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ABSTRACT

The Al and A2 variants of bovine (3-casein differ at amino acid position 67 with histidine in
Al and proline in A2 milk. This polymorphism leads to key conformational changes in the
secondary structure of expressed [3-casein protein and gastrointestinal proteolytic digestion of
A1 B-casein (raw/processed milk) releases a 7 amino acid bioactive peptide ‘opioid’ called
beta-casomorphins-7 (BCM-7) in small intestine, while proline in A2 milk at 67 position
prevents the split at this particular site and generates nine amino acid peptide BCM-9. BCM-7
binds to the mu opioid receptors distributed in the gut and brain which may affects the brain
regions integrated with dopaminergic and serotoninergic system, interfere with these pathways
and disturb cortical association or functional connections which may be implicated in different
diseases associated with as a risk factor for type | diabetes mellitus coronary heart disease
arteriosclerosis sudden infant death syndrome Schizophrenia and autism. The present study,
was undertaken to ascertain the binding of BCM 7/9 with mu-opioid receptor. The mu receptors
have different splice variants, hence attempt was made to amplify the cDNA from gut and brain
tissue of mice. Six splice variants were identified and efforts were also made to clone and
express the mu receptor MOR. Induced expression mu opioid receptor genes in pET28a (+)
vector and E.coli C41 (DE3) host yielded purified protein in large quantities, which could be a
good resource for future studies. Further, different databases and literature was searched to
identify these variants. In total 31 splice variants were identified and characterized. As the
crystal structure for mice mu receptors as well as ligands (BCM7/9) was unavailable in the
PDB databank, the strategy of homology modelling was utilized to generate their 3D structure.
For structure prediction, the sequences for major 12 mu receptor isoform were used, Three
templates (4n6hA, 5zbh, 4dklA), satisfying all the criterion for the stable structure were used
for homology modelling using I-TASSER. The homology of these templates with mu receptors
was 95-98% with percent identity and positivity score of >90 %. The generated model of mu
receptor was visualized using Chimera and PyMOLE Server. Using RAMPAGE Server, 98 %
residues of mu receptors were observed to be in the most favored regions indicating
energetically and sterically stable conformations of residues. The structures for BCM7 and
BCM9 ligands modelled by MODELLER serve, displayed DOPE score of 0.97 and 0.98,
respectively indicating good quality of structure prediction. The PDB files of ligand and target
receptor were uploaded to Patch Dock server for docking, using cluster RMSD at default value
of 4A°. Interacting amino acidic residues and prominent binding sites were predicted by
PDBsum server and LIGPLOT server respectively. Docking of BCM7/9 with mu receptors
indicated stable binding of BCM7 with mu receptors as compared to BCM9 in terms of
interacting amino acids (TYR %8, TRP 318, ASN 27 LYS 23 GLU 3% LEU 2%9), ligand and
protein atoms involve in hydrogen bonding (BCM7 = LYS 233 22249 BCM9 = LYS 233 G-
A, number of hydrophobic interacting amino acid residues (15 in case of BCM7 while 13 in
BCMO). The comparative energy minimization of docked model for u-OR-BCM7 (-191105.7
KJ/mole) and for u-OR-BCM9 (-1898520 KJ/mole) using YASARA server also indicated
greater binding affinity of BCM7 towards mu opioid receptor.This might explain the probable
ill effects of BCM7 in comparison to BCM9.
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Introduction




INTRODUCTION

Cow milk is considered as the best replacement of mother milk as it contains not only
proteins and carbohydrates but also has minerals and vitamins which are essential for growth.
The protein content in milk is 3.5% composed mainly of caseins (80%) and whey protein
(20%). There are 4 caseins in bovine milk including alpha S1 (a-S1), alpha S2 («-S2), Beta
(B-CN), and kappa (x-CN) contributing 39-46% , 8-11%, 25-35%, and 8-15% of total
caseins respectively. Another form is gamma-casein, which is actually a product of B-casein’s
degradation. Caseins are encoded by members of a multigene family. The genes encoding for
all the four caseins are found on bovine chromosome 6. Among the caseins, with 35%
contribution, B casein is the second most contributor after alpha S1 («-S1). The bovine -CN
gene has 12 different genetic variants (A1, A2, A3, B, C, D, E, F, H1, H2, I, G). The variants
Al and A2 are most studied. The SNP C to A; CCT (proline A2) to CAT (histidine, Al) at
amino acid position 67 is responsible for this variation. These two variants have gained
attention recently due to the association of these variants with human health (Elliot et al.,
1999; McLachlan, 2001).. There is a general belief that due to change from proline to
histidine, the secondary structure of beta casein is changed and the bioactive peptides
generated after digestion of A1/A2 milk are different. Gastrointestinal proteolytic digestion
of Al milk (histidine at position 67) releases a 7 amino acid bioactive peptide ‘opioid” known
as B-casomorphin7 (BCM-7), while digestion of A2 milk (proline at 67 position) releases
nine amino acid peptide BCM-9 (Roginski 2003; Kostya et al., 2004). The BCMs behave like
opioids and may have ill effects on human health. The main diseases associated with
consumption of A1l milk or precisely opioid BCM7 include type | diabetes mellitus, coronary
heart disease arteriosclerosis, Schizophrenia, autism and sudden infant death syndrome
(Elliot et al., 1999; Thorsdottir et al., 2000; McLachlan, 2001; Tailford et al., 2003; Sun et
al., 2003 and Woodford, 2008). However, the association of A1lmilk/BCM7 is based only on
the epidemiological evidences and experimental evidences to ascertain the association of

Almilk or bioactive peptides with human health are scanty.

The hypothesis is that the bioactive peptides, BCM 7/9 can mimic the effects of opioids and
demonstrate opioid and pharmacological activities. The opioid receptors are located in the
nervous, endocrine, and immune systems as well as in the intestinal tract of the mammalian
organism and can interact with their endogenous (BCMs) as well as with exogenous opioids
(Teschemacher, 2003). BCMs are p-receptor agonists and can have functional significance

(Trompette et al., 2003). For the experimental evidences to establish effect of milk derived
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bioactive peptides studies are being carried out using mice as model. However, to ascertain
the effectiveness of these models it is essential to study the structure of opioid receptor and
interaction with probable ligands (BCM7/9). Both BCM7 and BCM9 are exogenous opioid
agonist and unlike “typical” opioid peptides (endogenous), the beta-casomorphins are
“atypical” in the sense that N-terminal tetrapeptide of these ‘“atypical” opioid peptides
represents the minimum sequence required for full opioid activity (Brantl et al., 1979). In the
bovine BCM7, presence of tyrosine residue at the N terminal and a phenylalanine residue at
the 3" or 4™ position forms the motif, enabling it to bind to the opioid receptor
pharmocophoric residues. The proline present at the 2" position is crucial for the formation
of bioactive conformation of the peptide in order to bind to the receptors. The proline at 2"
position along with the pharmocophoric residues forms the “messenger sequence”. The
remaining C terminal sequence forms the “address sequence”. It has been shown that ligand
recognition requires pharmecophoric residues and aromatic ring (Filizola et al., 2001). In
human, opioid receptors belong to superfamily G-protein couple receptor (GPCR) which is
the largest family of integral trans membrane proteins coded by the human genome
(Rosenbaum et al., 2009).GPCRs facilitate most of the cellular transduction pathways usually
in response to hormones, neurotransmitters and environmental stimulants, and some bioactive
peptides. All G-proteins (GPCR) are made of seven transmembrane (7TM) helical segment
comprising of an extracellular N terminus (NH3), separated by alternating intracellular and
extracellular loop regions, and an intracellular C terminus (COOH) (Rosenbaum et al., 20009,
Pierceet al.,2002,Hanson et al., 2009). Opioid receptors have structural organisation similar
to receptors for epinephrine, dopamine, serotonin, and adenosine (Lagerstrom et al., 2008).
Among different opioid receptors, MORs are primary transmembrane receptor in the brain
responsible for binding of endogenous opioid neuropeptides (endorphin) as well as
exogenously administrated opioid compounds (morphine) (Kieffer et al., 2009, Moles et al.,
2004). Potent drugs such as morphine, heroin, fentanyl and methadone induce their
pharmacological effects and activation of cellular pathways through this receptor (Contet et
al., 2004).These mu receptors hold special importance for human health aspects as many
bioactive peptides generated from food act as ligands for these receptors and trigger the
different cellular pathways. Recently it has been observed that biomolecules generated after
digestion of bovine milk protein behave like opioid receptor ligands address opioidergic
systems and in the neonates, (Janecka et al., 2002). Bovine milk is an integral part of human
diet and hence it is pertinent to look into the interaction of bioactive peptides generated from

milk with mu opioid receptors and their probable effects on human health. For in vitro
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studies, it is important to clone and express the mu opioid receptors, so that large quantities
of proteins are available to study the interactions of receptors and milk derived bioactive
peptides. However, due to the hydrophobic nature, low natural abundance and lower stability
after extraction, the overexpression and purification of that protein is not very easy
(Sarramegna et al., 2003). The previous experiments have reported a very low expression of
MORs in different expression system such as bacteria (Stanasila et al., 1993, Weiss et al.,
2002), yeast (Andreet al., 2006, Grunewald S et al., 2004, Sarramegna et al., 2002), while
higher expression was reported in eukaryotic host systems (Akermoun et al., 2005, Hassaine
et al., 2006, Massotte et al., 1993). In few studies, expression of human mu (u), delta (8) and
kappa (k) opioid receptor has been reported in E.coli (Stanasila et al., 1999). In the present
study, efforts were made to clone and express the mu receptor in Pichia /Bacterial expression
system to get the quantities of proteins sufficient for in vito experimentation. Expression in
E.coli is easier and quick as bacterial expression system are easy to scale up and escapes
problems like posttranslational modifications and GPCR heterooligomerization with GPCRs
of the host cells (Maggio et al., 2005). However, most of the membrane protein are expressed
either in inclusion bodies or in pellet form and also sometimes are toxic to the host organism
leading to reduction in yields (Wagner et al., 2007). Thus in the previous studies molecular
cloning, expression and purification of mice MOR gene by heterologous expression in E.coli,
was carried out with his-tag. That is generally considered as an efficient strategy for
expression and purification in E.coli.In India 55% of cow milk production is contributed by
exotic/crossbred cows (Livestock-animal-husbandry-statistics 2018) which are known to
possess higher frequency of Al allele of beta casein as compared to Indian native cattle
breeds (Ikonen et al., 1997; Kaminski et al., 2006, 2006a; 2007; Olenski et al. 2010; Sodhi et
al.,. 2011, 2013; Mishra et al., 2009.), it is need of the hour to understand the mechanism of
binding of BCMs to MOR that the disease related pathways. However, till date not much
information is available on the characterization of mu receptors of mice distributed across
various cells and tissue types and their interaction with BCM7/9. Keeping in view the gaps of
knowledge, the present study was proposed with following objectives.

1. To characterize mu opioid receptor (MOR) and its splice variants in brain and

gut tissues of mice
2. To clone MOR in Pichia / Bacterial expression system for their over expression

and purification
3. To undertake interaction studies of MOR with BCM7/9 by in silico approach.
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Milk is regarded as natural source of proteins, minerals and vitamins. Cow milk generally
contains about 3.5 % proteins and more than 95% of these are constituted by caseins and
whey proteins remaining 5% include peptones/low molecular weight peptides milk fat
globule membrane proteins. Caseins, make up about 80% of the milk proteins and comprise
of alpha S1 (39-46% of total caseins), alpha S2 (8-11%), B (25-35%), and kappa (8-15%)
casein (Eigel et al., 1984). Whey proteins (20%) contain two major proteins alpha
lactalboumin and B lactoglobulin. (Marten et al.1994). It is important to study single
nucleotide polymorphism (SNP) located in the coding regions of genes as these variations
lead to differences in quality or quantity of milk. Amongst the caseins, beta casein (B-casein)
ranks second most abundant protein in bovine milk (40%). B-casein is a source of active

peptides, mainly opioids (Bell et al. 2006; Givens et al. 2013; Nguyena et al. 2015).
2.1 Contribution of milk

It also contains immunoglobulins, hormones, growth factors, cytokines, nucleotides, peptides,
polyamines, enzymes and other bioactive peptides. Milk and milk products are considered as
functional foods, as these have a direct and significant effect on health (Marshall et al.,
2004). Milk and other dairy products have been recognized as important foods as early as
4000 BC as evidenced by stone drawings from the Sahara desert. It is one of the most
important components of the human diet in the Western world in Asia. It is considered to be
the only food that contains almost all substances known to be essential for human nutrition
(Laakkonen and Pukkala et al., 2008). Milk makes a significant contribution to meeting the
body’s needs for calcium, magnesium, selenium, the B-group vitamins (thiamin, riboflavin,
niacin, vitamin B6, and folate), and provides vitamin A, vitamin C, magnesium, and zinc as
well (Table 2.1) (Jelen et al., 2005). Worldwide the major sources of milk are cow, buffalo,
goat, sheep and camel. Across the globe, amongst different livestock species, cow milk
contribution is 83.1% while in Indian it is 45.1% (Fig 2.1).

B-casein is the second most prevalent protein in milk after a-casein. The gene coding for 3-
casein (CSN2) is located on the 6th bovine chromosome among the cluster containing other
casein genes i.e. a-casein and k-casein. The nutritive value of bovine caseins is not only
determined by their amino acid content but also by bioactive peptides which are encrypted in
an inactive form within the proteins and released during in vivo or in vitro digestion [-casein

is the second most prevalent protein in milk after a-casein. The gene coding for [3-casein



(CSNZ2) is located on the 6th bovine chromosome among the cluster containing other casein
genes i.e. a-casein and k-casein. The nutritive value of bovine caseins is not only determined
by their amino acid content but also by bioactive peptides which are encrypted in an inactive
form within the proteins and released during in vivo or in vitro digestion (Korhonen &
Pihlanto, 2006; Park 2009). In the human, these bioactive peptides may act as hormone-like
regulatory that may affect specific physiological functions (Kostyra et al. 2004; Silva and
Malcata 2005). Bovine are a source of bioactive peptides that manifest antimicrobiological,
antihypertensive, antithrombotic, immunomodulatory and mineral-binding activities (Clare
and Swaisgood 2000; McLachlan, 200; Phelan et al. 2009).
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Fig: 2.1 Percentage contribution of milk by different livestock species

Table 2.1 Comparison of nutritional value of mother milk and cow milk

Nutrients (per cup) Mother’s Milk Cow’s Milk
Calories 172 146
Protein (g) 2.5 7.9
Fat (g) 10.8 7.9
Saturated fat (g) 4.9 4.6
Monosaturated fat (g) 4.1 2.0
Polysaturated fat (g) 1.2 0.5
Carbohydrate (g) 17.0 11.0
Folate (mcg) 12 12
Vitamin C (mg) 12.3 0
Sodium (mg) 42 98
Iron (mg) 0.07 0.07
Calcium (mg) 79 276

2.1.1 Beta casein and bioactive peptides

Different bioactive peptides are produced after digestion of beta casein (Table 2.2) and
amongst these; opioid B-casomorphin-7 generated from digestion of specific type of beta
casein has been a focus of attention. The genetic variants in the beta casein are the reason

behind generation of these diverse bioactive peptides.



Table 2.2 Bioactive peptides of bovine milk

Name Sequence Fragment | Bio-activity/Function

Beta-casomorphin 5 YPFPG 60-64 Opioid agonist

Beta-casomorphin 7 YPFPGPI 60-66 Opioidagonist, immunomodulatory,
cytomodulatory, ACE inhibitory

Beta-casomorphin 9 YPFPGPIPN 60-68 Opioid agonist

Beta-casomorphin 11 | YPFPGPIPNSL | 60-70 Opioid agonist

Immunopeptide PGPIPN 63-68 Opioid agonist

2.1.2 Bioactive peptides from Different types of milk

A1/A2 type of milk differ in the type of beta casein and Al and A2 variants of bovine f3-
casein differ at amino acid position 67 with histidine in Al and proline in A2 milk. This
polymorphism leads to key conformational changes in the secondary structure of expressed
[B-casein protein. Due to presence of histidine at amino acid 67 position, gastrointestinal
proteolytic digestion (leucine aminopeptidase, elastase and carboxypeptidase Y) of Al B-
casein (raw/processed milk) releases a 7 amino acid bioactive peptide ‘opioid’ called beta-
casomorphin 7 (BCM-7) in small intestine, while proline in A2 milk at 67 position prevents
the split at this particular site and generates nine amino acid peptide BCM-9 (Roginski et al.,
2003; Kostyra et al., 2004). In hydrolyzed milk with Al beta-casein variant, BCM-7 level is
4-.fold higher than in A2 milk.

The word casomorphin suggest the opiate properties similar to morphine that includes
affinity to opioid receptors, especially the MOP (u-opioid receptor peptide). The beta-
casomorphine-7 has been identified as the “atypical” opioid peptide and exerts its influence
on nervous, digestive, and immune functions via the MOR. In addition to BCM7/9, digestion
of beta casein results in the release of other encrypted casomorphins along with other
peptides including the non-opioid peptides (BCM5, BCM11, and Immunopeptides). The
BCM-9 is also an opioid agonist but with lesser affinity for p opioid receptor. The BCM-5,
which is the more potent than BCM-7 and BCM-9, is primarily released from further
proteolytic digestion of BCM-7 and BCM-9 by brush border peptidases.

Both in vitro and in vivo studies have suggested the absorption and transport of BCM-7
across epithelial barrier of small intestine. The opioid receptors (mu opioid receptors and
delta opioid receptors) are widely distributed over the intestinal lining. Once the BCM-7 is
formed in GI tract, it comes in contact with brush border of enterocytes. The brush border

peptidase i.e. DPP IV (Dipeptidyl peptidase 1V), is a cell-surface protease belonging to the
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prolyloligopeptidase family which primarily metabolize BCM-7. Moreover, DPPIV is known
to restrict activity of proinflammatory peptides. BCM7 is considered to modulate an immune
response by affecting MOR and DPPIV genes expression. The weak activity of DPP IV in
infants suggests the severity of symptoms arising from intact beta-casomorphine-7. In either
cases i.e intact BCM-7 or hydrolysed to smaller peptides, they cross the epithelial barrier as
evident from in vivo study on Caco-2 cell line. None of the in vitro studies have indicated the

presence of BCM-7 in detectable amount in adult human’s plasma; but has been detected in



infant plasma and urine. In vivo studies on newborn pups and calves have demonstrated
immuno reactive beta-casomorphine to be transported across epithelial cell membrane.
Hence, BCM-7 can pass through intestinal barrier in neonates as they have increased
permeability for improved nutrient absorption. However intestinal permeability reduces as
the age progresses. Also in adults with compromised digestive health or conditions such as
celiac disease, stomach ulcers or autism have increased intestinal permeability which means
that BCM-7 can enter the bloodstream more easily in adults as well. But in the case of BCM-
9, there are no studies suggesting the trans-epithelial movement. The difficultly for beta-
casomorphines to pass the epithelial membrane is may attributed to the high hydrophobicity

value of the peptide.
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Fig 2.4 Enzymatic digestion of Al and A2 variants of bovine beta-casein.

2.1.3 Regulatory mechanism of milk derived peptides

Beta-casomorphines (beta-casomorphine-7, 9), are exogenous opioid agonist. Unlike a
“typical” opioid peptide (endogenous), the beta-casomorphinesare “atypical” in the sense that
N-terminal tetrapeptide of most “atypical” opioid peptides represents the minimum sequence
required for full opioid activity (Janecka et al., 2004) . The beta-casomorphine-7 was
identified as the “atypical” opioid peptide by (Brantl et al., 1979). In the bovine beta-
casomorphine-7 ,presence of tyrosine residue at the N terminal and a phenylalanine residue at
the 3" or 4™ forms the motif enabling it’s binding to the opioid receptor, which are
pharmocophoric residues. The proline present at the 2" position is crucial for the formation
of bioactive conformation of the peptide in order to bind receptor. The proline at 2" position
along with the pharmocophoric residues forms the “messenger sequence”. The remaining C
terminal sequence forms the “address sequence” (Boutrou et al, 2013), Whereas in the case of
human beta-casomorphine-7, only the 4™ and 5" position is replaced by valine and glutamine

instead of proline and glycine respectively. Since, there is no change in the messenger
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sequence and pharmacophoric residues, the basic opioid activity and affinity for serotonin
receptor remains the same as in the case of bovine casomorphine-7. The BCMs binds to
opioid receptors with high affinity for p type opioid receptor (MOR). The MOP receptor have
numerous effect on physiological processes upon activation by endogenous or exogenous
opioid ligands .They have been identified on cell surfaces of various cells and tissue types in
central nervous system, apart from that MOR have been characterized on cell surfaces of
gastrointestinal tract , immune cells and pancreatic cells.. The receptor is a seven trans
membrane spanning domain coupled to G inhibitory protein. After binding of exogenous
ligand such as BCM-7, the Ggy subunit dissociates from G, and various intracellular

pathways are initiated (Fig.2.5).
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Fig 2.5 The fate of milk consumed for beta-casomorphine-7 formation and effects exerted by beta-
casomorphine-7 on various organs.

