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CHAPTER 1 - INTRODUCTION AND REVIEW OF
LITERATURE

The extracellular matrix (ECM) is a heterogeneous network made up of several structural
and functional proteins. ECM chiefly contains collagen and elastin; apart from that it has
micro fibrils, soluble protein and glycoprotein’s [1]. Primary function of ECM is to
provide mechanical support to tissues. ECM is a dynamic milieu involved in various
processes like cell-cell interactions, cell migration and cell anchorage. ECM also plays an
important role in the regulation of cellular functions during embryonic development,

tissue repair, inflammation, tumor invasion and metastasis [2] .

Cross linked collagen and elastin matrixes give mechanical and tensile strength to the
ECM. Cross linking of collagen and elastin is a post-translational modification, where
covalent bond is generated between the lysine residues by the action of an enzyme called
Lysyl Oxidase (LOX) [3]. By oxidative deamination process LOX converts the amino
group of lysine residues into reactive aldehydes. Thus LOX plays a vital role in the ECM
formation. Apart from extracellular matrix formation, LOX also has various intracellular
activities, like regulation of chromatin compaction, gene transcription, cell differentiation
and tissue development. It plays an important role in angiogenesis by regulating the cell
migration and adhesion pathways of endothelial cells [4]. The enzyme activity is
impaired in disease like atherosclerosis, aortic aneurysms, hepatic fibrosis, cutis laxa and
hypertrophy scars. The increased LOX expression is considered as a marker for tumour
invasiveness in breast cancer, head and neck squamous cell, prostatic and renal cell
carcinomas. Apart from LOX, there are four other LOX like proteins (LOXL), which are
denoted as LOXL1, LOXL2, LOXL3 and LOXL4 [5].
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1.1 Lysyl oxidase (LOX)

Amine oxidases are the oxidoreductases class of enzyme, catalyst the conversion of
primary amine to aldehyde group. Based on the cofactor, they are classified into flavin
containing amine oxidase (Eg., monoamine oxidase-A and polyamine oxidase) and
copper containing amine oxidase (Eg., diamine oxidase and lysyl oxidase) [6]. Enzymatic
function of these enzymes is found inside the cell, transmembrane and extracellular

region.

LOX belongs to the copper dependent amine oxidase with the Enzyme Commission
number, 1.4.3.13. Pinnell and Martin in 1968, demonstrated the cross linking of elastin
and collagen by the enzymatic activity of LOX [7]. LOX acts on the peptidyl lysine of
collagen and elastin and converts them in to reactive aldehydes (allysine), which further
reacts with the vicinal lysine or allysine and brings about the cross linking [8] [9]. This
cross linking makes the final step in the maturation of collagen and elastin. Hence LOX

plays a major role in the formation of the extracellular matrix.

1.2 Biosynthesis and post-translational modification of LOX

LOX belongs to the oxido reductase family of enzyme, which is secreted into the
extracellular space [10] [11] [12]. The nascent mRNA translated LOX fragment is a
46 kDa polypeptide, which contains 3 segments namely, signal peptide, propeptide and
mature LOX. Trackman et al demonstrated the biosynthesis of pro-LOX by immuno-
precipitation using antibody developed against 32 kDa bovine LOX. By cell free
translation process, mMRNA of rat smooth muscle cell was translated, which resulted in
46 kDa LOX proenzyme [8] [9]. Immunoprecipitation of media and cell lysate of
cultured rat smooth muscle cell resulted in bands with molecular weight of 50, 46 and
32 kDa [15]. The 46 kDa proenzyme undergoes N-glycosylation during post-
translational modification and resulted in 50 kDa pro-LOX. By pulse chase, it was
revealed that 50 kDa band was present in both cell lysate and media but 32 kDa was
present in media only [15]. Procollagen C-proteinase acts as an endoprotease and cleaves
the 50 kDa pre-LOX into 18 kDa propeptide and 32 kDa mature LOX. In mammals,
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cleavage is accomplished by the action of Bone Morphogenetic Protein-1 (BMP-1) and
mammalian Tolloid (mTLD) [16] [17]. LOX is transported to cell membrane through
golgi apparatus in vesicles after which the vesicle buds off and fuses with the sub-cellular

membrane.
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Figure 1.1: Biosynthesis of Lysyl oxidase (LOX)

The nascent translated polypeptide is called as pre-pro-LOX. It is converted into 46 kDa
pro-LOX by cleavage of the signal peptide. Then pro-LOX is translocated into golgi
apparatus, where post-translational modification occurs. The pro-LOX is glycosylated in
pro peptide region (residues 81, 97 and 144) resulting in 50 kDa protein [15]. Then
copper is incorporated at the highly conserved copper binding site (residues 286 — 296) in
the C- terminal [18] and the copper induces the formation of Lysyl-Tyrosyl Quinone
(LTQ) cofactor by the autocatalytic hydroxylation and oxidation of the lysine 320 and
tyrosine 355 residues [19] [20]. Then it is secreted to the extracellular matrix as pro-LOX
of 50 kDa. In extracellular matrix, by the action of BMP-1 cleavage occurs between
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residues of glycine 168 and aspartic acid 169 which removes the N-terminal pro peptide
(18 kDa) and yields the active 32 kDa LOX [21] [14]. This active 32 kDa LOX is

involved in the modification of extra cellular matrix.

