilized and biochemically active for longer duration. Here, we studied the effect of
two cryo-protectant i.e. sucrose and glycerol on lyophilization of EfBSH enzyme. Different
studies suggest that sugars have been more commonly utilized as cryoprotectant. Use of
sugars like low molecular weight malto-dextrin, lactose, sucrose and polymers like polyvinyl
pyrrolidone (PVP) are common cryoprotectant added before lyophilization[23]. In our study
also, we found that sucrose acts as a good cryoprotectant and compared to glycerol. Percent
residual activity calculated after seven days showed that sucrose retains nearly 81% activity
whereas, enzyme aone retains only 2.5% activity and glycerol retains only 14% as compared
to wild type (Table 4.2).The solution-based formulation was studied to perform the loading of
EfBSH in liposomes. The rational of designing solution-based formulation was to keep the
protein in solution form for oral administration of desired doses in anima model. We
prepared liposome from sophorolipids (SLPs), a class of microbia bio-surfactant which is
biodegradable and less toxic[24]. Among others, rhamnolipids and trehalolipids are also
reported to be the principd amphiphilic compounds used in pharmaceuticals
preparations[25]. In our study, we used synthesized SLPs derived from jatropa oils, which
showed enhanced detergent property with CMC of 9.5 ppm[26]. Two different ratios were
used for protein loading studies and we found from the biochemical studies (Figure 4.5) and
SDS-PAGE (Figure 4.3) analysis that protein loading is better in 1:5 ratio (Enzyme: SLPs).
Determination of protein concentration using Bradford also showed higher concentration of
protein in 5% SLPs (Figure 4.4).

In conclusion, we found sugar (sucrose) acts as a good cryoprotectantas compared to
glycerol. Also, although not efficient, sophorolipids showed loading of EfBSH. Since SLPs
are biosurfactants which consist of hydrophobic fatty acid tail and a hydrophilic sugar head
I.e.sophorose[ 27], different biosurfactant can be screened to give dual effect such as lyophilic
attribute owing to sugar moiety and liposome formation because of amphiphilic nature of

molecule.
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Hypocholesterolemic study of EfBSH in animal model

The wistar rats were selected for the study and divided into three groups i.e. Groupl
(Hypercholesterolemic rats) which is negative control, Group2 (Hypercholesterolemic rats
with statins) which is positive control and Group3 (Hypercholesterolemic rats with protein
formulations) which is a test sample. The level of cholesterol and other parameter were
measured on day 42 and compared with positive and negative control. The cholesterol level
in EfBSH protein formulation-based therapy showed decreased in serum cholesterol level
(Figure 4.6 and 4.8) and worked equivalent to that of statin drug control (positive control)
which is used commercially. Although report published by IMS health suggests atorvastatin
is the bestselling drug and prescribed globaly, these drugs are associated with adverse
effectg[28]. Statins inhibit HMG-CoA reductase which is the rate limiting enzyme for
cholesterol synthesis in mevalonate pathway[12]. This results in the blockage of downstream
products and other secondary pathways dependent on the product of mevalonate pathway.
Since cholesterol is not the only product of this pathway, the level of other products such as
coenzyme Q10, heme-A, and isoprenylated proteins also decreases simultaneously and poses
potential risk[29]. Alternatively, the level of cholesterol is also regulated through bile acid
synthesisin liver. A cytochrome P450 family of enzymei.e. CYP7A1 (rate limiting enzyme)
plays a key role in initiation of bile acid synthesig[1,2]. Also, the level of bile acids is
regulated by enterohepatic recirculation of conjugated bile acids and maintains the bile acid
pool[30]. Our approach to enhance thedeconjugation activity of bile acids by bile salt
hydrolase (BSH) enzymes, perhaps, poses less adverse effect as compared to statin. Various
other parameters such as LDL, HDL and triglycerides level were monitored and found to be
as effective as statins (Figure 4.7). Moreover, previous report suggests the incidence of
diabetes mellitus exhibiting low glycemic control and elevation in the level of creatine
phosphokinase upon treatment with atorvastatin’g[31].In our study, glucose and creatine
levels were found to be normal throughout the study (Figure 4.7) which showed that the
lowering of cholesterol through deconjugation of bile acid can be the promising future of
treatment of hyprercholesterolemia and can be adopted as an aternative to well-known
prescribed medicine “ statins’.
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45 Conclusions

Here we showed the efficacy of EfBSH protein formulation in cholesterol reduction in
comparison to well-known marketed drug statins. Moreover, various blood parameter studied
during the experimental phase showed less adverse effect of protein formulation as compared
to statins. Further, no secondary pathways of sterol metabolism are affected as we are
targeting the by-product of cholesterol i.e. bile acids in gut. In case of statins various
secondary pathways which depends on cholesterol gets affected such as synthesis of steroid
hormones such as sex steroids, corticosteroids and vitamin D which adversely affect the body
physiology[32,33].
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Summary and conclusions