Another class of mechanism is by the virtue of non-opioid mediated effects of milk derived
peptides. Among the [-casein derived peptides, beta-casomorphine-7 (YPFP GPI), beta-
casokinin (YQQPVLGPVR), caseinophospopeptides (RELEELNVPGEIV ESLSSSEESITR
and KNTMEHVSSSEESIISQETYKQEKNMAINPSK) and immunopeptides (PGPIPN and
LLY) have immunomodulatory function. These peptides are reported to inhibit lymphocyte
proliferation and inflammatory responses (Brantl et al., 1979). Several studies have indicated
the physiological effects of B-casomorphin immunoreactive material (BCMIR) in neonates
(canines), but not in the adults (Janecka et al., 2004, and Yamazaki et al., 1993). This
indicates the physiological significance of beta-casomorphines in early developmental stage
of infants. In the either ways the beta-casomorphines and other bio-peptides from milk are
able to elicit responses apart from the nutritional aspects. So, it is must to evaluate the effect
of these peptides on different tissue types and metabolism. Another point need to clarify is,
whether there are any combitorial effects of various beta-casomorphines and other

immunopeptides derived from milk.



2.2 Pharmacologically defined p-receptor subtypes

It was suggested that morphine like ligands bind with higher affinity to ul receptors (Ling
GS et al., 1985, Andoh T et al., 2008). Proposed distribution, pharmacology and function of
putative receptor subtypes of the MOP (mu-opioid receptor peptide), DOP (delta opioid

receptor peptide), and KOP (kappa opioid receptor), receptors is given in (Table 2.3).

Table 2.3 Pharmacologically defined p-receptor subtypes

Pharma | Distribution Possible Other relevant ligands Function/effect

cological discriminatory

subtypes ligands

pl Brain, spinal Naloxonazine Morphine (agonist), TRIMU-5 Analgesia
cord, (antagonist) (antagonist), B-FNA (antagonist),
periphery Dihydromorphine (agonist),

Naloxone (antagonist),
Nalorphine (anagonist) Codeine
(agonist), Oxycodone (]agonist)

u2 Brain, spinal TRIMU-5 (agonist), Morphine (| agonist)*, naloxone | Analgesia, Gl
cord, M6G (agonist) (] antagonist)*, transit,
periphery Dihydromorphine (| agonist)*, B- | respiratory

FNA (antagonist), M6G depression,
(agonist), heroin (agonist), itching

u3 Immune cells, | (opioid peptide Morphine (|agonist)*, naloxone | Various
amygdala, insensitivity) (| antagonist)*, dihydromorphine | including NO
peripheral (] agonist)*, B-FNA (antagonist), | release
neural,

ol Brain, DPDPE (agonist), Enkephalin (agonist), deltorphin- | Analgesia,
periphery BNTX (antagonist), D (agonist), naltrexone cardioprotection

DALCE (antagonist) (antagonist)

32 Brain and Deltorphin-II (agonist), | Enkephalin (agonist), deltorphin- | Analgesia,

spinal DSLET (agonist) 5- D (agonist), naltrexone cardioprotection,
NTII (antagonist), (antagonist), deltorphin-11 thermoregulatio
Naltriben (antagonist) | (agonist) n

kla Brain (nucleus | Dynorphin A (agonist), | nor-BNI (antagonist), U69,593 Analgesia,
accumbens, U50,488H (agonist) (agonist), feeding
neocortex,
cerebellum)

klb Dynorphin B (agonist),

a-neoendorphin
(agonist)

K2a Brain nor-BNI (|antagonist)*, Analgesia,
(hippocampus, bremazocine (agonist) diuresis,
thalamus, neuroendocrine
brainstem)

K2b Leu-enkephalin

(antagonist),
oxycodone (agonist)
K3# Brain NalBzOH Nalorphine (agonist), nor-BNI Spinal analgesia,
(lantagonist)* peripheral
effects

Abbreviations : Opioid receptor: Mu(ul ),delta (51), kappa(xla), mu-opioid receptor antagonist, L-tyrosyl-N-{[(3-
methylbutyl)amino]acetyl}-D-alaninamide (TRIMU-5), inhibitory effect (lagonist)* and (| antagonist)* f-FNA(beta-

Funaltrexamine antagonist of mu-opioid receptor).
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2.3 Molecular mechanism of opioid receptor dependent signaling and behavior

Opioid receptors are expressed in different regions of brain including medulla, locus
coeruleus, and periaqueductal gray area. They are also expressed in limbic, midbrain, and
cortical structures. The activation of opioid receptors at these locations directly inhibits
neurons, which in turn inhibits spinal cord signal transmissions (McNicol et al., 2003). All
four opioid receptors (MOP, DOP, KOP and ORL-1) are seven-transmembrane spanning
proteins that couple to inhibitory G proteins. After being activated by an agonist such as the
endogenous opioid peptide endorphin, or exogenous agonists, such as betacasomorphins,
morphine and fentanyl; the Go. and GBY subunits dissociate (Fig 2.6) from one another and

subsequently act on various intracellular pathways. (Childers et al., 1979).
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Fig. 2.6 Molecular mechanism of opioid receptor dependent signaling

2.3.1 Molecular mechanisms of opioid tolerance

To date, the molecular and cellular mechanisms mediating the development of tolerance to
morphine remain a matter of controversy. Traditionally, it was thought that the down
regulation of opioid receptors after chronic agonist exposure induces tolerance, as reported in
in vitro studies. (Dang et al., 2012) However, recent in vivo studies show that down-
regulation does not occur consistently with each and every agonist and may not completely
explain tolerance. In light of these findings, it has been suggested that MOR proteins are in
fact not down regulated but instead may be desensitized and uncoupled from downstream
signalling pathways (Hasani et al., 2011). It has been observed that after chronic morphine
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exposure, levels of the second messenger CAMP are increased. However, this elevation in
cAMP may not be attributable to opioid receptor uncoupling from inhibitory G proteins but
instead could reflect cellular adaptive changes, including the up-regulation of adenylyl
cyclase, protein kinase A, and cAMP response element-binding protein. (Hasani et al., 2011)
It is this ineffective regulation of CAMP by morphine that some believe induces tolerance. It
has also been proposed that the regulation of opioid receptors by endocytosis reduces the
development of tolerance and therefore serves a protective role. (Hasani et al., 2011) After
endocytosis, the cellular response is desensitized to the agonist, but the receptors can be
recycled to the cell surface in an active state, resensitizing the receptor to the agonist.
Morphine-activated opioid receptors signal for long periods of time, thereby enhancing the
production of cAMP, which is thought to result in tolerance. In vivo studies have shown that
facilitation of MOR endocytosis in response to morphine prevents the development of
morphine tolerance.( Hasani et al., 2011) In addition, it has been shown in vivo that the lack
of arrestin 2 prevents the desensitization of MOR after chronic morphine treatment, and these

mice also failed to develop ant nociceptive tolerance(Hasani et al., 2011).

Present studies have identified how ligand-directed responses, more commonly known as
biased agonism, are crucial in understanding the complexity of opioid-induced tolerance. The
work of Bohn and colleagues showed how arrestin 1 and arrestin 2 differentially mediate the
regulation of MOR. arrestins are required for internalization, but only arrestin 2 can rescue
morphine-induced MOR internalization, whereas both arrestin 1 and arrestin 2 can rescue [d-
Ala2, N-Me-Phe4, Gly-ol5] enkephalin (DAMGO)-induced MOR internalization. These
findings suggest that MOR regulation is dependent on the agonist and may be critical in

understanding the mechanism involved in the development of tolerance.
2.3.2 Opioid receptors and arrestin recruitment

Phosphorylation by GRK-2 or -3 of and opioid receptors leads to arrestin 2 or 3 recruitment.
Arrestin molecules are key proteins that bind phosphorylated GPCRs to regulate their
desensitization, sequestration, and sorting and ultimately assist in determining receptor fate.
Opioid receptors are regulated by arrestin 2 and arrestin 3 binding (also called arrestin 1 and
arrestin 2, respectively), and this interaction depends on the model system and agonist
treatment procedure. Mice lacking arrestin 3 have been shown to have a reduced tolerance to
opioids such as morphine, suggesting that MOR regulation requires arrestin (Walwyn et al.,
2010). With the use of surface plasmon resonance methods, glutathione s-transferase pull-

down assays, and classic immune precipitation methods, the C-terminal tails of DOR, MOR,
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KOR have been shown to be crucial for arrestin 2 or 3 binding. C-terminal carboxyl mutant
opioid receptors have been studied widely, and these serine mutant receptors show decreased
agonist-induced receptor internalization and arrestin recruitment. Dominant positive arrestins
(such as Arrestin- 2-R169E or Arrestin-3-R170E) that bind the non-phosphorylated receptors
can rescue internalization of serine mutated MOR/DOR/KOR, (Bruchas et al., 2006) further

implicating arrestin dependence in opioid-receptor trafficking.
2.4 Epigenetic effect of casein derived opioid peptide

Casein-free, gluten-free diets have been reported to mitigate some of the inflammatory
gastrointestinal and behavioral traits associated with autism, but the mechanism for this
palliative effect has not been elucidated. We recently showed that the opioid peptide beta-
casomorphin-7, derived from bovine (0 BCM7) milk, decreases cysteine uptake, lowers levels
of the antioxidant glutathione (GSH) and decreases the methyl donor S-adenosylmethionine
(SAM) in both Caco-2 human Gl epithelial cells and SH-SY5Y human neuroblastoma cells.
While human breast milkcan also release a similar peptide (hBCM-7), the bBCM7 and
hBCM-7 vary greatly in potency; as the bBBCM-7 is highly potent and similar to morphine in
it's effects (Fig. 2.7). Since SAM is required for DNA methylation, we wanted to further
investigate the epigenetic effects of these food-derived opioid peptides. In the current study
the main objective was to characterize functional pathways and key genes responding to
DNA methylation effects of food-derived opioid peptides. Casein and gluten-derived opioid
peptides decrease excitatory amino acid transporter 3 (EAAT3)-mediated cysteine uptake by
human GI epithelial cells and human neuronal cells in a dose dependent manner, resulting in
redox and epigenetic consequences via their capacity for p-OR activation (Trivedi et al.,
2014). Epigenetic regulation of gene expression is of particular importance during early
development when changes in DNA or histone methylation status can exert lifelong and even
trans generational effects (Bird et al., 2007). Thus milk derived opioid peptides may exert an
important epigenetic influence with extended consequences. It is noteworthy to mention that
the human form of BCM-7 was far less potent as compared to the bovine form of BCM-7 in
cysteine pathway inhibition and histone methylation.

Inhibition of cysteine uptake, inducing oxidative stress as well as decreased SAM levels.
With regard to neural development, epigenetic regulation can influence neural stem cell
differentiation as well as neuronal plasticity and/or neuronal maturation, which are

particularly prominent during fetal and early postnatal development (LaSalle et al., 2007).
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Fig.2.7 The effects bBCM7, hBCM-7 and morphine vary greatly in DNA methylation

We previously highlighted the critical role of prenatal and postnatal epigenetic programming
in the redox-based linkage between GlI, brain, and immune systems, which could potentially
contribute to the etiology of autism and other disorders (Waly et al., 2012). These redox-
based metabolic and epigenetic changes have not only been identified in early developmental
and neurological diseases (Morgan et al.,2006), but also characterized in diseases arising
across the lifespan, including immunological ((Waly et al.,2012)) and neurodegenerative
disorders (Flight et al.,2007). Opioids and their receptors have an important role in analgesia
and alcohol and substance use disorders (ASUD). We have identified several naturally
occurring amino acid changing variants of the human mu-opioid receptor (MOR), and
assessed the functional consequences of these previously undescribed variants in stably
expressing cell lines. Several of these variants had altered trafficking and signaling
properties. We found that an L85 variant showed significant internalization in response to
morphine, in contrast to the WT MOR, which did not internalize in response to morphine.
Also, when L85I and WT receptor were expressed, WT MOR internalized with the L85I
MOR, suggesting that, in the heterozygous condition, the L851 phenotype would be
dominant. This finding is potentially important, because receptor internalization has been
associated with development of tolerance to opiate analgesics. In contrast, an R181C variant
abolished both signaling and internalization in response to saturating doses of the hydrolysis-
resistant enkephalin [D-Ala2, N-MePhe4, Gly5-ol] enkephalin (DAMGO). Co-expression of
the R181C and WT receptor led to independent trafficking of the 2 receptors. S42T and
C192F variants showed a rightward shift in potency of both morphine and DAMGO, whereas
the S147C variant displayed a subtle leftward shift in morphine potency. These data suggest

that these and other such variants may have clinical relevance to opioid responsiveness to
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both endogenous ligands and exogenous drugs, and could influence a broad range of

phenotypes, including ASUD, pain responses, and the development of tolerance to morphine.
2.5 Structure and function of MOR agonist

Structurally, these beta casomorphins behave like opioids like morphine. Morphine is
primarily an agonist ligand for the p-opioid receptor (Fig. 2.8). Its affinities for § and k
receptors are sufficiently low but its affinity for p —opioid receptor is very high that it is used
as a selective p-receptor ligand in pharmacological studies (Takemori et al., 1987).
Betacasomorphine are bioactive compound have ability to elicit downstream signaling as like
morphine. In betacasomorphine aromatic amino acid provides a pharmecophoric binding
residue. The crystal structure of some bioactive peptides including bovine rhodopsin (PDB
ID: 1ul9), squid rhodopsin (PDB ID: 2z73), $1- adrenergic receptor (PDB ID: 2vt4), and B2-
adrenergic receptor (PDB ID: 2rhi), and A2A adenosine receptor (PDB ID: 3eml).All the
crystal structure of bioactive peptide generally belong to the superfamily of G-protein couple
receptors (GPCRs). The quality of the initial models was evaluated using Molprobity (Fig.
2.9), which evaluates the accuracy of macromolecular structures through analysis of contacts

and evaluation of dihedral angle combinations (Davis et al., 2007).

Fig.2.8 Crystal structure of bioactive peptide. [A] Bovine rhodopsin (PDB ID: 1ul9), [B] B2-

adrenergic receptor
2.6 Molecular docking

Docking is a very versatile method which predicts the preferred orientation of one molecule
with respect to other in a stable complex. Binding affinity and interacting residue strength of
the complex can be known from docking. The relations between biological entities like

proteins, nucleic acids, carbohydrates and lipids play a key role in signal transduction
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process. The relative conformational change of protein and ligands molecules can affect the
strength of the signal transduction. Hence molecular docking is used to find both the binding
affinity strength and type of the signal produced. Docking plays an important role in drug
designing as well drug delivery. It is used to predict the binding orientation, affinity and
activity of drugs with respect to their protein targets. The major function of molecular
docking in pharmacological study of many drugs. Present days, opioids are generally used to
control the pain. There are three subtypes of opioid receptors — mu, delta and kappa. The mu-
opioid receptor sare high binding affinity to target protein (BCMs) .Naloxone is a
competitive antagonist to mu opioid receptor. Beta-casomorphins especially BCM-7 has
highest affinity for MORs opioid receptor and least affinity for kappa 1 opioid receptor. The
order of its affinity for opioid receptors is: mu 1 > mu 2 > delta > kappa 1. Docking studies

were performed on mice mu-opioid receptor as well human opioid receptor.

HO

TMS5 TM4

Agonist ®

TMG
T™™3

H
H O\\\“‘ ‘

Fig. 2.9 Molecular structure of morphine (agonist)

Molecular docking of morphine to the model structure and comparing the identified binding-
pocket residues with prior mutagenesis and binding studies. To evaluate the structural
integrity of the crystal model structure, we performed all-atom molecular dynamics
simulation of the model structure in GROMACS (Lindahl et al., 2001) using a modified
Gromos96 force field for the protein, lipid, and morphine (Chandrasekhar et al.,
2003;00stenbrink et al., 2005; Schuttelkopf and van Aalten, et al., 2004). The GROMACS
software most widely used in study of interaction and energy minimization of crystal model
structure. The in silico structural model to identify high-affinity ligands using structure-based
drug screening methods, it is crucial to accurately model the ligand binding pocket of the
receptor. The molecular dynamics simulations of MORL1 receptor with morphine, a widely

clinically used opioid agonist.
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2.6.1 MORs binding and interaction study

Opioid receptors are belong to the large family of 7-transmembrane G protein-coupled
receptors and have high sequence homology. Opium is one of the world’s oldest drugs, and
its derivatives morphine and codeine are among the most used to relieve severe pain. These
prototypical opioids produce analgesia as by binding to and activating the G-protein-coupled
receptor associated p-opioid receptor (LWOR) in the central nervous system. Here we describe
the crystal structure of the pOR in complex with an irreversible morphine antagonist.
Compared to the binding pocket observed the binding affinity of MOR with morphine agonist
and antagonist opioids. These high-resolution insights into opioid receptor structure will
enable the application of structure-based approaches to develop better drugs for the
management of pain and addiction. There are three major opioid receptors for morphine and
related compounds: the p, 6 and « opioid receptors. Out of these, the p-opioid receptor
(MOR) is the main site of morphine binding in the brain (Pasternak et al., 2001; Wood and
lyengar, 1988).

The MOR is responsible for morphine-mediated analgesia (spinal and supraspinal),
hypothermia, respiratory depression, intestinal motility changes, tolerance and withdrawal
(Loh et al., 1998; Matthes et al., 1996; Schuller et al., 1999; Sora et al., 1997; Tian et al.,
1997). Most of the MOR splice variants are originated at the downstream of Oprm1 promoter
region (Pan et al. 2001) recent study reported 8 splice variants originating at the upstream
promoter. Three of these new variants (MOR-1H, MOR-11, MOR-1J) encode theMOR-1
isoform in addition to novel peptides encoded by upstream open reading frames (Pan et al.,
2001). The transcript variants of MOR are capable of strongly binding morphine in vitro and
are expressed throughout the brain as well as central nervous system (Abbadie et al., 2000;
Pan et al., 1999, 2000, 2005). Opioid peptides affect a number of physiological functions
including hormone secretion, neurotransmitter release, feeding, gastrointestinal motility, and
respiratory activity (Pasternak,. 1988). Opioid are also useful in controlling the extensive
physiological, behavioral, and pain. MOR display the characteristic binding affinities for
various selective ligands (Fig. 2.10). The opioid receptors (MOR) that bind the enkephalin
peptides are expressed most predominantly in the basal ganglia, striatum, and cerebral cortex
(Mansour et al., 1988; Wood et al., 1988). The major class of opioid binding sites is
represented by the u opioid receptor. It functions as the physiological target of such potent
exogenous opioid such as morphine and fentanyl, as well as the endogenous opioid peptides

B-endorphin, enkephalins, and dynorphins. The [ opioid receptor are also effectively
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implicated in analgesia (Wood and lyengar, 1988). Opioid drugs with high abuse liability

such as morphine and fentanyl, all bind selectively to the p opioid receptor.

Characterization and interactions of MORs may help to understand the downstream
signalling pathway and cause the selective activation of particular signalling and regulatory

pathways.

Alternative splicing of a
common gene product

Putative opioid
receptor subtypes
pil-3,%1-2, K1-3

Interaction of a common
gene product with
signalling proteins -
Biased agonist

Receptor dimerization

Fig. 2.10 Schematics of p-opioid receptor interaction
2.7 Expression of a Membrane-inserted OPRM in bacterial system (E.coli)

Mu opioid receptor belongs to the super family of G protein-coupled receptors (GPCRs).
GPCR represents the largest gene family of mammalian genome which account for up to
50% of all drug targets including cardiovascular and gastrointestinal diseases, central nervous
system and immune disorders, cancer and pain (Fredriksson et al., 2003). On present days,
there are four major different types of Opioid receptors including mu, kappa, delta, OPR-1
(Singh et.,al 1997). Out of four opioid receptors mu opioid receptor is activated by
endogenous opioid peptides such as Beta endorphins and exogenous alkaloid such as

morphine.

The expression of membrane protein various E.coli strains (RP, RIL, C41, and C43) were
used to screen for expression of the target protein. At high temperature (37°C), the N-
terminal his-tagged OPRM was found to be produced both in inclusion bodies and in
membrane-inserted form.it was observed that only C41 cells show a low expression level of
the target protein. For other cells OPRM was increased at higher expression levels in
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inclusion bodies. In the case of expression in RIL cells 30-50% of OPRM was degraded into
a large N-terminal fragment (ca. 18 k Da).It was observed that induction with IPTG at 37°C
severe foam formation with loss of cell density. Thus the expression of OPRM was found to
be toxic. Very slow growth of culture was observed for induction at 18°C. These results
indicated a proper harvesting time and induction period should be optimized at 18°C. The
proper induction time of target protein less than 10hrs maximized the cell yield of culture
(final OD at 600nm= 225, cell pallet >8g/l in all case. The expression of OPRM was
optimized with IPTG concentration (0.2mM-1mM). At 0.4mM IPTG concentration was
found to effectively induce the expression of OPRM while increasing the IPTG concentration
led to degradation of the protein or to the formation of inclusion bodies. OPRM was obtained
in the membrane fraction. The optimal expression level of OPRM was determined to be 0.3—
0.5 mg/litre of culture by complete solubilistion of the protein in the membrane fraction
under denaturing conditions with 6 M urea and 0.8% laurylsarcocine. Verities of detergents
were used for solubilistion and extraction of OPRM from E.coli membrane and as controls:
Zwitterion detergents (1% (w/v) LDAO, 1% (w/v) Fos-12), non-ionic detergents (1% (w/v)
DDM, 1% (w/v) Cy6) and anionic detergent (1% (w/v) SDS, 0.8% (w/v) laurylsarcocine
with/without 6 M urea).Adding Urea with detergent showed very good solubilisation
efficiency. Extraction of OPRM with SDS, laurylsarcosine alone, or 6 M urea with 0.8%

(w/v) laurylsarcosine proved to be most efficient.
2.7.1 Isolation of OPRM

Isolation of membrane protein OPRM was carried out with several purification processes
such as affinity chromatography, ionic exchange chromatography and size exclusion
chromatography. lonic Exchange chromatography was not as good as other chromatography
because it was given limited value in purification of the membrane protein especially when
solubilised with an ionic or zwitterionic detergent. OPRM extracted from membrane was
isolated through metal chelate affinity chromatography (NI-NTA) two times, followed by
size exclusion (Superdex 200) chromatography. In the first isolation step the majority of
OPRM can be captured by Ni- NTA. A second Ni-NTA chromatography of the diluted
sample improves the purity to ca. 85%. N-terminal his-tag, OPRM protein was found at
position of 38 kDa on 12% SDS-PAGE, though the expected Mw is 46kDa. Most of the
GPCRs proteins were found to migrate anomalously smaller than expected on SDS-PAGE
due to their hydrophobicity and compact structure (Grisshammer et al., 1995). Natively

purified OPRM receptor was categorized from bacterial membrane by circular dichroism.
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The secondary structure of purified target protein after gel filtration was determined by CD
data from the far-UV spectrum in the 200-250nm range by K2D convolution. The purified
folded protein was characterized to have a secondary structure including 46+5% alpha-helix.
The binding of OPRM to natural ligand endomorphine-1 is achieved by Plasmon surface
resonance. Initially about 8000Ru of OPRM (46kDa) were bound to the Ni-NTA chip. By
increasing the concentration of agonist EM-1 to the immobilized OPRM increase the binding
signal which confirms the agonist binding capacity of OPRM. After induction at 37°C for 4h
large amounts of OPRM were overproduced in RIL cells. The specific degradation of OPRM
18 kDa of N-terminal was present when expressed with in RP and RIL cells at 37°C. RPIL
and RP cells overexpressed after cleaved by protease (18 kDa) where as C41 and C43 cells
direct the protein only into Inclusion bodies. The effectiveness of two E.coli strain C41
(DE3) and C43 (DE3) in over express in toxic and membrane protein (Miroux et al., 1996).
Compare with other E.coli strain Rp and RPIL, BL21 (D3), C41 and C43 strain were
observed to yield more membrane mass per cell mass. Over expression C41 (DE3) and C43
(DE3) was found to be superior for over expressing toxic and membrane protein. The over
expression of OPRM was largely tolerated by C43 with the condition of 0.4 mM IPTG at
18°C for 8-12 hrs. This finding is potentially important, because mu opioid receptor has been

associated with development of tolerance to opiate analgesics.
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CHAPTER -3

Materials & Methods




MATERIALS AND METHODS

To sequence characterize the p-opioid receptor from the mice, the cDNA was amplified from
brain and gut tissue samples of C57/bl6 mice. The variant which showed maximum
expression was cloned and purified. The information on different transcript variants of p-
opioid receptors was also collected from literature. In silico analysis was carried out to
understand the structural-functional properties of these receptors and their interaction with

different ligands.

3.1 To characterize mu opioid receptor (MOR) and its spliced variants in brain and gut

tissues of mice
3.1.1. Chemicals, Enzymes, Solutions, Buffers and Equipments

All chemicals/ reagents used in the present study were of molecular biology grade. Details of
the chemicals, restriction enzymes, buffers and major equipment’s used in the present study

are listed in Appendix I.
3.1.2 RNA isolation from brain and gut

I. Tissue samples from brain and gut were collected in Trizol after dissection of mice and

RNA was isolated using the following protocol

e The trizolated frozen mice tissue (Brain and gut) were thawed and homogenized w
(Cole Parmer, USA).

e Added 1pl of linear acrylamide and vortexedthesample, then centrifugedat 4°Cat
10,000 rpm for 10 min. The acrylamide was added at the rate of 1l / ml Trizol

e The upperphase was transferred to a fresh 1.5ml microcentifuge tube. Added 200 pl
chloroform/ml Trizol, mixedvigorously for 30 seconds. The contents were incubated at
room temp for 2-3 min.Centrifuged again at 10,000 rpm for 10 min. at 4°C.

e The top layer (containing RNA) was gently aspirated without disturbing the interphase,
and transferred to a fresh 1.5ml microcentifuge tube.

e To the aqueous phase, added 600ul acid: phenol: chloroform (5:1) for denaturationand
thereafter centrifuged at 13,000 rpm for 15 min under cold conditions (4°C).

e Separated the upper phase and collected in a fresh tube. Added500ul of isopropanol
and keptat room temperaturefor 30 minutes. Centrifuged the mixture at 15,000 rpm for
15 min at 4°C.
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Discardedthe supernatant, added 1ml of 75% ethanolto the pelletto wash RNAand
thereafter vortexed for 1 min. The contents were centrifuged at 15,000g for 5 min at
4°C. Discarded the supernatant and pellet was stored.

The RNA pellet was kept at 42°C for removal of ethanol for 10-15 min and dissolved
in 40-60 ul RNA storage solution (ImM Na-citrate). Measured O.D of RNA using
Nanovue plusfor quantification and use in further studies.

I1. Purification of RNA

RNeasy Mini Kit column (Qiagen, Germany) was used to remove the traces of genomic DNA

followed by on column digestion with RNase free DNase enzyme. The purification of RNA

was performed using manufacturer protocol with minor modifications:

Each sample was adjusted to a volume of 100l with RNase-free water. Added350ul
of buffer RLT and mixed well. Further, added 250ul ethanol (96-100%) to the diluted
RNA, and mixed well by pipetting carefully.

To RNeasy spin column, 350ul buffer RW1 was added and centrifuged for 15 sec at
10,200 rpm to wash the spin column membrane. The flow-through was discarded.
Again, 350pl of buffer RW1 was added to the RNeasy spin column and centrifuged for
15sec at 10,200rpm. The flow-through was discarded.

The samples were then transferred (700ul) to an RNeasy Mini spin column and
centrifuged for 15 sec at 10,200 rpm.

500ul RPE buffer was added to the RNeasy spin column to wash column
membraneand then centrifuged for 15sec at 10,200 rpm.Repeat the washing step once
again.

Forelution of RNA;placed spin column membrane in fresh 1.5ml collection tube and
added 30pl of RNase free water directly to the column.Centrifuged the contents for 1
min at 10,200 rpm, collected the elute and repeated the same step twice to ensure

maximum collection of pure RNA.

I11. Evaluation of RNA quality/integrity

Measured the concentration and purityof total RNA using a Nanovue plus (GE,
Healthcare).

Precaution: All reagents were prepared in 0.1-0.2% DEPC treated sterile water and
RNAse free glassware. Before the RNA isolation, due care was taken to clean the
hands with RNA ZAP.
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IV. Agarose gel electrophoresis of RNA sample

Integrity of all the extracted RNA was checked on denaturing Agarose gel the extracted RNA

was stored at -80°C till further use.

e The 1.5% Agarose gel was prepared in 1X TAE buffer (pH 8.0), using molecular
biology grade Agarose (Sigma Chem. Co., USA) and stained with EtBr.
e The RNA samples mixed with tracking dye and were loaded and Electrophoresis was

carried out at 80 V for half an hour.
3.1.3 cDNA Synthesis

From the purified RNA, cDNA was synthesized using RevertAid™FirstStrand cDNA
Synthesis Kit (Fermentas, USA). To prepare the cDNA, 2ul of purified RNA was thawed on
ice and 2.0 pl (~200ng) of it was taken in nuclease free PCR tube. Reaction was set using 20
pl master mix1 (prepared using the reagents as mentioned in Table 3.1) for each sample..
After mixing well by pipetting, the samples were incubated at 65°C for 5 min and shap

chilled on ice for 5 min.

Table 3.1 Composition of master mix1 for cDNA synthesis

S. No. Constituents Volume (pl)
1. Olio dT12.18 primer(100 pM) 1.0
2. Random primers(100 pM) 1.0
3. dNTPs(10 mM) 1.0
4, Nuclease free water 17.0
Total volume 20.0

After snap chilling, 18 pL of master mix 2 composed of reagents mentioned in Table 3.2 was
added to the each tube. A reaction was performed in an Eppendorf Gradient cycler using the
program as 25T for 5 min, 50°C for 60 min and 70°C for 15 min for cDNA synthesis.
Synthesised cDNA was then diluted 1:4 (v:v) with DNase/ RNAse free water and a semi-
quantitative PCR was performed with B-actin gene in all samples with six standards to check
the cDNA integrity.

Table 3.2: Composition of reagents for preparation of Mix1l for cDNA synthesis

S. No. Constituents Volume (ul)
1. 5X Buffer 8
2. RiboLockTMRNase Inhibitor (20 u/ul) 0.5
3. M-MuLV Reverse Transcriptase (200u/ul) 1.0
4. Nuclease free water 8.5
Total volume 18.0
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3.1.4 PCR amplification of MOR

For amplification of MORs primers were designed using Primer 5.0 software. Care was taken
to design the primers which could amplify maximum number of MOR transcripts. Details of
primers are given in (Table 3.3).

Table 3.3 Primer details of mu-opioid receptor (MOR)

Primer Sequence 5’ to 3' Amplicon Annealing
Length Temperature

MOR FP ATGATGGAAGCTTTCTCTAAGTCTG 25bp 58°C

MOR RP TCACCTGCCAAGCTGGCCTT 20bp

PCR amplification was carried out in thermal cycler using the conditions viz., each PCR
amplification was carried out in 25ul reaction volume with 20-30 ng cDNA, 2pM of each of
forward and reverse primer, 1X reaction buffer, 1.5mM MgClz, 200uM of each dNTPs and 1
unit of Tag DNA polymerase. PCR machine was programmed for the specific condition: an
initial denaturation at 94° Taq for 5 min. followed by 35 cycles of 94° C for 60 s; annealing
temperature (60°C) for 60 s and 72° C for 60 s with a final extension for 10 min. at 72°C.

After completion of cycle, amplification was confirmed by2% agarose gel electrophoresis..
3.1.5 Gel extraction purification

The QIAquick gel extraction kit was used to purify the PCR products from the gel. The steps

involved in purification are as follows:

e The amplified products were electrophoresed on 1.5% agarose gel.

The gel slice containing DNA was weighed in a microcentrifuge tube and 3 volumes

of gel binding buffer (QG) was added to 1 volume of gel (100 mg ~ 100 pl).

e The tubes were incubated at 56°C for 10 min to melt the slices of agarose gel
completely

e The sample were mixed with one gel volume of isopropanol and passed through the
QIAquick column to bind DNA.

e The tube was centrifuged for 1 minute; flow-through discarded and QIAquick column
was placed back in the same collection tube.

e To elute DNA, 30 pl of buffer EB (10 mM Tris-Cl, pH 8.5) was added to the centre of

the QlAquick membrane and allowed to stand for 1 min, and then centrifuged for 1

min.
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e The purified DNA was used for sequencing of transcripts as well as cloning.
3.1.6 Sequencing of different transcript variants of MORs

PCR products of specific variants were sequenced using Big Dye terminator kit (Applied
Biosystems, USA) in ABI 3100 automated DNA Sequencer. The amplified DNA was
purified with exonuclease 1/Antarctic phosphatase (New England Bio lab, Beverly, USA)

treatment and then sequenced both directions.

The typical sequencing reaction included the following components:

PCR product (25 ng/ul) - 3.0ul
10 x Ready Reaction mix (RR) - 1.0 pl
10 x Sequencing Buffer (SB) Buffer - 1.5l
Primers (5pM) - 0.8 ul
PCR grade water - 3.7 ul
Total - 10.0 pl

Sequencing reactions were set up on quantitated purified PCR amplified templates of the
respective genes using 1/8" of the standard volume of ABI Prism BigDye Terminator
Sequencing Kits (Applied Biosystems). For sequencing reactions, both forward (5 and
reverse (3’) primers of specific variants were used. For sequencing, the typical reaction for
each clone was set-up. After mixing, the contents were subjected to the thermo-cycling
conditions of 96°C for 1min and 24 cycles of 94°C for 10 sec and 60°C for 4.5 min. On
completion of PCR cycles, the reaction was immediately terminated by adding 2.0 pl of
125mM EDTA (pH 8.0). The product was precipitated by adding 2.0 ul of 3 M sodium
acetate (pH 5.3), 10.0 pul of molecular biology grade H.0 and 60.0ul of 95% ethanol and
incubated for 15 minutes at room temperature. The contents were centrifuged at 1650 x G for
45 minutes and supernatant was removed carefully without disturbing the pellets. The pellet
was washed with 200 ul of 75% ethanol and air-dried. Finally, the sequencing reaction
product was resuspended in 10.0 pl of HiDi formamide (provided in the kit) and heat

denatured at 95°C for 5 minutes before analysing on 3100ABI sequencer.

3.2. To clone MOR in Pichia/Bacterial expression system for their over expression and

purification

To clone and express 6 TM p-opioid receptor in bacterial system, primers with EcoRI site in
the forward and Xhol in reverse primer were designed. The specific cDNA was amplified

using the condition as:
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The typical polymerase reaction included the following components:

DNA Template (25 ng/ul) 3.0ul
10x STB 10 pl
dNTPs 2 ul
Forward Primers (5pM) 3ul
Reverse Primers (5pM) 3 ul
Taq poly 0.8 ul
dH20 28.2 pl
Total 50 pl

PCR amplification was carried out in thermal cycler using the conditions viz., each PCR
amplification was carried out in 25ul reaction volume with 20-30 ng cDNA, 5pM of each of
forward and reverse primer, 10X reaction buffer, 1.5mM MgCl2, 200uM of each dNTPs and
1 unit of Tag DNA polymerase. PCR machine was programmed for the specific condition: an
initial denaturation at 94° Taq for 5 min. followed by 35 cycles of 94° C for 60 s; annealing
temperature (60°C) for 60 s and 72° C for 60 s with a final extension for 10 min. at 72°C.
Products were resolved on 1% agarose gel, sliced the band and PCR products were purified
using QIAquick gel extraction kit (Section 3.1.5).

3.2.1 Vector System

For cloning of MOR gene, pET28a vector having T7 lac strong promoter regions as well as
shows Kanamycin resistance (Fig. 3.1) was used. Presence of N-terminal 6xHis-tagged
protein with a thrombin site provides capability for both constitutive and inducible gene
expression. The bacterial strain E. coli DH50™ was used for plasmid propagation, cryo-
storage and molecular cloning while the strain E. coli Rosetta™ (DE3) was used for
recombinant protein expression and purification (Table 3.4).

Table 3.4 Bacterial strains used for cloning, expression and propagation

Strain Sources | Genotype

MTCC

E. coli DHSo™ F— ®80lacZAM15 A(lacZY A-argF) U169 recAl endAl hsdR17

(rK—, mK+) phoA supE44 A— thi-1 gyrA96 relAl

E. coli Rosetta™ | MTCC F- ompThsdSB(RB- mB-) gal dem A(DE3 [lacl lacUV5-T7 gene 1

(DEJ) ind1 sam7 nin5]) pLysS RARE (CamR)
BL 21(DE3) MTCC | F— ompT, hsdSB (rB—, mB-), dem, gal, (DE3), pLysS, Cm
BL21(C41) MTCC | OverExpress C41(DE3)pLysS: F —ompThsdSB (rB - mB -) gal dcm

(DE3) pLysS (CmR)
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6xHis Xhol (158)
EcoRI (192)

T7 tag (gene 10 leader)
thrombin site

inat
1 xerminator - ja.

pET-28 a (+)
5369 bp

Fig. 3.1 Vector Map pET28a (+) expression system
3.2.2 Restriction digestion of vector and PCR product

For cloning, the amplified product of MOR-1M gene was purified using a PCR Clean-up kit
from HiMedia®. The plasmid DNA was isolated using plasmid DNA isolation kit from
HiMedia®. Restriction digestion of the insert and vector was carried out with ECoR1 & Xhol
at 37" C for 4 hrs. to overnight depending upon the fidelity of the enzymes. The reaction was
stopped by heat inactivation at 65°C for 5 min. The size and purity of the vector and insert
DNA was checked on low melting agarose gel. Further, these were eluted from the cut gel

pieces using Gel Elution kit from HiMedia®.

3.2.3 Ligation of digested PCR product of MOR with the digested cloning/expression
cloning vector pET28a (+)

The ligation is very sensitive and depends on the appropriate concentration of T4 DNA ligase
and ATP. T4 DNA ligase, an enzyme encoded by bacteriophage T4 catalyses the joining

reaction between DNA molecule involving 3’-hydroxy and the 5’-phosphate termini. For the
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catalytic activity this enzyme require the presence of ATP and Mg?* ‘Ligation reactions were

set up using the double digested agarose gel extracted products (insert1.26 pl and vectorlpul)

in varying insert to vector ratios (depending on insert sizes) and double digested vector.

(1pl). Vecor alone was also used in one ligation reaction as a self-ligation control. The

ligation reactions were carried out at 4 to 8°C for 16-18 hrs.

3.2.4 Transformation

Transformation of ligation reaction mixtures was performed using competent cells by heat

shock method as well as electroporation.

An aliquot of 5 pl of ligation mixture was added to 100 pl of competent cells and
mixed gently by pipetting. The mixture was incubated on ice for 10 min.

The tubes were then transferred to heating block at 42°C and held for 90 seconds. The
tubes were immediately transferred back on ice and allowed to chill for 5 minutes.

To the above mixture, 900pl of SOC media was added and mixed. The tubes were
incubated at 37°C for 1 hr in rotary shaker to allow the bacteria to recover and
develop the antibiotic resistance.

After the recovery period, the samples were removed from the incubator and spin
down to collect the cells. The supernatant was discarded in a way that the cell pellet
and 100 pl of media were retained in the tubes.

The cell pellet was resuspended in the residual media and plated on LB agar
containing appropriate antibiotics. Plates were incubated at 37 °C for 12-16 hrs.

After the transformed colonies grew on the LB agar plate, these (individual colonies)
were patched onto a fresh antibiotic containing LB agar plate and also inoculated in
10 ml of antibiotic containing LB broth tubes simultaneously. These were allowed to
grow for 12-16 hrs at 37°C with 200 rpm of agitation. After the growth period the
plates and tubes were examined for culture growth. The plate containing the labelled
transformed patches was stored at 4°C. For clone conformation (Fig. 3.2), the
transformed plasmids were isolated from culture using standard alkaline lysis method
(Sambrook et al., 1989).

The transformants were PCR amplified and double digested with their respective
restriction enzyme pairs for release of insert. Then the PCR and digestion mixtures
were run on an Agarose gel [0.8-1% gel (w/v)] to verify positive clones via insert
release and positive PCR amplification. Twenty clones were confirmed by PCR and
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restriction digestion. Recombinant Plasmid were custom sequenced directionally
using T7 promoter and T7 terminator universal primer. NCBI- BLAST was

performed to identify the homology of the MOR sequence.
3.2.5 Expression of recombinant MOR

Mice MOR (cloned in pET28a (+) vector with N-terminal His tag) were overexpressed
in E.coli C41 (DE3). The cells were grown in LB medium at 37°C to O.Dsoo 0f 0.6 and then
induced with 0.4 mM IPTG (Approximately 5mg/ml of protein is obtained from 2 It culture).
Induction was carried out at 18°C for 16 hrs followed by harvesting by centrifugation at
5000g. The pellet was resuspended in lysis buffer (20mM Tris-Cl (pH 8.0), 150mM NaCl and
10% glycerol, plus 5mM MgCl,, 2mM beta-ME, 1mM EDTA (pH 8.0).