Bile salt hydrolases (BSH) are the enzymes that catalyzes the hydrolysis of glycine and
taurine-conjugated bile salts into amino acid residues and free bile salts. Upon deconjugation
the solubility of bile acids decreases and precipitates in the colon and excreted through
faeces. Bile acids are synthesised from cholesterol and further bile acids pool maintained
through enterohepatic recirculation. Deconjugating the bile acid in human gut reduces its
affinity towards active transporters present in the gut i.e. Apical sodium Bile Acid (ASBT)
transporter and have implication in cholesterol homeostasis. The rationale behind our study is
to understand the effect of microbiome enzyme (BSH) on host metabolism with respect to
cholesterol regulation and their application in development of biotherapeutics. Also, to screen
novel Bile Salt Hydrolase (BSH) for understanding higher activity and thermostability. Here,
we investigated the molecular characteristics for the high activity of Enterococcus faecalis
Bile Salt Hydrolase (EfBSH) through structural and biochemical analysis of EfBSH mutants
to understand the mechanism of cooperativity in EfBSH.

We found that Arg207 of tetramer loop protrudes inside the active site of other chain
and influences the active site residues. Mutation of the Arg207 interacting residues i.e.
Glu269 to alanine showed drastic decrease in biochemical activity. Glu269 when mutated to
Aspartic acid loses the activity while when mutated to Glutamine, found to be active against
bile acids. Structural analysis showed that in Glu269 to alanine i.e. E269A mutant, Arg207 is
hydrogen bonded to Glu21 of loopl and constrain the movement or flexibility of loop in all
the chains. Due to this, movement of Tyr20 of loop1, which aligns the substrates in the active
sites, is also blocked. In R207A mutant, the Glu21 sets free in all different chains and do not
interact with E269 of loop4. Superposition of Tyr20 of all four chain in E269A and R207
mutant showed very little deviation as compared to wild type. Further, superposition of four
chains of E269A mutant with four chains of R207A mutant revealed two extreme
arrangement possible for Tyr20. Moreover, in wild type, Tyr20 samples the conformation
between the two extreme conformations possible as in E269A and R207A. Subsequently, the
corresponding amino acids of other reported BSH structure were analyzed and we found that
in BIBSH (PDB Id: 2hez) tyrosine is replaced by tryptophan which closes the active site and
perhaps reduces the accessibility of substrates and hence activity. Therefore, Tyr20 occupies
very strategic location near the active site and we found that Arg207 regulates the movement

of this tyrosine by interacting with Glu21 and Glu269.
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To understand the principle of oligomerization in CGH family, the interface of
previously reported structure and also performed structural and biochemical characterization
Dorea longicatena BSH (DIBSH). Oligomerization study was performed in greater detail
with DIBSH, in which several mutations has been created using Site directed mutagenesis
approach. Changes in oligomerization were observed upon deletion mutation in tetramer loop
region. Removing the tetramer loop (6189-209) showed complete shift to dimer state. In gram
negative organisms tetramer BSH/PVA are stable without assembly loop while in Gram
positive organisms removing the tetramer loop changes the oligomerization profile.
Moreover, gram negative BSH/PVA structure showed non-planar tetramer. Analyzing the
interface residue of gram positive and gram negative showed that both the classes evolved
through unique mechanism of holding the tetramer. We identified, upon interface
comparison of dimer and tetramer BSHs, Tyr205 in tetramer loop region to be essential in
oligomerization. Similarly, in Gram negative PaPVA structure, showed presence of Met205
in tetramer interface present in shortened tetramer loop. This residue, perhaps crucial in
holding the miniclusters present at tetramer interface and also serves as contact point of
residues from all four chains of tetramer. This in part explains why gram-negative structures
displayed non-planar tetramer structure and perhaps the modest way of evolution. These
residues have implications on screening the highly active BSH/PVA using primary structure
of protein from genomic databases and also predicts the oligomeric state of the protein. We
propose, in general, there must be two fundamentally different pathway of oligomerization
depending upon the intrinsic symmetry of the molecule. In cyclic symmetry, oligomeric
proteins exist in two different forms i.e. active (monomer) or inactive (oligomer) or vice-
versa. While in proteins having dihedral symmetry, can exist in multiple oligomeric state
which perhaps, gives plasticity to the enzyme evolution and ability to metabolize or
overcome the toxic effect of metabolites which perhaps increases the survival rate of the
microorganisms.

Here we showed the efficacy of EfBSH protein formulation in cholesterol reduction in
comparison to well-known marketed drug statins. Moreover, various blood parameters
studied during the experimental phase showed less adverse effect of protein formulation as
compared to statins. Further, no secondary pathways are affected as we are targeting the by-
product of cholesterol that is bile acids in gut. In case of statins various secondary pathways
which depends on cholesterol gets affected such as synthesis of steroid hormones such as sex

steroids, corticosteroids and vitamin D, which adversely affect the body physiology.
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