T7 terminator 6xHis

XhoI (158)

EcoRI (1289)

T7 tag (gene 10 leader)
thrombin site

6xHis

RBS

lac oéeratorl

T7 promoter

MOR in pET28 a(+) I
6466 bp I

lacl promoter

Fig.3.2 Orientation ofMOR gene cloned in pET28a (+) expression vector
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Phenylmethylsulfonyl fluoride (PMSF) was added to a final concentration of 1mM post
which cells were sonicated on ice (15’7 ON, 30” OFF, 45% amplitude). The cell lysate was
centrifuged at 1000g to remove unbroken cell and cell debris, followed by another
centrifugation at 10000g for 40 min to collect white inclusion bodies. The supernatant was
further centrifuged at 85,000g for 1h to harvest a membrane fraction. The pellet was flash

frozen and stored at -80°C until further used.

3.2.6 Detergent screening and purification

One gm of the resulting membrane pellet was solubilised in 10-20 ml of solubilisation buffer
containing 20mM Tris-Cl (pH 8.0), 300mM NaCl and 10% glycerol, 0.8% L-laurylsarcocine
plus 6M urea (pH 8.0) and 5mM imidazole. The solubilisation was allowed to proceed with
gentle agitation at 4°C for 2 h. The solubilised supernatant was separated by centrifugation at
20,000 g (4°C, 30min).

3.2.7 Isolation and purification of recombinant MOR

The clarified supernatant was filtered using 0.22 micron filter and loaded onto a
HisTrap™HP 5ml at 1ml/min, washed (for 100 ml) with 20mM Tris-Cl (pH 8.0), 300mM
NaCl and 25mM Imidazole (pH 8.0),10% Glycerol (pH 8.0), 0.8% L-laurylsarcosine plus 6M
urea and the protein was eluted using 20 mM Tris-Cl (pH 8.0), 300mM NaCl and 300mM
Imidazole (pH 8.0),10% Glycerol,pH 8.0,0.8% L-laurylsarcosine plus 6 M urea) using 100%
gradient in 30ml with 1.3 ml elution fraction size. The eluted fractions were analyzed on a
12% SDS-PAGE gel. The pooled peak fractions (purest ones) diluted with low salt buffer
(25mM Tris-Cl (pH 8.0), 100 mM NaCl, 1mM EDTA) (e.g. 5ml of pooled fractions was
diluted upto 50ml with low salt buffer) were loaded on to HiTrap™ Q FF 5ml for anion-
exchange and eluted out with 25mM Tris-Cl (pH 8.0), 1M NaCl, 1ImM EDTA using 100%
gradient in 30 ml with 1.3 ml elution fraction size. The purified protein was separated by
PAGE (12% SDS-PAGE) according to Laemmli (.1970).

3.2.8 Ammonium sulphate precipitation of MOR Protein

Ammonium sulphate is commonly used for protein purification and protein separation by
changing the solubility based on salt concentration. It is a simple and effective means of
fractionating proteins.The cell lysate was centrifuged at 1000g to remove unbroken cells and
cell debris, followed by another centrifugation at 10000g for 40 min to collect white inclusion
bodies. The supernatant was further centrifuged at 100,0009 for 1hr to harvest the membrane

fraction. The solubilisation was allowed to proceed with gentle agitation at 4°C for 2 hr. The
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solubilised supernatant was separated by centrifugation at 20,000g (4°C, 30 min) and filtered
through 0.22u filter. On-line calculators (http://www.encorbio.com/protocols/AM-SO4.htm)
were accessed to determine the amounts of solid ammonium sulfate required to reach a given
saturation. Ammonium sulphate was added to protein lysate at 4°C for 30 min. on a magnetic
stirrer. The saturated protein was centrifuged at 25,000 rpm for 20 minutes at 4°C, to pellet
out protein. More saturated ammonium sulfate or solid ammonium sulfate was added to
make next concentration, repeat stirring and centrifugation at same temperature. Ammonium
salt concentration (0-100%) used for MOR protein precipitation is given in Table 3.5. All
gradient pellets were solubilised in lysis buffer and analysed on 12% SDS PAGE gel. 60-80
% gradients were collected and dialyzed in low salt buffer. Q-Sepharose low salt buffer used
(25mM Tris-Cl, pH 7, and 75mM NaCl) was exchanged after 45 minute and dialyzed for a
total of 1h 30 minutes. After dialysis, it was passed it through Mono Q columns but due to
high pl (9.68), the protein did not bind to columns and come out in flow —through. So,
considering that MOR recombinant protein is a DNA binding protein Mono Q columns was
replaced with Heparin high affinity columns, the recombinant protein was loaded onto
column at appropriate conditions, collected the fractions (F2-F8) and were analysed on 12%
SDS PAGE gel.

Table 3.5Ammonium sulphate precipitaion of MOR protein

Conc. Gradients | Initial Volume | Final Volume | Req.(NH4)2SO4 | Saturation Buffer
0-20 50 52.92 549¢ 20 %
20-40 52.92 56.20 6.18 g 40 %
40-60 56.20 59.91 6.99 g 60 %
60-80 59.91 64.15 7.98 ¢ 80 %
80-100 64.15 69.04 9.204¢ 100 %

3.2.9 SDS-PAGE analysis
MOR protein was separated on 12% resolving and 5% stacking SDS-PAGE as follows:

e First of all resolving gel was prepared, and casting frames were set on the casting
stands. Appropriate amount of resolving gel solution was pipetted and filled into the
gap between the glass plates.

e Then SDS-PAGE gel was allowed to solidify for 20-30 min.
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e Then the stacking gel was prepared and poured into the top of the resolving gel and
well forming comb was inserted properly without trapping any air.

e After ensuring complete gelation of the stacking gel, comb was inserted into the gel.
Finally glass plates were taken out from casting frame and set the cell buffer dam.
Running buffer was poured (electrophoresis buffer) into the inner chamber, the buffer
surface reached the required level in the outer chamber.

e Preparation of the samples: About 100ug of each sample was prepared. Samples were
mixed with 5X protein loading dye, and heated in water bath for 5-10 min.

e Prepared samples were loaded into wells, followed by covering the whole assembly
and then connected with anodes.

e Appropriate voltage (90v) was set to run electrophoresis and was run till it reaches the
end.

e Visualization of separated protein following the electrophoresis was achieved by
Coomassie staining. Following SDS-PAGE, the polyacrylamide gels were immersed
in Coomassie blue staining solution, heated for 30 s in a microwave and incubated at
room temperature with gentle agitation for 15-60 minutes.

e After staining, gels were rinsed with dH20 and incubated 45 minutes in Coomassie
de-staining solution with gentle agitation. The stained protein bands were observed
using a white light Tran- illuminator.

e All reagent recipes are mentioned in Table 3.6, Table 3.7 and Table 3.8.

Table 3.6 Composition of SDS-PAGE running buffer and protein loading dye

10X SDS-PAGE Running Buffer 5X Protein Gel Loading Dye
Reagent Concentration Reagent Concentration
Tris Base 250 mM Bromophenol Blue 0.5 % (w/v)
Glycine 25M Glycerol 50% (v/v)
SDS 1 % (w/iv) SDS 10% (wiv)
Added DTT or B-ME fresh from stocks (kept Tris-Cl (pH 6.8) 250 mM
the prepared stocks of 5X dye at -20°C for long
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Table 3.7 Composition of resolving and stacking gel

Resolving Gel (10 ml) 5 % Stacking Gel (3 ml)
Reagent 10% | 15% Reagent Volume
Volume
Acrylamide/Bis- 33ml | 5ml Acrylamide/Bis-Acrylamide 0.5ml
Acrylamide (mix ratio (mix ratio 29:1 and 30% w/v)
29:1 and 30% w/v)
1.5M Tris-Cl (pH8.8) | 25ml | 2.5 ml 1 M Tris-Cl (pH 6.8) 0.38 ml
SDS (10 % wi/v) 100 pl | 100 pl SDS (10 % wi/v) 30 pl
APS (10 % wiv) 100 pl | 100 pl APS (10 % wiv) 30 pul
TEMED (100 %) 4 ul 4 ul TEMED (100 %) 3ul
dH20 4ml | 2.3ml dH20 2.1 ml
Table 3.8 Protein staining and de-staining solutions (1L)
Solution Staining Destaining
Reagent  |Concentration Amount Concentration Amount
(%) (%)
Methanol 50 500 ml 50 500 ml
Acetic Acid 10 100 ml 10 100 ml
dH.O 40 400 ml 40 400 ml
Brilliant Blue 0.25 259 -
(R250)

3.3 To undertake interaction studies of MOR with BCM7/9 by in silico approach
3.3.1Mice p-opioid receptor gene

Nineteen distinct transcript variants of MORs sequences selected from a much larger pool of
sequences available in public databases were used as reference sequences. Further, using the
sequence data from objective 1, and from the databases, 34 genes were identified as
representative of MORs gene family of mice. For sequence analysis and further
like NCBI UniProt

and

characterization  resources (https://www.ncbi.nim.nih.gov/),

(https://www.uniprot.org) conserved domain database
(https://www.ncbi.nlm.nih.gov/cdd/) were utilized. The DNA strand and chromosomal
location of all selected sequences were recorded as per the UCSC genomic browser
(http://genome.ucsc.edu/).Various biochemical parameters of MOR such as molecular
weight, theoretical pl, instability index, aliphatic index and grand average of hydropathcity

(GRAVY) were predicted by Protparam Server (https://web.expasy.org/protparam/). These
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biochemical  parameter have changed according to sequence difference
(http://web.expasy.org/protparam/). SOPMA(https://npsa-prabi.ibcp.fr/cgi-sopma.html)
andPSIPRED (http://web.expasy.org/protparam/) web server where been used for the
prediction of secondary structures.

3.3.2 Homology modelling of receptor and ligands

As the crystal structure for mice mu receptors as well as ligands (BCM7/9) were unavailable
in the PDB databank, the strategy of homology modelling was utilized to generate their 3D
structure. For structure prediction, mice mu receptor protein sequence (NC_000076) was
retrieved from the NCBI database and four templates were selected using homology search
from NCBI and PDB databases. The | opioid receptor (MORs) seven trans membrane GPCR
protein 3D  structure prediction was conducted using [I-TASSER server
(http://zhanglab.ccmb.med.umich.edu/I-TASSER/) online database and the best models were
selected based on their C-values. The amino acid sequences were submitted to the online
server of the I-TASSER and the result generated in PDB format. The three templates
(4n6hA, 5zbh, 4dklA) were used for homology modelling using I-TASSER., out of the 10 top
templates chosen from the LOMETS threading programs based on the highest significance in
the threading alignments of the template with the query protein by Z-score; (the difference
between the average and raw scores in the unit of standard deviation). The generated model
of mu receptor was visualized using UCSC Chimera (https://www.cgl.ucsf.edu/chimera).and
PyMole Server (http://www.pymol.org/). The ligand structures of BCM7 and BCM9/ was
modelled by MODELLER server (https://bioinformatictools.wordpress.com/tag/modeller/)
that displayed DOPE score of 0.97 and 0.98 respectively which is a reliable statistical

potential to assess quality of homology model in ligand structure prediction.
3.3.3. Active Site Analysis and Residues Recognition

Active sites and ligand binding sites were generated using a meta-server approach to protein-
ligand binding site prediction (http://zhanglab.ccmb.med.umich.edu/COACH/). The
complementary ligand binding site was predicted using COACH by matching (4n6hA, 5zbh,
and 4dklA) I-TASSER generated with protein in the BioLiP protein function database. The
functional templates were detected and ranked by COACH using composite scoring function

that is based on structure and sequence profile comparisons.

34


http://web.expasy.org/protparam/).%20SOPMA
https://npsa-prabi.ibcp.fr/cgi-sopma.html)%20and
https://npsa-prabi.ibcp.fr/cgi-sopma.html)%20and
https://www.cgl.ucsf.edu/chimera
http://www.pymol.org/

3.3.4 3D model validation

Validation of the structural quality of the generated models were done using the programs:
PROCHECK, (Laskowski et al, .1993) PROSA (Wiederstein et al, .2007), FT SITE, PROSA
(https://prosa.services.came.sbg.ac.at/prosa.php) uses knowledge based potentials of mean
force to evaluate model accuracy and it shows local model quality by plotting energies as a
function of amino acid sequence position. SOPMA (https://npsa-prabi.ibcp.fr/cgi-
sopma.html) and PSIPRED (http://web.expasy.org/protparam/) web server were used for the
prediction of secondary structures. The percentage of residues in the favoured region of
Ramachandran plot was calculated using RAMEPAGE server

(http://mordred.bioc.cam.ac.uk/~rapper/rampage.php).
3.3.5In Silico Protein-Protein Interaction Study

Eleven selective transcript variants of MORs, namely MOR-1, MOR-1A, MOR-1B1, MOR-
1B2, MOR-1C, MOR-1D, MOR-1G, MOR-1M, MOR-1N, MOR-1U, and MOR-1mRNA,
and were selected for docking studies. Two selective ligands, BCM-7 and BCM-9 for
different transcript variants of MORs were docked to homology models based on both the
templates. The PDB files of ligand and target receptor were uploaded to Patch Dock server
(https://bioinfo3d.cs.tau.ac.il/PatchDock/) for docking, using cluster RMSD at default value
of 4A°. This server depends on shape complementarity of software results molecular surfaces
to generate the best starting candidate solution (Schneidman-Duhovnyetal., 2005). The
Connolly dot surface representation of the molecules into different component such as
convex, concave, and flat patches were generated through PatchDock algorithm. Thereafter,
the complementary patches were harmonized to form transformation candidates, which were
later refined using FireDock server (http://bioinfo3d.cs.tau.ac.il/FireDock/), and rescored the
side chains interface of the top 10 candidate solutions. It also amends the orientation of the
relative molecules by confining the flexibility to the side-chains of the interacting surface and
allow the movements of small rigid-body (Duhovny, D., 2002) Thereafter , the interactions
and binding observed in the docked conformations in PDB format were visually using the
PyMol software (DeLano, W.L et al., 2002).The interacting amino acidic residues, were
identified defined by PDBsum server and prominent binding sites were predicted by
LIGPLOT server (https://www.ebi.ac.uk/thornton-srv/software/LigPlus/). The comparative
energy minimization of docked model for MOR-BCM7 and for MOR-BCM9 was calculated
by YASARA server (http://www.yasara.org/minimizationserver.htm)
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RESULTS AND DISCUSSION

The present study was undertaken for characterization of mu receptors of mice distributed
across different cell surfaces of various cells and tissue types. The present study describes
the characterization of mice mu opioid receptors including the identification of different
transcript variants, generation of their homology models, their stability and validation of 3D
structures One of the mu receptor MOR-1M was also cloned in pET28A for its expression
and purification so as to generate the resource for in vivo studies as well. . In most of the
cases, to conduct the animal trials related to effect of BCM7/BCM9 from Al or A2 type milk
respectively, on human health mice is the most preferred animal model. Hence, to gain
insight into the structure-function relationships of the opioid receptors with the bioactive
peptides (beta casomorphins-BCMs) generated from cow milk beta casein, the interaction
studies with BCM7 as well as BCM9 and comparative stability of the docked structure was
also studied. The results with respect to specific objectives are presented here.

4.1: To characterize mu opioid receptor (MOR) and its splice variants in brain and gut
tissues of mice

4.1.1: Sampling details, RNA isolation and cDNA synthesis

Male C57BL/6 mice purchased from Indian Institute of Integrated Medicine, Jammu and
maintained at ICAR-NDRI, animal house were used as resource for tissue samples. These
mice were also used to establish experimental evidence for the cause and effect relationship
of A1/A2 milk with disease progression. RNA was extracted from the brain and gut tissues

exhibited high quality as determined by Aazeoreo ratio. The OD ratio (Azeo2s0) Of extracted

RNA samples was in the range of 2.10 to 2.15 indicating purity of the RNA sample, free
from DNA and protein (Table 4.1). 1.5 % denaturing Agarose gel showed intact 28S rRNA
and 18S rRNA bands indicating the integrity of extracted RNA (Fig.4.1).

---28SRNA
---185 RNA

Fig. 4.1 Representative gel picture of isolated RNA from brain and gut tissue

Lanel, 2, 3: RNA from brain tissue; 4, 5: RNA from Gut tissue
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Table 4.1: Purity and quantity of RNA from brain and gut tissue of mice

S.No. | Tissue ID | O.D 260/280 | Conc. ng/ul
1 Brl 211 478
2 Br 2 2.12 1126
3 Br3 2.15 173.6
4 Br4 1.99 339.6
5 Br5 2.13 144
6 Gtl 2.13 1338
7 Gt2 1.99 339.6
8 Gt3 2.1 413
9 Gt4 2.0 812
10 Gt5 2.1 155

Further, semi-quantitative analysis of primers using the freshly synthesized cDNA showed
the specificity of primer pairs as well as the quality of cDNA synthesized. ACTB primer pair
was used to amplify the representative cDNA samples. The representative gel picture for
ACTB gene amplified in brain and gut cDNA samples is shown in (Fig 4.2). The presence of
specific amplification product corresponding to the expected size for ACTB gene reflected
the specific amplification. The accuracy of ACTB primers pair was also ensured by the
presence of a unique peak during the dissociation step (melt curve) at the end of gPCR

reaction.

Fig. 4.2 Amplified products of ACTB on 2% agarose gel indicating quality of cDNA prepared from
Brain and Gut derived RNA samples Lane 1, DNA marker (100bp), and 2-6, amplified cDNA from
Brain; 7-9, amplified cDNA from Gut

4.1.2. PCR amplification of u opioid receptor (MOR)
Each of the first strand cDNA made from brain tissue was amplified using gene specific
primers. Primer set were designed to amplify cDNAs that encoded the complete ORF of

MORs. The transcripts/ spliced variants of mu receptors (MOR-1M (1113 bp), MOR-G (990
bp), MOR-1K (250 bp) and MOR-1L (250 bp)from mice brain are shown in (Fig 4.3). The

37



specific amplification products corresponded to expected product size for major transcript
variants MORs, as reflected by specific band. Sequences of these splice variants derived using ABI
3100 automated DNA sequencer were compared with those available at NCBI data base
(https://www.ncbi.nlm.nih.gov/), using BLAST ( https://blast.ncbi.nlm.nih.gov/Blast.cgi). One of

these sequences that is MOR-1M was used for cloning, expression and purification.

a b
-MOR-1M o g : .~ _MOR-1M
--—-MOR-1G -

---MOR-1L,MOR-1K

|

Fig. 4.3 Amplified MOR transcript variants on 2 % Agarose gel, Lane 1, DNA marker (100bp) 2 &4:
MOR-1M (1113) Lane 2, 3, 4: MOR-G (990 bp); Lane 5: MOR-1K (250 bp) and lane .5SMOR-1L
(250 bp).

4.1.31dentification and retrieval of p-opioid receptor gene

The information on transcript variants of mu-opioid receptor collected using extensive
literature and database resources like NCBI (https://www.ncbi.nlm.nih.gov/), UniProt
(https://www.uniprot.org) and conserved domain database
(https://www.ncbi.nlm.nih.gov/cdd/) resulted in identification of 31 MORs transcript. Among
31 transcript variants of mu-opioid receptor gene, 17 were categorised as protein coding, 11
as non- mediated decay (NMD) and 3 as processed transcript. Due to alternative splicing of
OPRM-1 gene 11transcript variants contained a premature termination codon (Table 4.2) and
were degraded by Nonsense-mediated mMRNA decay (NMD) which selectively degrades such
mRNAs (Hug et al., 2016). NMD operates in the cytoplasm and is a post-transcriptional
mRNA quality control mechanism to remove mRNAS containing premature termination

codons (Kervestinet al., 2012 and Jacobsonet al., 2012).

The mRNAs harboring a termination codon 50 to 55 nucleotides upstream of the final exon—
exon junction are efficiently degraded by NMD. The process is signalled by the presence of
the exon junction complex and a multi-subunit protein complex, located 20 to 24 nucleotides
upstream of an exon—exon junction (Nagy and Maquat 1998; Andersen et al. 2001). This acts
as a quality control process to maintain the quality of gene expression and deletes the
aberrant mMRNA which otherwise might lead to production of truncated proteins with

predicted deleterious effects for the organism (Schweingruberet al., 2013; (Panet al., 2011,
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2005b).The 11 OPRML1 gene splice transcript variants regulated by region-specific NMD
include MOR-1E,MOR-1L,MOR-1Eiii, MOR-1EiV,MOR-1K,MOR-1W, MOR-1Ja, MOR-
1Ha,MOR-1T1, MOR-1T2 and MOR-1Vii.

Table 4.2: Characteristics of Mice mu opioid receptor (MOR) transcript variants

Name Transcript ID Transcriptio | Amino Biotype Total Coding
( ENSMUST) n length Acid Exon Exons
(nt) (aa)
Oprm1-201 00000000783.12 1500 425 PC 4 4
Oprm1-202 00000052751.13 1334 393 PC 5 4
Oprm1-203 00000056385.13 1440 398 PC 5 4
Oprm1-204 00000063036.13 1427 325 PC 5 4
Oprm1-205 00000078634.11 1695 456 pPC 4 4
Oprm1-206 00000092729.10 1422 388 NMD 5 4
Oprm1-207 00000092731.10 1332 392 pPC 4 4
Oprm1-208 00000092734.10 1569 398 pPC 6 4
Oprm1-209 00000105597.7 1133 39 NMD 5 2
Oprm1-210 00000105601.8 1161 222 NMD 5 2
Oprm1-211 00000105602.7 1366 390 PC 3 3
Oprm1-212 00000105603.1 2053 389 pPC 4 4
Oprm1-213 00000105604.7 1616 393 PC 4 4
Oprm1-214 00000105605.7 1503 391 PC 4 4
Oprm1-215 00000105607.7 2369 398 pPC 5 4
Oprm1-216 00000105611.7 2420 438 PC 6 6
Oprm1-217 00000105615.8 1258 370 pPC 6 6
Oprm1-218 00000123861.7 1020 222 NMD 3 2
Oprm1-219 00000129221.7 2205 356 NMD 8 4
Oprm1-220 00000129954.7 1706 448 NMD 8 5
Oprm1-221 00000133486.1 256 No Processed 3 0
protein | transcript
Oprm1-222 00000135502.7 1363 416 pPC 4 4
Oprm1-223 00000141897.1 1939 No Processed 7 0
protein | transcript
Oprm1-224 00000143875.1 696 84 NMD 4 2
Oprm1-225 00000144264.7 2120 399 NMD 8 4
Oprm1-226 000001471717 1570 330 NMD 6 4
Oprm1-227 00000148625.1 242 No Processed 2 0
protein | transcript
Oprm1-228 00000150374.7 1174 41 NMD 5 2
Oprm1-229 00000152674.1 1179 104 PC 3 2
Oprm1-230 00000154906.7 2039 409 PC 4 4
Oprm1-231 00000154941.7 1540 337 NMD 7 4

Abbreviation: oprm-1: mu-opioid Receptor, nt : number of nucleotides between start and end; AA: length in amino acid
of the protein products; PC: protein coding, NMD: non mediated decay.
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4.1.4 Domain structure of MOR-1 gene

The information on structural domains and other features of the mu opioid receptor transcript
variants revealed the presence of G_PROTEIN_RECEP_F1 1, PS00237; G-protein coupled
receptors family 1 signature (PATTERN) and “G_PROTEIN RECEP F1 2, PS50262; G-
protein coupled receptors family 1 profile” (matrix) in 16 transcript variants. The Prosite
pattern GPCRs family_ 1(PS00237) corresponded to 17 amino acid positions (153-169)
covering from the second half of the TM 11l for 14 variants (Table 4.3) while for two variants
(Oprm1-204 and Oprm1-217) though it corresponded to 17 amino acids, the position varied
to 85-101 amino acids. Similarly, Prosite profileGPCRs F1_ 2 (PS50262) corresponded to
similar 252 amino acid position in all the 14 transcript variants (85-336) while in Oprm1-204
and Oprm1-217, it corresponded to 249 amino acids with position 18-268. For one of the
transcript  variant oprm1-206, oprm1-206, oprm1-206,0prm1-209,0prm1-218,0prm1-
219,0prm1-220,0prm1-221,0prm1-223,0prm1-224,0prm1-225,0prm1-226,o0prm1-22,0prm1-
228 and oprm1-231 7TM, these GPCRs family patterns were not identified. Another highly
conserved sequence observed in theses splice variants was NPxxY (AsparagineProline xx
Tyrosine) motif located at the cytosolic end of seventh trans-membrane domain. This motif is
generally considered as the characteristic of most GPCRs (Probst et al., 1992) andcontributes
to G protein-coupled receptor internalization and signal transduction (Hausdorff et al., 1991;
Robinson 1994). Marin et al., 2000, also reported that cytoplasmic part of the NPxxY region
contributes to a binding site for the G protein as well as very crucial for hydrophobic interaction in
ligand affinity, receptor sequestration, heterotrimeric G protein coupling (Baraket al., 1995).The
positionsof Asn, Pro, and Tyr residues in theses variants were constant within the motif
whereas x is any amino acid. The inner two residues are generally hydrophobic in nature,
while the residues that flank Tyr and Asn may vary. The position for this motif was same for
16 variants that is 332-336 (Fig.4.4).0On comparison of MOR transcript variants and isoforms
of mice, it was observed that motif, NPVLY (NPXXY) corresponding to 5 amino acid
residue (332-336) was homologous across all the 7TM variants but absent in in MOR-1K,
MOR-1L, MOR-1Ja, MOR-1Ha belonging to the category of 6TM variants MOR-1K, MOR-
1L and MOR-1la, MOR-1Ja,MOR-1Ha which is 1TM variant. Similarly theses variants
lacked DRY (Fig.4.5) motif (165-167 amino acids). The hundred percent homology was
observed for the helical trans- membrane domain (TM) TM1 (67-91), TM2 (105-129), TM3
(141-163), TM4 (184-205) TM5 (229-253) TM6 (278-304) and TM7 (313-336) sequences
for the 7TM transcript variants including some 6TM
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Table 4.3 Structural domain groups of mice mu opioid receptor transcripts

Protein RefSeq ID Structural domains and their amino acid position
Family PFAM Prosite Prosite Motif
AGPCR- 7™ pattern profileGPCRs (NPxxY)
like PF00001 GPCRs F1 2
family_ 1 (PS50262)
(PS00237)
Oprm1-201 - 39-363 85-336 153-169 85-336 332-336
Oprm1-202 NM_001304950 39-363 85-336 153-169 85-336 332-336
NP_001291879
Oprm1-203 NM_001304950 39-363 85-336 153-169 85-336 332-336
Oprm1-204 NM_001302796 24-296 26-268 85-101 18-268 332-336
NP_001289725
Oprm1-205 NM_001302796 39-363 85-336 153-169 85-336 85-336
Oprm1-206 - - - - - 332-336
Oprm1-207 - 39-363 85-336 153-169 85-336 332-336
Oprm1-208 - 39-363 85-336 153-169 85-336 332-336
Oprm1-209 ; - - - - -
Oprm1-210 - - - - - -
Oprm1-211 NM_001304937 39-363 85-336 153-169 85-336 332-336
NP_001291866
Oprm1-212 39-363 85-336 153-169 85-336 85-336
NM_001304937
Oprm1-213 - 39-363 85-336 153-169 85-336 85-336
Oprm1-214 NM_001304938 39-363 85-336 153-169 85-336 332-336
NP_001291867
Oprm1-215 NM_001302793 39-363 85-336 153-169 85-336 332-336
NP_001289722
Oprm1-216 NM_001039652 39-363 85-336 153-167 85-336 332-336

NM_001304955
NP_001034741
NP_001291884
Oprm1-217 NM_001302795 26-295 26-268 85-101 18-268 332-336
NP_001289724

Oprm1-218 - - - - -
NM_001302795

Oprm1-219 - - 21-272
Oprm1-220 - - 85-336
Oprm1-221 _ - - - - -
Oprm1-222 39-363 85-336 153-169 85-336 332-336
Oprm1-223 - - -

Oprm1-224 - - -

Oprm1-225 - - 332-336
Oprm1-226 NM_001302794 - 332-336

NP_001289723
Oprm1-227 | NM_001302794 . _ :

Oprm1-228 - - - -

Oprm1-229 - 38-95

Oprm1-230 NM_001304948 39-363 85-336 153-169 85-336 332-336
NP_001291877

Oprm1-231 NM_001304948 21-272

Abbreviation : OPRM-1,Mu-opioid receptor, PFAM, Pfam is a database of protein families that includes their annotations
and multiple sequence alignments generated using hidden Markov models; GPCR, G-protein couple receptor,
PROSITE protein database, It consists of entries describing the protein families, domains and functional sites as well
as amino acid patterns and profiles in them, The NPXXY motif (X represents any amino acid) in the seventh transmembrane
(7TM) domain of the highly conserved among G protein-coupled receptors.

such as MOR-1M and MOR-1G variants but absent in 1TM. The variations were observed in
the sequence for TM4, and TM5 for the variants MOR-1L, MOR-1Ha and MOR-1la
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respectively. The glycosylation of asparagine (GlcNac) is considered essential for
determinant of protein structure and function. These were observed at position 9, 31, and 46
amino acid residue in all the 7TM transcript variants but absent in 6TM and 1TM variants
(MOR-1M, MOR-1N, MOR-1G, MOR-1K, MOR-1L, MOR-1Ja, MOR-1Ha and MOR-1la).
In addition homology for one N-linked glycosylation site (GlcNac) (38 amino acid) was
observed in all transcript variants of transcript variants of OPRM1 gene. The chromosome 10
is considered essential for determinant of transcript variants protein structure and function.
The cellular location of all OPRM-1 transcript variants on plasma membrane and endosome
given in (Table 4.4). The agonists, such as morphine, and bioactive peptides influence the
MOR location within membrane domains and endosome responsible for activating signalling
pathway (Zheng et al., 2008).

Table 4.4 Characterixation and localization of OPRM-1 transcript variants/isoforms

Name UniProt CCDS Chr. Position Localization
Location
Oprm1-201 P42866 - - 6,788,809-6,838,680 PM&E
Oprm1-202 P42866 CCDS78788 10 6,788,809-7,037,201 PM&E
Oprm1-203 P42866 CCDS78787 6,758,593-6,849,858 PM&E
Oprm1-204 P42866 CCDS78785 10 6,758,593-7,037,546 PM&E
Oprm1-205 AO0AOR4J0Z2 - - 6,788,809-6,832,987 PM&E
Oprm1-206 P42866 - - 6,788,809-6,841,362 PM&E
Oprm1-207 P42866 - - 6,788,809-6,839,919 PM&E
Oprm1-208 P42866 CCDS78787 6,758,593-6,849,858 PM&E
Oprm1-209 Q4U2P0 - - 6,758,593-6,849,858 PM&E
Oprm1-210 AlKZZ4 - - 6,788,694-7,037,177 PM & E
Oprm1-211 P42866 CCDS83674 10 6,788,809-6,830,639 PM&E
Oprm1-212 E9Q7D4 - - 6,788,837-6,832,793 PM&E
Oprm1-213 E9Q7D3 - - 6,788,837-6,839,954 PM&E
Oprm1-214 P42866 CCDS83673 10 6,788,809-6,841,537 PM&E
Oprm1-215 P42866 CCDS78787 10 6,758,593-6,850,613 PM&E
Oprm1-216 P42866 CCDS56687 10 6,788,809-7,038,198 PM&E
Oprm1-217 P42866 CCDS78784 10 6,758,506-7,037,201 PM&E
Oprm1-218 AlKZZ4 - - 6,788,809-6,979,764 PM & E
Oprm1-219 E9PVC1 - - 6,788,809-7,037,462 PM & E
Oprm1-220 E9QAQ1 - - 6,788,809-7,037,177 PM&E
Oprm1-221 - - - 6,789,025-6,828,911 PM&E
Oprm1-222 P42866 - - 6,788,809-6,979,754 PM&E
Oprm1-223 - - - 6,788,975-7,037,482 PM&E
Oprm1-224 Q4U2P9 - - 6,758,593-6,828,964 PM&E
Oprm1-225 P42866 - - 6,788,809-7,037,482 PM&E
Oprm1-226 P42866 CCDS78783 10 6,758,506-6,979,704 PM&E
Oprm1-227 - - - 6,789,099-6,849,987 PM&E
Oprm1-228 Q4U2P1 - - 6,758,593-6,849,858 PM&E
Oprm1-229 E9Q270 - 6,788,601-6,850,348 PM&E
Oprm1-230 P42866 CCDS83672 10 6,788,809-6,841,380 PM&E
Oprm1-231 E9Q2X5 - - 6,788,809-7,037,198 PM&E

Abbreviation and symbols:CDD, conserved domain database of NCBI,Location, chromosomal location of the
genes; Position, chromosome paositions comprising the coding region for start and end positions; PM: plasma
membrane, E: endosome.
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4.1.5 Splicing and generation of different variants

Different transcript variants of mu receptors are generated by splicing of different exons. In
all there are 16 exons in OPRM1 and 31 splice variants are generated from splicing of
various exons as depicted in (Fig. 4.6). In mice OPRM-1transcript variants the amino acid
length varies from 39 (MOR-1K) to 474 (MOR-1U) with molecular weight of 52 kDA and37
kDA respectively. The position of variants for splicing varies in between 387 to 398 at 3" end
and 1to 94 at 5" end (Table 4.5).Among the different exons in mice MOR-1 gene, exon 11 is
the major exon associated with 5” p splicing and is located approximately 30 kb upstream of
exon 1 (Pan et al., 2001). Exon 11 contains its own promoter distinct from the promoter of
exon 1. The majority of exon 1-associated variants undergo alternative 3’spicing at tip of C-
terminal in which exon 4 is replaced by a series of alternative exons. Based on splicing at
particular exons the different transcript variants can be categorised in three groups.

Group 1 consisted of 7TM transcript variants (MOR-1, MOR-1A, MOR-1B1-1B2, 1B3, 1B4
& 1B5, MOR-1C, MOR-1D, MOR-1F, MOR-1Ei, MOR-1Eii, MOR-1Eiii, MOR-1Eiv
MOR-1V, MOR-1W, MOR-1P, MOR-10, MOR-1I, MOR-1J and MOR-1H) resulting from
splicing of exonl. All the full length 7TM transcript variants contain exon 1, 2 and 3 which
encodes the entire MOR-1 receptor except for the tip of C-terminal 12 amino acid. Due to
this sequence similarity, MOR-1 transcript variants share, identical binding pockets as well as
intra- and extracellular loops ((Bare, et al., 1994, Zimprich, et al, 1995, Panet al.,1999,
2005b; Pan, 2005). The mouse OPRM-1 transcript variants also contain an exon 5,
alternative splicing in exon 5 generates five different transcript variants in the mouse (MOR-
1B1 through MOR-1B5) with different C-terminal amino acid sequences (Pan, 2005; Pan et
al., 2005b).The mice transcript variants MOR-1A, and MOR-10 are intron retention variants
with silent donor splice sites in exons 3a and 7a, respectively. Alternative Splicing at exon
18 at 3" spice site that generate two different C terminal transcript variants, MOR-1Vand
MOR-1W (Doyle et al., 2007a). In addition to exons 1,2 and 3 which were present uniformly,
additional exons were also observed in some of the 7 Tm transcript variants of OPRM1 gene
such as exon 4 (MOR-1, 1I, 1Jand 1T), exon 3b (MOR-1C), exon 5a (MOR-1B1, 1B2, 1B3
and 1B4), 5b (MOR-1B2, 1B3 and 1B4 ), and 5¢ (MOR-1B3 and 1B4), 5d and 5e (MOR-
1B4), exon 6 ( MOR-1Es, 1F,1V and 1W ), exon 7 (MOR-1C, 1Es, 1F MOR-1V, 1U
and1W), exon 7a and 7b (MOR-10), exon 8 (MOR-1C, 1D, 1Es, 1F 1V, 1U and 1W), exon 9
(MOR-1C, 1D, 1F, MOR-1V and 1U), exon 10 (MOR-1F), exon 15 (MOR-1P), exon 18
(MOR-1W) and exon 19 (MOR-1U).
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Table 4.5 MOR transcript variants and its canonical sequence position for alternate spicing

MOR Gene Name | UniProt Length | Position of | Mass Residues different from Canonical
transcript (L) variants (Da) sequence
variant for
splicing
MOR- Oprm1- P42866-1 398 387-398 44,421 LENLEAETAPLP
1,MOR- 201,0prm1-
1J,MOR- 203,0PRM-
H, MOR- 208, Oprm1-
T 215
MOR-1A | Oprm1-211 | P42866-2 390 387-398 43,563 LENLEAETAPLP — VCAF
MOR-1B1 | Oprm1-214 | P42866-3 391 387-398 43,759 LENLEAETAPLP — KIDLF
MOR-1B2 | Oprm1-230 | P42866-4 409 387-398 45,911 LENLEAETAPLP — KLLMWRAMP
TFKRHLAIMLSLDN
MOR- Oprm1-207 | P42866-5 392 387-398 43,786 LENLEAETAPLP — TSLTLQ
1B3,
MOR-1Q
MOR- Oprm1-201 | P42866-6 425 387-398 47,752 LENLEAETAPLP — AHQKPQECL
1B4, KCRCLSLTILVICLHFQHQQFFIMIK
MOR-1R KNVS
MOR- Oprm1-206 | P42866-7 388 387-398 43,345 LENLEAETAPLP — CV
1B5,
MOR-1P
MOR-1C | Oprm1-216 | P42866-8 438 387-398 48,753 LENLEAETAPLP — PTLAVSVAQIF
TGYPSPTHVEKPCKSCMDRGMRN
LLPDDGPRQESGEGQLGR
MOR-1D | Oprm1-213 | P42866-9 393 387-398 43,942 LENLEAETAPLP — RNEEPSS
MOR-1E, | Oprm1-210 | P42866-10 | 401 387-398 44,848 LENLEAETAPLP — KKKLDSQRG
MOR- CVQHPV
1Eiii,
MOR-1iv
MOR-1F Oprml1-211 | P42866-11 | 444 387-398 49,094 LENLEAETAPLP — APCACVPGAN
RGQTKASDLLDLELETVGSHQAD
AETNPGPYEGSKCAEPLAISLVPLY
MOR-10 | Oprm1-222 | P42866-12 | 416 387-398 46,388 LENLEAETAPLP — PTLAVSVAQIF
TGYPSPTHVEKPCKSCMDR
MOR-1P, | Oprml- P42866-13 | 453 387-398 50,715 LENLEAETAPLP — IMKFEAIYPKL
MOR-1R | 213,0prm1- RHMGPSYPS
218
MOR-1G | Oprm1-226 | P42866-14 | 330 1-94 37,958 MDSSAGPGNIGNFLVMYVIV — M
MEAFSKSAFQKLRQRDGNQEGKS
YL
MOR-1M | Oprm1-217 | P42866-15 | 370 1-94 42,290 MDSSAGPGNIGNFLVMYVIV — M
MEAFSKSAFQKLRQRDGNQEGKS
YL
387-398 LENLEAETAPLP — PTLAVSVAQIF
TGYPSPTHVEKPCKSCMDRGMRN
LLPDDGPRQESGEGQLGR
MOR-1N Oprm1-204 P42866-16 | 325 1-94 37,479 MDSSAGPGNIGNFLVMYVIV — M
MEAFSKSAFQKLRQRDGNQEGKS
YL
387-398 LENLEAETAPLP — RNEEPSS
MOR-1U | Oprm1-217 | P42866-17 | 474 387-398 52,982 LENLEAETAPLP — PTLAVSVAQI
QESGEGQLGR
MOR-1V OPRM-218 P42866-18 | 420 387-398 47,197 LENLEAETAPLP — KQEKTKTKSA
WEIWEQKEHTLLLGETHLTIQHLS
MOR-1W | Oprm1-225 P42866-19 | 399 388-398 44,654 ENLEAETAPLP — AFGCCNEHHDQ
R
MOR-1K | Oprm1-209 | Q4U2PO 39 4562,28
MOR-1L Oprm1-228 | Q4U2P1 41 4936,86
MOR-1Ha | Oprm1-224 Q4U2P9 84 4936,86
M-OR-1 OPRM1-205 | AOAOR4J0 | 456 51,022.88
Z2
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The composition of exon in transcript variants MOR-1Eii, MOR-1Eiii and MOR-1Eiv is
identical to that of MOR-1E, except for an insertion of exon 19 between exons 7 and8. In
addition to some of 7 TM transcript variants of mu-opioid receptor gene with predicted
protein sequences identical to MOR-1 (MOR-1H, MOR-1i and MOR-1J).

Group 2 (Six trans-membrane domain variants) consisted of truncated 6TM transcript
variants (MOR-1G1, MOR-1M,MOR-1N, MOR-1L, MOR-1K) resulting from splicing of
exon 11 and due to skipping of exon 1, these are categorised as 6TM transcript variants. The

most of the truncated 6 TM transcript variants of OPRM1 gene also contain additional exon
such as mice MOR-1G has a terminal exon 4,MOR-1M has exons 7/8/9,the same
3"composition as MOR-1C, and MOR-1N has exons 8/9, the same 3 “composition as MOR-
1D (Pan et al., 2001, 2005b).Although MOR-1K and MOR-1L also lack exon 1, some
additional exon in between exon 11 and 2 (exon 13 (MOR-1K) and exon 14 (MOR-1L) were

also observed.
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Fig.4.4 [A &B] Interaction near the NPxxY motif. The polar network ends at the
cytoplasmic surface with a web of interactions involving the conserved NPxxY sequence

Fig.4.5 G-protein couple receptor (GPCRs) DRY motif
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Fig.4.6: Splice variants of OPRM-1 gene generated from splicing at different exons

Group 3 (Single trans-membrane domain variants) consisted of transcript variants with one
tans- membrane domain (1TM) have been identified in mice rats and humans, which is
encoded by exon 1 (Du et al., 1996, 1997; Kvam et al., 2004; Pan, 2005; Pan and Pasternak,
2011; Xu et al., 2013). The 1TM mouse transcript variants of OPRM-1 gene have been
identified, which are generated by exon skipping and are associated with the exon 1 promoter
(Pan and Pasternak, 2011; Xu et al., 2013). Five single TM mouse variants such as (MOR-
1S, MOR-1R MOR-1Q, MOR-1T and MOR-1Z) that result from the splicing at exon 1 but
unlike group 1, these lack exons 2 and 3. The most of the truncated 1Tm transcript variants of
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OPRML gene contain additional exon including exon 1a (MOR-1H), exon 1b (MOR-1i) and
exon 12 (MOR-1j).

4.1.6 Sequence homology of OPRM-1 across and within species

ClustalW alignment of the opioid receptors across different species that is mice, rat, human
and cow, showed a high degree of sequence similarity. Mice MORs shared 97.7% homology
with rat MOR followed by 93.8% and 91.5 % homology with human and cow MOR
respectively (Fig. 4.7). Key residues like DRY motif at alignment positions 189-191
(Minami and Satoh et al., 1995;Gether et al., 2000) and the conserved Cys-Cys bridge
between EL1 and EL2 provided by residues at 165 and 245 (Palczewskiet al., 2000), which
are crucial for the functioning of opioid receptors, were homologous across species. The
agonist binding of GPCRs is regulated by sodium ions, which binds at Asp in the TM2
domain (Christopoulos and Kenakin et al., 2002). This particular binding site for Na* site was
found to be conserved across the species. Further, among these MOR proteins from four
species, trans-membrane domains and the three intracellular loops, important for MORs
ligand binding and G protein coupling showed highest homology. The most divergent region
was N-terminus, followed by the C-terminus and second/third extracellular loop domains.
Pasternak and Pan (2013) have also reported 60—70% homology of MOR-1 with other opioid
receptor families, particularly at trans- membrane and intracellular loop regions at the amino

acid level.

Mammalian MORs contains the extended eleven amino acid sequence (C-terminus extension;
alignment positions 419-429), as compared to the non-mammalian species. Phosphorylation
of Thr at position 425 in this extended sequence is considered essential for internalization and
desensitization (Wang et al., 2002). This ‘add-on’ piece of protein represents translation of
exon 4 and was observed only in of rat mu opioid receptors and was lacking in hMOR and
MMOR splice variants. Similar results have also been reported by other workers (Pan et al.,
2003 and 2005).

ClustalW alignment of the different splice variants of mice OPRM-1 was also carried out
(Fig 4.8). The homology search revealed that amongst the 19 splice variants, (MOR-1, MOR-
1A, MOR-1B1-1B2, 1B3, 1B4 & 1B5, MOR-1C, MOR-1D, MOR-1F, MOR-1Ei, MOR-1Eii
MOR-1Eiii, MOR-1Eiv, MOR-1Q, MOR-1V,MOR-1W,MOR-1P,MOR-10)have sequence

homology from amino acid position 1-360 that is the region including exon 1-3. Variations
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across these receptors were observed at exon 4, however, sequence for Motifs NPXXY

(NPVLY) and DRY was conserved in all the 7 transmembrane domains.

The transcript variants; MOR-1G1, MOR-1M and MOR-1N, had sequence similarity from
amino acid position 1 to 386.Within micesplice variants,maximum homology was observed
between MOR-1 and MOR-B1 (98%). Similar to across species results, trans-membrane
domains and the three intracellular loops showed highest homology while N-terminus,
followed by the C-terminus and second/third extracellular loop domains were the most

divergent regions within mice transcript variants as well.
4.1.7 Phylogenetic analysis

The phylogenetic trees were constructed using the Neighbour-Joining (NJ) methods of
distance procedure to find the branching pattern among the identified p-opioid receptor gene
(Fig 4.8). The phylogenetic trees obtained using nucleotide and amino acid sequences
showed the same grouping pattern with three major groups.Group | consisted to 7TM
receptors (MOR-1W, MOR-1F, MOR-1P, MOR-1B5, MOR-1Q, MOR-1B3, MOR-1R,
MOR-1B4, MOR-1B2, MOR-1VIl, MOR-1V and MOR-1B1) while group Il had receptor 1E
and its isoforms (MOR-1E, MOR-1E3 and MOR-1E4).

Group Il was the most divergent group consisting of receptors belonging to different
categories that 7TM, 6TM as well as 1TM (MOR-1A, MOR-1U, MOR-1C, MOR-1, MOR-
1T, MOR-1G, MOR-1M, MOR-1la, MOR-1K, MOR-1L, MOR-1Ja, MOR-1Ha, MOR-1N
and MOR-1D). It might be due to heir similar exonic structure. Similarly, the placement of
MORLEs) in one group could be explained as these are the only variants which have exon
19.

The distance matrix revealed the maximum divergence (0.180) between MOR1F and
MOR1M; while MOR1 and MOR1D showed least distance(Table 4.6). Overall, the receptors
within 7TM group showed least divergence whereas maximum distance was observed
between receptors belonging to group 1 that is 7TM and group 2 consisting of 6TM

receptors.
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Fig. 4.7 Alignment of OPRM-1 gene transcripts based on aminoacid sequences.
The trans- membrane domains are shown by the underlined regions.
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Table 4.6 Estimates of evolutionary divergence between amino acid sequences of different MOR

receptors
1
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Fig.4.8 Amino acid based phylogenetic analysis of OPRM-1 transcript variants

—7TM
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4.1.8. Physicochemical properties and the abundance of amino acids in MORs transcript
variants protein

Various physiological parameters of MOR-1 protein were predicted by ProtPram Server.
The Mus musculus reference amino acid sequence consisted of 398 amino acids with
44420.98 Dalton molecular weight and theoretical pl value of 8.62. The speculated formula
for the protein is Cao0sH31390N5190557S31 and their half-life is 30 hours (mammalian
reticulocytes, in vitro). Total numbers of positive and negative residues were 30 and 23,
respectively. Leucine was the most abundant amino acids (9.0 %) in predicted structure of
mice MOR-1, followed by isoleucine, threonine and serine with a percentage of 8.8, 8.5, and
8.0, respectively. Tryptophan (1.8 %) and histidine (2 %) were the least abundant residues
with and followed by glutamate, asparagine, lyscine and glutamine, which contributed 2.5,
2.5 and 3.3 percent to MOR-1 structure, respectively. The physicochemical parameters
predicted the protein to be a charged protein as a result of high number of positively charged
residues (arginine /lysine= 30) and negatively charged residues (aspartic acid and glutamic
acids=23). Overall the the protein was observed to be acidic as indicated by the isoelectric
point value of 8.62.Also, the instability index of 36.42 indicated the stability of identified
model of MOR-1 as proteins with instability index of < 40 regarded are considered as stable
proteins.

Table 4.7 Physiochemical properties of p-opioid receptor transcript variants.

MORs Amino  Mol.wt Theoretical Instability  Aliphatic GRAVY

acid P.l index index
MOR-1 398 44420.98 8.62 36.42 97.71 0.318
MOR-1A 390 43563.08 8.84 35.78 97.21 0.361
MOR-1B2 409 45911.00 9.06 36.83 97.95 0.328
MOR-1C 438 48752.91 8.80 37.03 92.56 0.216
MOR-1M 370 42289.54 9.33 34.64 90.62 0.085
MOR-1N 325 37478.98 9.38 35.95 93.88 0.149
MOR-1U 474 52981.85 9.31 41.32 89.64 0.063
MOR-1D 393 43942.35 8.79 38.39 95.47 0.283
MOR- 398 44420.98 8.62 36.42 97.71 0.318
1ImRNA
MOR-1B1 391 43759.32 8.86 35.69 97.95 0.341
MOR-1G 330 37957.61 9.25 33.61 96.61 0.193

The aliphatic index (97.71), and grand average of hydropathicity (GRAVY=-0.318) also

indicated the stable (Table 4.7) nature of derived protein. These properties for the other splice
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variants were in similar in range as discussed for MOR-1 except MOR-1U(41.32).The
hydrophobic value for all the transcript variants was >30 but varied across the variants
ranging from (33.61) to ( 41.32 ). The variation in the hydrophobic values might be
responsible for the differential binding affinity of the MORs to their ligands (BCM7/9)
(Giuliani et al., 2007).

4.2:To clone MOR in Bacterial expression system for their over expression and

purification
4.2.1 Molecular cloning

Three proteins, MMOR-1G, mMOR-1M, and mMOR-1N, having exon 11 spliced directly to
exon 2 but with differences at C termini (Bare, et al., 1994, Zimprich, et al, 1995, Panet
al.,1999, 2005b; Pan, 2005)) are the major transcript variants of OPRM-1 gene. These
transcript variants are spliced at both 5’ and 3’ end to produce pharmacologically active
targetsthrough heterodimerisation (Panet al.,2001). The cloning and expression of
miceMOR-1M was attempted in bacterial system. To facilitate cloning, tag primers used to
amplify the target gene, EcoRI site was incorporated in the forward and Xhol in the reverse

primer. The amplicon was run on 1.5% percent agarose gel (Fig 4.9).

MOR FP EcoR | GGGGAATTCATGATGGAAGCTTTCTCT
MOR- RP Xho | AATCTCGAGTCACCTGCCAAGCTGGCC

MOR-1M (1.1 kb)

Fig. 4.9 Electrophoresis of amplified MOR transcript variant MOR-1M (1.1 kb) on 1.5 % Agarose
gel. Lane 1, MOR-1M Insert, Lane 2, DNA marker (100bp)

The single amplicon was cut from the gel and target gene DNA was purified. The final
concentration of purified amplicon (MOR-1M) was 50 ng/ pl. For cloning pET 28a (+) vector

system was used.It has T7 promoter and a His-tag sequence that facilitated the recombinant

55



protein purification using affinity chromatography. The T7 promoter is very strong promoter
induced by IPTG (Sorensen HP et al., 2005). The vectors (pET28a) as well as MOR-M insert
were linearized after digestion with restriction enzyme EcoR | and Xho | (Fig 4.10). Ligation
reaction was performed with 100 ng/ul linearized vector and 45ng of target genealong with
ligation control at 4°C for 16hrs.

1 2 3 4

3Kbp- ---5.4 Vector Kbp

1kbp- ---1.1 insert Kbp

Fig. 4.10 Preparation of Vector pET28a (+) and MOR insert after digestion with EcoR | and Xho |
restriction enzyme. Lane 1, DNA Ladder (1kb), Lane 2, Uncut pET28a (+), Lane 3, pET28a Double
digest (EcoR I, Xho I), Lane 4, MOR-M Insert

4.2.2 Transformation of Escherichia coli (DH5a) with pET28a (+) containing insert

The ligation mix (vector and MOR-1M) was transformed by standard heat shock procedure.
After transformation a large no. of colonies were observed on Kanamycin resistance LB plate
(Fig.4.11). The cloned colonies were purified by using plasmid isolation mini kit. The
purified recombinant plasmid run on 1.5 % Agarose gel is shown in (fig 4.12). The size of the

recombinant plasmid was in the expected range that is ~6.5Kb.

Fig.4.11 pET 28 (a+)-MOR-1M recombinant Lb plate
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pET28a (+) -MOR-1M |
(6468 kbp)

Fig. 4.12 Electrophoresis of Cloned plasmid on 1.5% Agarose gel. Lane 1, 2 and 3, clone plasmid,
Lane 4, DNA ladder (1kb).

4.2.3 Analysis of pET28a (+) containing insert by restriction enzyme

Presence of insert in the recombinant clone was confirmed by double digestion with
restriction enzyme EcoR | and Xho I. After restriction digestion the digested products were
electrophoresed on 1.5% Agarose gel. Two intact bands of vector pET28a (+) and MOR with
size 5369 and 1113 respectively (Fig. 4.13) were observed on the gel confirming the cloning

of desired insert.

---Vector pET28a (+) 5369

---MOR insert (1113bp)

Fig. 4.13 Electrophoresis of cloned plasmidafter double digestin on 1.5% agarose gel for release of
insert.Lane 1: Ladder (1Kb), Lane 2: Undigested pET28a (+)-MOR clone, Lane 3: pET28a -MOR
single digested (EcoR 1), Lane 4: pET28a -MOR single digested (Xho 1), Lane 5: pET28a-MOR
Double digest (EcoR I, Xho I).

4.2.4 Expression of mice MOR in E.coli

Expression of cloned MOR-1M was checked in different host systems that is E.coli
C41(DE3), Rosetta and BL21(DE3) cells by growing the cells in LB medium at 37°C to
0.De000.6. The overexpression was achieved by induction with 0.4mM IPTG and cells grown
at 18°C for 12-16hrs. The overexpression was achieved by induction with 0.4mM IPTG and
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cells grown at 18°C for 12-16 hrs. Similar conditions have also been used in a study by
(Stanisila et al., 1991) wherein human p-receptor expression was achieved at 20°C in E.coli
by using 0.5 mM IPTG. The N-terminal his-tagged MOR-1M was found to be produced both
in inclusion bodies and in membrane-inserted form. Across the three host systems, expression
of the target protein was observed in E.coli C41 cells only, though the level of expression
was low Similar to our findings, Ma et al (2013) tried five different host systems for over
expression of human OPRM, however, low level of expression was observed in E.coli C41
cells both in inclusion bodies as well as membrane-inserted form. The protein as analysed on
a 12% SDS-PAGE gel (Fig. 4.14) showed the correct molecular weightindicating the

expression of desired induced protein.
1 2 3 4 5

| 75kDA
| 63kDA

| 48KDA

35kDA
| 25kDA

MOR-1M 42.3 KDA- -

Fig.4.14 SDS-PAGE analysis for expression of MOR protein from E.coli strain C41 (DE3).Lane
1,Uninduced C41 (DE3), Lane 2,Induced C41 (DE3), Lane 3,Pallet, Lane 4, Supernatant and Lane 5,
protein ladder.

4.2.5MOR-1M Solubilisation and purification

In the purification of recombinant protein, solubilisation of membrane protein is very crucial
step and previous study by Grisshammer et al (1995) has indicated that addition of urea with
detergent (L- laurylsarcocine) results in best solubilisation of membrane protein
(Grisshammer et al., 1995). After normal lysis the recombinant protein was observed in the
pellet form. This pellet was solubilised using 6 M urea with 0.8% (w/v) laurylsarcocine
detergents and the final concentration of mMMOR-1M was observed to be ~0.2-0.3 mg/litre of
culture after complete solubilisation of the protein in the membrane fraction under denaturing
conditions with 6 M urea and 0.8% laurylsarcocine. The purification of MOR-1M was carried
out using chelate affinity chromatography (NI-NTA) purification process. Majority of MOR -
1M was captured by Ni-NTA as revealed by Chromatogram representation of purified MOR-
1 (Fig. 4.15).
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v —uv —— Conductivity v — Gradic

o 1 2 3 a 5 6 7 8 9 10 11 12

Fig. 4.15 Chromatogram representation of purified MOR-1 protein through Hi-Trap Ni-NTA column
from E. coli C41 (DE3)

The purified protein from fraction showing maximum abundance of the protein was run on
SDS-PAGE. The size of MOR-1M receptor protein with N-terminal his-tag, was expected as
46 kDA, however the purified MOR-1M receptor protein showed a peak with molecular
weight 42.3 kDA (Fig 4.16). This might be attributed to hydrophobicity and compact
structure of MOR-1M. Previously, in a study on cloning and expression of human OPRM-1
with the N-terminal his-tag, the observed size of protein was 38 kDA on 12% SDS-PAGE
whereas the expected size was 46 kDA (Ma et al., 2013). Also, slight discrepancy between
the theoretical MW and the MW observed during SDS-PAGE for the membrane protein
including GPCRs is common. It might either be due to incomplete unfolding influencing
electrophoretic mobility or differential binding to SDS. The observed MW of a protein might
differ from the theoretical value when the protein binds more or less SDS than it should on
average due to amino acid composition resulting in size range either large or small than
expected (Rathet al., 2009). For the MOR-1M, either of the situation might be ture and hence
there is a need to sequence the purified protein before using it in future for different analysis.

59



1 23 4 5 6 7 8 9 10 11 12 13 14 15

--MOR-1M 42.3kDA

Fig. 4.16 SDS-PAGE analysis for purified MOR protein from E.coli strain C41 (DE3). Lane
1,Uninduced C41 (DE3), Lane 2,Induced C41 (DE3), Lane 3,Induced Pallet C41(DE3), Lane 4,
Flow through, Lane 5, Load, Lane 6, Supernatant Fraction 2, Lane 7,Supernatant Fraction 3,Lane
8,Supernatant Fraction 4, Lane9,Protein ladder, Lane 10,Detergent solubilized pallet flow through
(FT),Lane 11,Detergent solubilized pallet load, Lane 12,Detergent solubilized fraction 3, Lane
13,Detergent solubilized fraction 4, Lane 14,Detergent solubilized fraction 5 and Lane 15,
Detergent solubilized fraction 6.

4.2.6Confirmation for the binding properties of purified receptor protein

The purified protein was precipitated with Ammonium sulphate, which is commonly used for
protein purification and protein seperation by changing the solubility based on salt
concentration. Higher concentration of protein was obtained at 40-60% ammonium salt
concentration (fig.4.17), hence we did post dialysis of this particular fraction carried out in
presence of low salt buffer. For purification, HiTrap Heparin HP column-strong cation
exchanger for high resolution protein was used. The highest Peak was observed at 300 AU
(fig.4.18) with 100% gradient. Further, the elute was run on SDS-PAGE and presence of
MOR-1M protein band confirmed its binding to heparin and thus DNA binding nature (Fig.

4.19). 1 2 3 45 6 7 8 9 10

75kDA |
63kDA
48kDA
35kDA
25kDA

--MOR-1M 42.3kDA

Fig. 4.17 SDS-PAGE analysis for MOR protein precipitation from E.coli strain C41 (DE3).Lane
1,Uninduced C41 (DE3), Lane 2,Induced C41 (DE3), Lane 3,Induced Pallet C41(DE3), Lane 4,
Flow through, Lane 5, 0-20 % gradients , Lane 6, 20-40 % gradients , Lane 7,40-60 % gradients,
Lane 8,60-80 % gradients, Lane: 9,80-100 % gradients, Lane 10,Protein ladder
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Fig. 4.19 SDS-PAGE analysis of post dialysis purified MOR proteinfrom E.coli strain C41 Lane Pre-
Ammonium sulphate precipitation, Lane 2,Post Dialysis Load Ammonium Sulphate Precipitation
Lane 3,Flow through Dialysis Ammonium Sulphate Precipitation Lane 4, WashLane 5-8, Mono Q
Column Fraction Lane 9, Fraction number F-5 Heparin columnLane 10, Protein ladder

4.3. To undertake interaction studies of MOR with BCM7/9 by Insilco approach

In-silico analysis was carried out to assess the binding efficacy of BCM7/9 with mu-opioid
receptor and ascertain the stability of docked molecules. As the crystal structure of mice mu
receptors was unavailable in the PDB databank, homology modelling approach was utilized
to generate their 3D structure. Homology modelling was performed for 7TM mu-opioid
receptor proteins and BCMs. The receptor/ligand interaction was studied using YASARA
software.
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4.3.1 Homology modelling of the 3D Structure of 7TM mu-opioid receptor protein

The 3D structure prediction for mu receptors was carried out using I-TASSER server
(http://zhanglab.ccmb.med.umich.edu/I-TASSER/). | —TASSER is a preferred tool for
homology modelling (Zhanget al., 2009) as herein, the structure templates from PDB library
are identified by LOMETS, which is a meta-server threading approach. Each threading
program generates tens of thousands of template alignments. I-TASSER uses the templates
showing highest significance in the threading alignments as measured by the Z-score, i.e. the
difference between the raw and average scores in the unit of standard deviation. Finally
models are selected utilizing SPICKER program which clusters all the decoys based on the
pair-wise structure similarity, and report models corresponding to largest structure clusters. In
Monte Carlo theory, the largest clusters correspond to the states of the largest partition
function (or lowest free energy) and therefore have the highest confidence. For the selected11
MORs, three templates 4n6hA, 5zbh and 4dkIA showed highest Z score as well confidence
score and were used for 3D homology modelling. To understand the stability of the protein
structure as well as protein-ligand docking, the comparison of different parameters including
C-score, RMSD value and TM-score are essential (Murzin et al., 1995 and Zhang et al.,
2009). Hence, for the studied homology models for 11 MORs, the best model was selected on
the basis of these three parameters (Table 4.8).The C-score indicated the global accuracy of
the model, and was measured based on the significance of the threading alignments and the
convergence of the I-TASSER simulations. Models with C-scores ranging from —5 to +2
(Yang et al., 2015 and Zhanget al., 2008) are considered good models. For the studied
isoforms, all themodels showed C-score values within this range and varied from -0.42
(MOR-1A) to -2.20 (MOR-1U). Amongst the models predicted for different MORs, the
MOR-1 model showed least negative value (-0.42) for C-score and hence was considered as

best model.

The other parameter that is root mean squared deviation (RMSD) value was also within the
expected range (>5) for all the predicted models and ranged from MOR-1N (7.6+4.3 A) to
MOR-1M (10.9+4.6 A) (Table 4.9) RMSD value is calculated for all the equivalent atom pairs
after the optimal superposition of the native and predicted structures and is one of the
criterion for selection of stable structure (Kabschet al., 1978). For RMSD value calculation,
all atoms in the structures are equally weighted and if RMSD values are very high, these can
be the only criterion as in that case sensitivity to the local structure deviation is more as

compared to the global topology. For the predicted models this criterion can very well
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implied as all RMSD values are >6 .Another important criterion, template modelling score
(TM-score) which counts all residue pairs using the Levitt—Gerstein weight (Levitt and
Gerstein, 1998) was also calculated. As the short distance in the Levitt—Gerstein matrix is
weighted stronger than the long distance, unlike RMSD value, the TM-score is more sensitive
to the global topology than local variations (Zhang et al., 2009and Skolnicket al., 2004).
Additionally, because it adopts a protein size-dependent scale to normalize the residue
distances, the magnitude of the TM-score for random protein pairs is protein size independent
(Zhang and Skolnick, 2004). For all the 12 MORs, the calculated TM-score was >0.50 except
for 0.45+0.15 (MOR-U) and 0.49+0.15 (MOR-1M). This clearly indicated correct topology
of the model implying high structural similarity between the predicted model and the native
or experimentally determined structure. Thus all the predicted models satisfied the three basic
criterions (C-score, RMSD value and TM-score) and were selected for further analysis.

Table: 4.8 Quality estimation scores of the predicted 3D structures by I-TASSER.

Model Name C-score Exp. TM- Exp. RMSD No.of Cluster
Score decoys density
MOR-1mRNA -0.46 0.65+0.13 7.8+4.4 A 2096 0.1516
MOR-1M -1.84 0.49+0.15 10.9+4.6 A 533 0.0402
MOR-1U -2.21 0.45+0.15 12.5+4.3 A 454 0.0277
MOR-1 -0.46 0.65+0.13 7.8+4.4 A 2096 0.1516
MOR-1B2 -0.95 0.59+0.14 9.0+4.6 A 1398 0.0945
MOR-1A -0.42 0.66+0.13 7.7+43 A 2098 0.1597
MOR-1D -0.55 0.64+0.13 8.0+4.4 A 2080 0.1395
MOR-1C -1.62 0.52+0.15 10.8+4.6 A 772 0.0486
MOR-1N -0.58 0.64+0.13 7.6+4.3 A 7019 0.1371
M-OR-1 -0.46 0.65+0.13 7.8+4.4 A 2096 0.1516
MOR-1G -0.73 0.62+0.14 8.0+4.4 A 5769 0.1181
MOR-1B1 -0.48 0.65+0.13 7.8+4.4 A 2067 0.1501

4.3.2 Active site analysis and residues recognition

The models generated in PDB format were visualized using PyMole and Chimera server (Fig
4.20 )The biological functions of the predicted models were calculated and probable ligands
were checked for prediction of active site analysis and residue recognition. The models with
high confidence score was submitted to COACH server
(http://zhanglab.ccmb.med.umich.edu/COACHY/) to predict its biological function, including
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ligand-binding site, EC number and GO terms. As the template proteins may have additional
functional domains, the most frequently-occurring GO terms in each of the three functional
aspects (molecular function, biological process and cellular component) was reconciled to
generate consensus GO terms. For the homology models generated in the present study the
details of the EC number and GO terms are provided in (Table 4.9 and 4.10).

Table 4.9 Enzyme Commission (EC) and number of active site of MORs

Name C-score EC¢ TM-Score RMSD @ Active site
MOR-1mRNA 0.235 0.629 2.83 NA
MOR-1M 0.181 0.666 2.89 216,221
MOR-1U 0.131 0.534 2.74 329
MOR-1 0.235 0.629 2.83 NA
MOR-1B2 0.208 0.613 2.78 285,288,401
MOR-1A 0.242 0.641 2.81 78,116
MOR-1D 0.234 0.635 2.85 364
MOR-1C 0.166 0.576 2.76 364
MOR-1N 0.273 0.752 2.92 261
M-OR-1 0.235 0.629 2.83 NA
MOR-1G 0.261 0.740 2.87 261

For identification of ligand binding sites also, COACH server was used. It is based on the
approach of binding-specific substructure comparison (TM-SITE) and sequence profile
alignment (S-SITE) combined with ConCavity (Yang et al., 2013b) and FINDSITE, for
predictions of complementary binding sites. This approach is considered as one of the best
approach and has been used across different studies (Brylinskiet al.,2008, Skolnick et al.,
2008 and Capra et al., 2009).The complementary ligand binding siteswere predicted by
matching the MOR I-TASSER generated model with proteins in the BioLiP protein function
database(Yang et al., 2013a). The functional templates were detected and ranked using
composite scoring function that is based on structure and sequence profile. The probable
protein residues involved in the formation of active binding site pockets for ligands as
predicted by COACH server is given (Table 4.11) MOR-1ImRNA, MOR-1B1, MOR-1,
MOR-1D and M-OR-1 reflected the presence of similar binding sites for ligand XTK. For
MOR-1N and MOR-1G, though the ligand was same, the predicted sites were different but
shared amongst these two receptors. Similarly, MOR-1U and MOR-1C also shared the ligand
(ONN) as well as binding sites. MOR B2 and MOR-1M shared the ligand (ONN) but active
sites were different. For receptor MOR-1A, the ligand (CVD) as well the predicted sites for
ligand binding were also different from the other receptors. The C-score value which is a
indicator of reliability of the ligand binding site ranged from 0.20 (MOR-1U) to 0.51 (MOR-
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1B1). As C-score value for most of the predicted ligand binding sites was more than 0.40
(except for MOR-1U and MOR-1C), these can be considered as reliable sites (Roche et
al.,2015). Similarly cluster size value of more than 50 for most of the predicted ligand

binding also indicated the reliability of predicted ligand binding sites.

Table 4.10 Gene ontology term of MOR

H-Opioid Associated GO Terms
receptor |Cscore| TM-
(MOR) GO score |RMSD?
MOR-1 0.47 [0.6315| 2.65 |G0O:0019835, GO:0016998, GO:0003796 ,G0O:0016798,
G0:0008152G0:0042742, GO:0016787, GO:0003824, GO:0009253,
G0:0007186, GO:0016021
MOR-1A | 0.38 [0.6432 | 2.83 |G0O:0004935, GO:0007186, GO:0016021, GO:0071875, GO:0004940
MOR-1B2 | 0.40 |0.6117| 2.67 |G0:0019835, GO:0016998, GO:0003796, GO:0016798,
G0:0008152, GO:0042742,G0:0016787, GO:0003824, GO:0009253,
G0:0007186, GO:0016021
MOR-1C | 0.33 |0.5751| 2.62 |G0O:0019835, GO:0016998, GO:0003796, GO:0016798,
(G0:0008152, GO:0042742, GO:0016787, GO:0003824,
G0:0009253, GO:0007186, GO:0016021
MOR-1D | 0.37 [0.6387 | 3.01 |G0O:0004935, GO:0007186, GO:0016021, GO:0071875, GO:0004940
MOR-1IM | 0.27 |0.6650| 2.63 |G0O:0004935, GO:0007186, GO:0016021, GO:0071875, GO:0004940
MOR- 0.47 [0.6315| 2.65 |G0O:0019835, GO:0016998, GO:0003796 ,G0O:0016798,
ImRNA G0:0008152G0:0042742, GO:0016787, GO:0003824, GO:0009253,
G0:0007186, GO:0016021
MOR-IN | 0.38 [0.6001| 2.46 |G0O:0004935, GO:0004941, GO:0007186, GO:0016021, GO:0071875
MOR-1U | 0.27 [0.5312| 2.77 |G0:0019835, G0O:0016998, GO:0003796 ,GO:0016798,
G0:0008152G0:0042742, GO:0016787, GO:0003824, GO:0009253,
G0:0007186, GO:0016021
MOR-1B1| 0.38 |0.6017 | 2.67 |G0:0019835, GO:0016998, GO:0003796, GO:0016798,
G0:0008152, GO:0042742,G0:0016787, GO:0003824, GO:0009253,
G0:0007186, GO:0016021
MOR-1G | 0.36 [0.7383| 2.63 |G0O:0004935, GO:0007186, GO:0016021, GO:0071875 ,G0O:0004940

4.3.3 3D modelling of beta-casomorphins

To understand the interaction of modelled receptors with betacasomorphine (BCM) ligands,
the structure of BCM7 and BCM 9 was deduced and modelled using MODELLER software.
I-TASSER could not be used for structural prediction of these small bioactive peptides as the
lower acceptable size range of the targets is 10 residues in I-TASSER. The Modeller is a
preferred software for homology modelling of small bioactive peptides. Herein, the structure
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Fig. 4.20 Homology Model of MOR gene. [A] Mice mMOR, [B] HumanhOPRM-1:Helix is
represented by blue coils, B-sheet as red and H-bond as blue line




Fig. 4.21 3D Modelled structure of p-casomorphine ligands

4.3.4 Secondary structure prediction and 3D Structure validation
SOPMA (Self-Optimized Prediction Method with Alignment) based on the homologue

method of (Levin et al., 1986). That takes into account information from an alignment of

sequences belonging to the same family was used to draw secondary structures for the 12

MORs. This method can correctly predict 69.5% of amino acids for a three-state description

of the secondary structure (alpha-helix, beta-sheet and coil) in a whole database containing

126 chains of non-homologous (less than 25% identity) proteins.

Table 4.11 Predicted ligand binding sites in the MOR isoformsusing the homologue model
generated by I-TASSER.

Name C- Clqster Ligand Ligand binding site
score size name

MOR-1 0.49 120 XTK 143,144,147,148,232,233,236,240,293,296,297,300,322,326
MRNA
MOR-1B1 0.51 122 XTK 143,144,147,148,232,233,236,240,293,296,297,300,322,326
MOR-1 0.49 120 XTK 143,144,147,148,232,233,236,240,293,296,297,300,322,326
MOR-1D 0.50 119 XTK 143,144,147,148,232,233,236,240,293,296,297,300,322,326
MOR-1N 0.53 115 XTK 75,76,79,80,164,165,168,172,225,228,229,232,254,258
M-OR-1 0.49 120 XTK 143,144,147,149,232,233,236,240,293,296,297,300,322,326
MOR-1G 0.49 105 XTK 75,76,79,80,164,165,168,172,225,228,229,232,254,258
MOR-1M 0.46 100 ONN 76,76,79,80,83,84,150,168,172,225,229,232,254,258
MOR-1U 0.20 40 ONN 124,127,144,147,148,151,152,217,236,240,293,297,300,322,326
MOR-1B2 0.40 68 ONN 124,144,147,148,151,152,218,236,240,293,297,300,322,326
MOR-1C 0.24 34 ONN 124,127,144,147,148,151,152,217,236,240,293,297,300,322,326
MOR-1A 0.48 118 CvD 127,143,147,148,151,232,,240,293,296,297,300,322,323,326
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The PDB files generated by I-TASSER server were used as input for SOPMA server for the
prediction of secondary structure. Secondary structure prediction for MORs is represented as
alpha helix as ‘Hh’, extended strand as ‘Ee’; beta turn as ‘Tt” and random coil as ‘Cc’. The
number of aminoacids contributing for alpha helix, extended strand, beta turn and random
coil are presented in (Table 4.12) and. As is evident from the table, maximum number and
percent of residue contribute for alpha helix and random coil followed by extended strand
and beta turn. For example in the secondary structure of MOR-1 sequence 168 (42.2%) and
173 (43.47%) residues contributed towards alpha helices and random coil respectively while
for extended strands and beta turn the contribution was by 48 (12.06%) and 9 (2.26%)
residues respectively. In the (Fig.4.22) alpha helix is represented by blue color, extended
strand by red, beta turn by green and random coil by yellow. The predicted homology models
for the proteins are generally error prone and needs validation. The predated structures for the
MORs were validated using three software namely, PROSA, RAMPAGE and WHAT IF web

Server.

Table 4.12 Calculated alpha helix, extended strand, beta turn and random coil for the
secondary structures predicted for p-opioid receptor isoforms by SOPMA

MORs Sequence Alpha helix Extended Beta turn Random coil
length (Hh) strand (Ee) (Tt (Co)
MOR-1 398 168 (42.2%) 48 (12.06%) 9 (2.26%) 173 (43.47%)
MOR-1A 390 145 (37.18%) | 54 (13.85%) | 13(3.33%) | 178 (45.64%)
MOR-1B2 409 147 (35.94%) | 67(16.38%) | 11 (2.69%) | 184 (44.99%)
MOR-1C 438 155(35.39%) 69 (15.75%) | 13(2.97%) | 201 (45.89%)
MOR-1M 370 173 (46.76%) | 44 (11.89%) | 16 (4.32%) | 137 (37.03%)
MOR-1N 325 156 (48.00%) 45 (13.85%) 12 (3.69%) 112 (34.46%)
MOR-1U 474 165 (34.81%) 70 (14.77%) | 19 (4.01%) | 220 (46.41%)
MOR-1D 393 138 (35.11%) 67 (17.05%) 10 (2.54%) | 178 (45.29%)
MORIMRN 398 168 (42.21%) | 48 (12.06%) 9 (2.26%) 173 (43.47%)
A

MOR-1B1 391 148 (37.85%) | 63(16.11%) | 9(2.2.30%) | 171 (43.73%)
MOR-1G 330 165 (50.00%) | 44 (13.33%) | 12(3.64%) | 109 (33.03%)
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Table 4.13 PROSA Z-score for homology model structure

p-Opioid receptor (MOR) Amino acid PROSA Z-score

MOR-1 398 -0.34
MOR-1A 390 -1.23
MOR-1B2 409 -2.04
MOR-1C 438 -1.72
MOR-1M 370 -1.05
MOR-1N 325 -1.36
MOR-1U 474 -1.62
MOR-1D 393 -0.65
MOR-1mRNA 398 -0.34
MOR-1B1 391 -0.45
MOR-1G 330 -1.22

In ProSA web, the overall quality score (Z score) is calculated for a specific input structure.
The advantage of ProSA program (Wiederstein et al., 2007, and Sippl et al., 1993) is that it
requires only Ca atoms so that low-resolution structures and approximate models obtained
early in the structure determination process can be evaluated and compared against high-
resolution structures. The Z score is displayed in a plot that shows the scores of all
experimentally determined protein chains currently available in the Protein Data Bank
(Berman et al., 2000). Thus it relates the score of a specific model to the scores computed
from all experimental structures deposited in PDB. Problematic parts of a model are
identified by a plot of local quality scores and the same scores are mapped on a display of the
3D structure using colour codes. The colour codes can be used to check whether the z-score
of the input structure is within the range of scores typically found for native proteins of
similar size. Overall, all the models showed negative Z score value (Table 4.13) indicating
the stability of deduced structures. The z-score indicated overall model quality and measured
the deviation of the total energy of the structure with respect to an energy distribution derived
from random conformations (Wiederstein et al., 2007, and Sippl et al., 1993). For all the
models of MORs, green coloured plots were obtained and representative plots are shown in
(Fig.4.23 a&b). Model quality was also evaluated by RAMPAGE server wherein
Ramachandran plot is drawn to show the residues in the favoured region. The Ramachandran
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Fig. 4.22 Secondary structure of MOR protein

plots for the all MORs model showed that percentage residue in the favoured region was
between 83.3 to 98.
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(Table 4.14) indicating that all the modelled 3D structure of MOR proteins have acceptable

stability and it conforms to the rule of stereochemistry. Amongst all the homology models,

the protein stability check for model generated for MOR-1 revealed 334 residues (83.3%)

residues in favoured region,(2.0%) in expected, 37 (9.2%) in allowed region and 30 (7.5%)

residues in outlier region and hence a stable structure.

Table 4.14 Ramachandran plot analysis of molecular docking results of mu-opioid receptor

MORs Assessment of the Ramachandran Plot
(RAMPAGE)
No. of residues in favoured No. of residues in allowed | No. of residues
region region in outlier
region

MOR-1A ~08.0% expected: 343 (87.3%) | ~2.0% expected: 34 (2.7%) 16 (4.1%)

MOR-1D (~98.0% expected): 330 (83.3%) | (~2.0% expected): 37 (9.3%) 27 (5.4)

MOR-1U (~98.0% expected): 379 (79.5%) (~2.0% expected): 62 36 (7.5%)
(13.0%)

MOR-1G (~98.0% expected): 292 (87.4%) (~2.0% expected) : 20 ( 22 (6.6%)

6.0%

MOR-1M (~98.0% expected): 338 (90.6%) | (~2.0% expected): 24 (6.4%) 11 (2.9%)

MOR- (~98.0% expected): 334 (83.3%) (~2.0% expected): 37 30 (7.5%

ImRNA (9.2%)

MOR-1N (~98.0% expected): 283 (86.3%) (~2.0% expected): 27 18 (5.5%)
(8.2%)

MOR-1 (~98.0% expected):334 (83.3%) (~2.0% expected): 37 30 (7.5%)
(9.2%)

MOR-1B2 (~98.0% expected): 345 (83.7%) (~2.0% expected): 51 16 (3.9%)
(12.4%)

MOR-1C (~98.0% expected): 353 (80.0%) (~2.0% expected): 56 32 (7.3%)
(12.7%)

MOR-1B1 (~98.0% expected):324 (82.2%) (~2.0% expected): 44 26 (6.6%)
(11.2%)

Psi (degrees)

348 (A)
L

Phi (degrees)

[A]

Fig.4.23 Ramachandran plot of mu opioid receptor by PROCHECK server
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Fig.4.24 MOR 3D model validation: Residue interaction energy profile for the MOR drawn with
PROSA. Residues are coloured from blue to red in the order of increasing residue energy.

4.3.5 Molecular docking and receptor protein interaction study

In order to understand the stability of docked or interacting residues, docking study of MORs
and bioactive peptide ligands (BCM7/9) was carried out using the fast docking algorithm
PatchDock, which identifies shape complementary interactions between binding partners that
is receptor and ligand (Duhovny et al., 2002). The docking results of the structural complex
between the MORs and the BCM7/9 were downloaded as PDB files, and they were all
visualized using PyMole and chimera software (Fig. 4.24 [A&B]). The docking runs for each
of the parameter (MORs and BCM7/9) were done using PatchDock server and all the results
generated by this server showed a very high binding energy. This indicates good binding
solution for all the transcript variants of (MOR) with BCM7 having the highest binding
energy. Further, the generated docking with BCM 7 results were refined using FireDock
server. The global energy values for MOR-1, MOR-1A, MOR-1B2, MOR-1D, MOR-1G,
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Fig.4.25 [A & B] Molecular Docking of MOR with BCMs: [A].Docking with BCM-7 [B].Docking with
BCM-9. Where blue colour indicated (coil), red and cyan (B-strand) and red colour BCMs (BCM-7, BCM-9).

MOR-ImRNA, MOR-1Uwere -58.69,-53.42,-53.39,-60.4,-65.35,-58.69, and -76.01,

kcal/mol. This indicates good binding solution for the transcript variants of MOR-B2 with




BCM-7 having the highest binding energy values -53.39 kcal/mol as shown in
(Table.4.15).The global energy in which , MOR-1U,MOR-1G and MOR-1D has less binding
energy with —76.01, -60.40 and -65.35 kcal/mole; respectively indicating highest binding
energy for MOR MOR-1B2 with BCM7. Thus these results strongly supported the FireDocks
global energy results confirming that Opioid receptor with a very high binding energy of -
53.39 is the most stable. The molecular docking results show the essential role of the relative
orientation of the ligand in the p-opioid receptor binding site, inducing the tendency of
critical non-covalent interactions that are required to facilitate BCM7/9/MORs interactions
and receptor activation. The similar results have been reported by (Stefan M. Noha et al.,
2017).

Table 4.15 Patch Dock and Fire Dock results for each MORs energy for the solution in kcal/mol.

K-Opioid receptor Global energy (KJ/mole) ACE (KJ/mole)
(MOR)
MOR-BCM-7 MOR-BCM-9 MOR-BCM-7 MOR-BCM-9
MOR-1 -58.69 -52.77 -11.31 -4.55
MOR-1A -53.42 -52.51 -9.94 -8.92
MOR-1-B2 -53.39 -51.14 -10 -9.29
MOR-1D -60.4 -54.34 -11.65 -4.71
MOR-1G -65.35 -55.18 -10.39 -4.36
MOR-mRNA -58.69 -52.77 -11.31 -4.55
MOR-1U -76.01 -51.55 -18.75 -4.98

The bioactive peptide BCM7/9-MOR complex showed three binding pocket sites such as
pocket 1, 2 and 3 which are very close in BCM-7 resulting in strong binding as compared to
BCM-9(fig. 4.25). The similar results have been reported by other researchers (Kulp et al.,
2012; Blum et al., 2011; Barelier et al., 2015) who also observed multipose binding in many
naturally occurring protein-ligand complexes.In the bovine beta-casomorphine-7, presence of
tyrosine residue at the N terminal and a phenylalanine residue at the 3™ or 4" forms the motif,
it is bind to the opioid receptor which are pharmecophoric residues. The proline present at the
2" position is crucial for the formation of bioactive conformation of the peptide in order to

bind receptor.
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Fig.4.26 [A&B]: Representation of H-bonding between MOR and BCM7/9.
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Fig.4.27 Molecular docking and binding pocking site of p-opioid receptor. All binding pocket (Mesh)
of mu-opioid receptor Site-1(Gary), Site-2(Blue), and Site-3(Green)) very close to BCM-7 while In
BCM-9 binding pocket site at distinct position.

The proline at 2" position along with the pharmecophoric residues forms the “messenger
sequence”. The remaining C terminal sequence forms the “address sequence”.We observed
that biologically important residues of Tyr and Phe play a significant role in orienting the
conformational change in secondary structure and necessary for opioid activity
(Yamazakietal., 1993,Mierkeet al., 1990).In the current study, the binding site was selected
based on the amino acid residues, which are involved in binding mu-opioid receptor with beta
casomorphins (BCM-7, BCM-9) would be reflected as the best perfect active region
(Fig.4.26).

4.3.6 Hydrophobic interactions and functional activity

The average hydrophobicallyinteracting atoms in MORs with BCM7 were 15 (MOR-1B2),
18 (MOR-1M), 17 (MOR-1D) and 14 (MOR-1A) with one or two hydrogen bond. In case of
BCM-9,these werel3 (MOR-1B2), 15 (MOR-1M), 16 (MOR-1D) and 13 (MOR-1A) with
one or two hydrogen bonds (Fig 4.27). This defines the importance of hydrophobic
interactions in ligands proteins and improvesthe binding affinity of targets.lt has been
previously described that the binding affinity associated with hydrophobic interactions can be
optimized by incorporating them at the site of the hydrogen bonding (Qian et al., 2009). An
increase in the number of hydrophobic atoms in the active core of MORs further increases the

biological activity.
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Fig.4.28 Ligand binding pocket with polar interactions shown. [A]: Docking with BCM-7 [B]:
Docking with BCM-9.Electron density within the ligand-binding pocket, structural basis for
BCM-9 ligand binding to the MOR.
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Fig.4.29 The homology model where the ligand forming hydrogen bonds and hydrophobic
interaction.

The N-terminal isoleucine at 7" position, proline at 2" and6™ position interact with the
tryptophan residue at Trp3!® (A) position, Lys 2?3(A) and Trp'?® (A) residues of mu-opioid
receptor respectively. The 16 amino acid residues of mu-opioid receptor showed hydrophobic
interaction with BCM-7 including ( Val 3 GIn'?* 11e322 112%, 144 Lys303, Lys233 Ala304
Tyrl48 Leu219, Tyr326 and Aspl47 , Trp226 ,Thr307, Thr225, Glu 229, Thr218 , Trp318
,Tyr128). It also indicated majority of interactions between BCM-7 and active mu-opioid
receptor are hydrophobic or aromatic in nature. In case of BCM-9, bioactive peptide N-
terminal proline, asparagine, Phenylalanine at the 4" 9™ and3" position interact with Lys
233309 GIu® Aand Leu®®® (A) residues of mu-opioid receptor respectively.The 13 amino
acid residues of mu-opioid receptor showed hydrophobic interaction with BCM-7 (lle3??,
lle1**, Lys303, Ala®%* and Asp?®, Trp??®, Thr??®, Glu??®, Thr?® Tyr128, Phe?*’!Asn'?’). The
most prominent binding site prediction of mu-opioid receptorwith BCM7/9 were TYR?%,
TRP 318 ASN %27 LYS 23 GLU 3°LEU 2° (fig 4.28). Thus it can be concluded that these
docked atoms help to increase the binding affinity of the target-receptor molecules and
optimize the hydrophobic interactions by captivating the hydrogen bonding at the
hydrophobic core of the complex.

4.3.7 MOR-BCMs complex energy minimization
The YASARA (Yet Another Scientific Artificial Reality Application) force field and the

homology modelling protocol have been implemented as part of the molecular modelling
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program. A web-server can be found at (http://www.yasara.org/minimizationserver.htm)
which provides access to the YASARA.The YASARA force field defined here addresses
these issues by merging the AMBER all-atom force field equation with multi-dimensional
knowledge-based torsional potentially and with a consistent set of force field parameters to
exploit the accuracy. The energy minimization of docked complex model structure (BCM and
BCM-9 with MORs) was done by YASARA server. The full length 7TM transcript variants
of BCM-7 showed the greater energyaffinity with MOR-1A (-202241.7 kJ/mole), MOR-1(-
184708.6 kJ/mole), MOR-B1 (-178924.8 kJ/mole), MOR-B2 (-191105.7 kJ/mole), MOR-1U
(-199434.9 kJ/mole) receptors. Similarly in case of BCM-9, 7 TM transcript variants showed
the energy affinity of -184703, -154812.6, -178014.7, -189852.0 and -191018.3 kJ/mole with
MOR-1A, MOR-1, MOR-B1, MOR-B2, MOR-1U receptors respectively. The truncated
6TM GPCRs transcript variant in case of BCM-7 showed the energy affinity of -201459.7
and -185062.3 KJ/mole towards MOR-1IM and MOR-1N receptors respectively. The
truncated 6TM GPCRs transcript variant in case of BCM-7 showed energy affinity of -
183604.6 and -154812.6 KJ/mole towards MOR-1M and MOR-1N receptors respectively.
Docking of BCM7/9 with mu receptors (MOR) indicated stable binding of BCM7 with mu
receptors as compared to BCM9 in terms of interacting amino acids (TYR128, TRP 318,
ASN 127, LYS 233, GLU 310LEU 219), ligand and protein atoms involve in hydrogen
bonding (BCM7 = LYS 233(2.22 A°), BCM9 =LY'S 233(3.09 A°)), number of hydrophobic
interacting amino acid residues (15 in case of BCM7 while 13 in BCM9). Similarly in case of
human OPRM-1 receptor the comparative energy minimization for MOR-BCM7 and for
MOR-BCM9 showed the energy of -156206.5 and -156113.5 KJ/mole respectively. The
comparative energy minimization of docked model for MOR-1A-BCM7- (-202241.7
KJ/mole) and for MOR-1A-BCM9 (-184703.0 KJ/mole) using YASARA server also
indicated greater binding affinity of BCM7 towards mu opioid receptor (Table 4.16, Fig.
4.29).
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Fig. 4.30 [a] PDBsum’s ligplot results for u-OR-BCM7: The red arc circles indicate hydrophobic
interaction; Hydrogen bonds are shown as green dotted lines or green circle while the spooked arcs
represent protein residues making non-bonded contacts with the ligand. Amino acid residues involved

in polar interactions are illustrated (i.e., Tyr 128, Lys 223 %22, Trp 318, Glu 310 3% Cys127, Leu 219)
along with intermolecular hydrogen bonds (green dashed lines).
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Fig. 4.30 [b] PDBsum’s ligplot results for ui-OR-BCM9: The red arc circles indicate hydrophobic
interaction; Hydrogen bonds are shown as green dotted lines or green circle while the spooked arcs
represent protein residues making non-bonded contacts with the ligand. Amino acid residues involved
in polar interactions are illustrated (i.e., Tyr 128, Lys 223 222, Trp 318, Glu 310 3% Cys127, Leu 219)
along with intermolecular hydrogen bonds (green dashed lines).

81



Table 4.16 Energy minimization of complex (MORs-BCMs)

p-Opioid receptor Start Energy (KJ/mole) END Energy (KJ/mole)
(MOR) MOR-BCM-7 MOR-BCM-9 MOR-BCM-7 MOR-BCM-9
MOR-1 15807339.7 14202835.6 -184708.6 -154812.6
MOR-1A 18443481.1 2647849503.2 -202241.7 -184703.0
MOR-1B2 2194223.4 2689417089.8 -191105.7 -189852.0
MOR-1C 2452144 133611474137.5 -191105.7 -185062.3
MOR-1D 167778193.5 1284460098.8 -198459.7 -1874389.6
MOR-1M 590839394.1 420659.9 -201459.7 -183604.6
MOR-1mRNA 415488328.8 352375008.2 -199434.9 -171412.2
MOR-1N 245214 14202835.6 -185062.3 -154812.6
MOR-1U 1520130232.5 1689086.8 -199434.9 -191018.3
MOR-1B1 -92222.4 242483887.4 -178924.8 -178014.7

Mice MOR Energy Minimization

M- woraa
-202241.7
184705, ok G

-250000 -200000 -150000 -100000 -50000 0

MOR-1 MOR-1A MOR-1B1 MOR-1B2 MOR-1M MOR-1IN MOR-1U
mBCM-9 -154812.6 -184703 -178014.7 -189852 -183604.6 -154812.6 -198018.3
mBCM-7 -184708.6 -202241.7 -178924.8 -191105.7 -201459.7 -171101.3 -199434.9

mBCM-9 mBCM-7

Fig. 4.31 [A] Mice MOR Comparative energy analysis of BCMs complex. Blue line energy indicates
BCM-7 and orange colour BCM-9 complex.
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Human MOR Energy minimization

-156400 -156200 -156000 -155800 -155600 -155400 -155200 -155000 -154800

B BCM-9 Energy (KJ/mole) B BCM-7 Energy (KJ/mole)

Fig. 4.31 [B] Human MOR Comparative energy analysis of BCMs complex. Blue line energy
indicates BCM-7 and orange colour BCM-9 complex.
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CHAPTER -5

Summary and Conclusions




SUMMARY AND CONCLUSIONS

(A) To characterize mu opioid receptor (MOR) and its splice variants in brain and gut
tissues of mice

Seven splice variants of OPRM-1 gene were identified by amplification of RNA
from gut and brain tissue of mice. Sequence characterization of identified splice
variants was carried out using ABI 3100 automated DNA Sequencer. Further, to gain
insight into all available splice variants, resources like NCBI, UniProt and conserved
domain database were also searched. Overall experimentally and from databases a
total of 31 MORs transcripts were identified.

The mice transcript variants were characterized for their location on chromosome, in
the cell, exon-intron structure, position of different domains and splicing sites etc.
Domain structure of all mice mu receptor genes was conserved and two signature
patterns G_PROTEIN_RECEP F1 1 and G_PROTEIN _RECEP_F1 2 were
identified. One motif NPxxY was also observed across all the transcript variants.
Due to the structural similarity, MORs shared identical binding pockets as well as
intra- and extracellular loops.

The structural organisation of mice transcripts was similar to other mammalian
species. At the amino acid level mice MORs showed 93.8 and 92 percent homology
to human, rat and cow MORs respectively. Sequence alignments of MOR-1 across
species indicated that regions with the highest homology were the transmembrane
domains and the three intracellular loops which are important for MORs ligand
binding and G protein coupling. The major differences were observed only at the tip
of the C —terminus which is the result of splicing.

The grouping of different MORs on the basis of nucleotide sequences and splicing at
different exons resulted in three major groups. Group 1 consisted of 7TM transcript
variants resulting from splicing of exonl. All the full length 7TM transcript variants
contained exon 1, 2 and 3 which encodes the entire MOR-1 receptor except for the
tip of C-terminal 12 amino acid. In addition to these three exons additional exons
were also observed in some of the 7 Tm transcript variants including exons 4-5, 7-
10, 15, 18 or 19. Group 2 consisted of 6TM transcript variants resulting from
splicing of exon 11 and skipping of exon 1.In addition to exon 11 which are
observed uniformly, additional exons (4, 7, 8, 9, 11, 13 and 14) in some of the

transcript variants of group were also observed. Group 3 consisted of transcript
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variants with one tans- membrane domain (1TM) encoded by exon 1. These variants
lack exons 2 and 3 but three members (MOR-1H; 1i and -1j) showed additional
exons as well.

The homology search revealed that amongst the 19 splice variants, (MOR-1, MOR-
1A, MOR-1B1-1B2, 1B3, 1B4 & 1B5, MOR-1C, MOR-1D, MOR-1F, MOR-1Ei,
MOR-1Eii MOR-1Eiii MOR-1Eiv MOR-1Q, MOR-1V,MOR-1W,MOR-1P,MOR-
10,) showed sequence homology from amino acid position 1-360 that is the region
including exon 1-3. Variations across these receptors were observed at exon 4.
Sequence for Motifs NPXXY (NPVLY) and DRY was conserved in all the 7
transmembrane domains.

Phylogenetic analysis of MOR gene family distinguished them into three major
evolutionary groups wherein members of group Il were most divergent and quite

dissimilar than from rest of the MOR sequences.

(B) To clone MOR in Pichia / Bacterial expression system for their over expression and

purification

The oprm-1M gene was cloned in expression vector pET 28a (+) havingT7 promoter
and a His-tag sequence that facilitates the purification of recombinant proteins using
affinity chromatography. Toxic protein resistance E.coli C41 was used as host
system.Over-expression of MOR-1M membrane proteins was achieved using 0.4mM
IPTG at low temperature (18°C).

The purification of seven Trans membrane protein (7TM) was carried out by using
high efficiency membrane protein solubilizing detergents that is 6M urea and 0,8%
L-laurylsarcocine.
The properties of the purified protein were validated. Sufficient quantity of protein

was recovered and it can serve as a resource for future studies.

(C) To undertake interaction studies of MOR with BCM7/9 by in silico approach.

Strategy of homology modelling was utilized to generate 3D structure of MORs. For
structure prediction, the sequences for major 10 mu receptor isoform were used.
Three templates (4n6hA, 5zbh, 4dkIA) satisfying all the criterion for the stable
structure were used for homology modeling using I-TASSER. The homology of

these templates with mu receptors was 95-98 %.
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e Using RAMPAGE Server, 98 % residues of mu receptors were observed to be in the
most favored regions indicating energetically and sterically stable conformations of
residues.

e The ligand structure prediction (BCM7/9) was carried out by MODELLER server.
DOPE score of 0.97 and 0.98 for the structures of BCM7 and 9 respectively,
indicated good quality of homology model.

e The PDB files of ligand and target receptor were uploaded to Patch Dock server for
docking, using cluster RMSD at default value of 4A°. Interacting amino acidic
residues and prominent binding sites were predicted by PDBsum server and
LIGPLOT server respectively. Major forces involved in protein-ligand interactions
were Hydrogen bonding in association with other non-covalent interactions such as
ionic interactions, hydrophobic interactions, and VVan der Waals forces.

e Docking of BCM7/9 with the mu receptors indicated stable binding of BCM7 with
mu receptors as compared to BCM9 in terms of interacting amino acids (TYR128,
TRP 318, ASN 127, LYS 233, GLU 310LEU 219), ligand and protein atoms
involved in hydrogen bonding (BCM7 = LYS233 (2.22 A°), BCM9 = LYS 233(3.09
A°)). Further, number of interacting hydrophobic amino acid residues were 15 in
case of BCM7 while 13 in BCMO.

e The comparative energy minimization of docked model for u-OR-BCM7 (-191105.7
KJ/mole) and for p-OR-BCM9 (-1898520 KJ/mole) using YASARA server also

indicated greater binding affinity of BCM7 towards mu opioid receptor. .

The study helped to characterize the mice mu opioid receptors and its splice variants.
Cloning and induced expression mu opioid receptor genes in pET28a (+) vector and
E.coli C41 (DE3) host can yield purified protein in large quantities. The 3D structures
generated through different software’s helped to understand the efficacy of interactions
and binding characteristics of MOR with different BCM peptide legends. The interaction
of MORs with BCM7 / BCM9 clearly indicated the strong binding of BCM7 with Mu
receptors as compared to BCM9.This work form the basis for future studies to
understand the impact of different bioactive peptides generated from A1/A2 milk as it is
generally believed that binding of MORs with beta-casomorphins (BCMSs) might lead to
transducing signals and various intracellular pathways that may lead to different health

disorders.
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Appendix |

1.Plastic and Glass wares

Vender

1.1.grade pyrex glass

M/S labco , Ambala, India

1.2.Disposable pasteur pipettes

M/S labco ,Ambala, India

1.3. 15 and 50 ml falcon tubes

Geonaxy

1.4.0.22 and .45 pm filters

Miliporecorporartion Bedford MA USA

1.5.Disposable tips

M/S Tarsons products Pvt. Ltd, Kolkata India.

2. Chemicals

2.1. Fluoride Hi-Media laboratories, Mumbai India
2.2. Yeast Extract Hi-Media laboratories, Mumbai India
2.3. Tryptone Hi-Media laboratories, Mumbai India

2.4. NaCl

Hi-Media laboratories, Mumbai India

2.5. Ammonium Acetate

Hi-Media laboratories, Mumbai India

2.6. Phenyl Methyl Sulphonyl

Hi-Media laboratories, Mumbai India

2.7. Agarose powder

Genei

2.8. Sodium Dodecyl Sulphate (SDS)

SRL Mumbai,

2.9. Tris-base

Merck,specialities Pvt. Ltd. Mumbai

2.10. Glycine

Fischer scientific Mumbai

2.11. N-propanol

Fischer scientific Mumbai

2.12. Triton X 114

Sigma Aldrich set Louis,USA

2.13. Acrylamide

Sisco research laboratories Pvt.

Ltd.Mumbai

2.14. Tetra-methyl
(TEMED)

ethylene diamine

stratagene,santaclara, USA

2.15. Ammonium Sulphate

Merck,specialities Pvt. Ltd.

2.16. Beta mercaptoethanol

Merck,specialities Pvt. Ltd.

2.17. Lysozyme

Merck,specialities Pvt. Ltd.

2.18. L lauryl-sorcoc

Merck,specialities Pvt. Ltd.

2.19. Protein molecular weight ladder

Thermo Fischer Scientific

2.20. Gene Ruler (100bp DNA ladder)

Thermo Scientific

2.21. GeneRuler (1kb DNA ladder)

Thermo Scientific

3. Equipment

Horizontal Agarose gel electrophoresis unit

Bio-Rad laboratories India Pvt.Ltd.

GEL doc GE Healthcare
Thermal cycler Bio-Rad laboratories India Pvt.Ltd.
6x histidine HisTrap

Ni-NTA affinity column

GE Healthcare

Mono Q anion exchange chromatography

column

GE Healthcare

HiTrap Heparin affinity column

GE Healthcare

XVi




	Amarjeet.PDF
	Page 1
	Page 2
	Page 3