1.3 Co-Factors
1.3.1 Copper

Copper is an important cofactor in the LOX enzyme. It involved in the electron transfer
action during the catalytic action of LOX. Presence of copper in LOX was confirmed
from the purified LOX of chick aorta and bovine aorta [22][23]. The copper binding site
is conserved among the LOX family members. In humans, copper binding sequence is N-
terminal — 286 WXWHXCHXHYHS — 297 — C-terminal, this sequence was predicted to
be in a random coil state but forms talon-shaped loop [24]. Copper ion is thought to
harbor in the loop and has co-ordination bond in octahedral geometry tetragonally
distorted [25]. The loop contains 4 histidine residues of which 292, 294 and 296 histidine
residues form the co-ordinate bond with copper ion [26]. LOX belongs to type-2 copper
proteins as only nitrogen group of histidine acts a ligand molecule. By atomic absorption
spectroscopic method, it was established that one molecule of LOX contains one tightly
bound copper ion. One tightly bound copper is present in a molecule of mature LOX
which upon removal results in enzymatically inactive LOX. It is reported that apart from
tightly bound Cu ion, there are 5 - 9 copper atoms loosely bound to purified LOX
preparation [25].

1.3.2 Lysyl Tyrosyl quinone (LTQ)

LTQ is a carbonyl cofactor present in the LOX structure in addition to the copper
cofactor. LTQ is a quinone ring structure formed by the cross linking between & — amino
group of lysine 320 and tyrosine 355 in the human LOX amino acid sequence [27]. It is
formed by the auto oxidation of tyrosine residue after incorporation of copper during

post-translational modification. Earlier report stated that LOX contains carbonyl cofactor
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similar to bovine plasma amine oxidase based on the Raman spectra [28]. Later it was
determined that bovine plasma amine oxidase contain topa quinone (TPQ) [29]. Due to
huge structural difference and lack of homology in sequence between LOX and bovine
plasma amine oxidase, it seems that LOX contains a different carbonyl cofactor. Later

mutagenesis study confirmed the cross link between lysine and tyrosine [30].

1.4 Catalytic mechanism

Enzymatic action of LOX also follows the ping pong mechanism as other copper amine
oxidases [19]. The overall enzyme reaction is to oxidatively deaminate the primary amine
group to its aldehyde form. Overall reaction:

R-CHzNH3+ +0,+H,O =) R-CHO + NH4+ + H,0,
The reaction takes place in two stages:

1) In first half of the reaction, the ¢ — amino group of peptidyl lysine binds to
carbonyl cofactor LTQ and forms Schiff’s base complex [31]. Through hydrogen
abstraction from the substrate, rearrangement of Schiff base occurs. This action is
facilitated by the active site base (aspartic acid) followed by hydrolysis, an
aldehyde product and an intermediate amino quinol (reduced LTQ with amino
group) product are released [32].

2) The second half of the reaction is regeneration of the enzyme using molecular
oxygen. Here amino quinol will be oxidized by the bound molecular oxygen and
convert it into quinoeimine. Oxygen will be reduced and released as hydrogen
peroxide. Finally LTQ will be restored with the release of amino group as
ammonia [33][34].

In the process of catalysis, exact role of copper ion is not elucidated clearly. Copper plays
a major role in the biogenesis of LTQ formation by stabilizing the molecular oxygen
binding and generation of the quinone ring [35]. When copper is replaced with other
divalent metal ions, cadmium, cobalt and zinc lead to complete loss of enzymatic activity

of the copper dependent amino oxidases [23].
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1.5 Enzymatic action of LOX

Prime biological function of LOX is to bring about cross linking of collagen and elastin
[36]. This cross linking action brings the post-translational modification in the tropo or
monomeric form of elastin and collagen [37]. All the members of LOX family exhibit
amine oxidase activity as the catalytic domain is conserved throughout the family
members [5]. LOX catalyzes the oxidative deamination of the peptidyl lysine into -
aminoadipic-p-semialdhyde (allysine) by the ping-pong mechanism [38]. This reactive
allysine forms covalent cross link with the neighbouring amino group of lysine or

peptidyl aldehyde spontaneously.

1.5.1 Collagen

Collagen is an abundant structural protein which constitutes 25 % of the total human
protein mass. There are 28 types of collagen present in humans which are encoded by 45
distinct genes. Collagens are made of three polypeptide chains which are homo or
heterotrimers. Collagen polypeptide contain repeating (Glycine — X —Y), sequences and
glycine makes 1 /3 ™ of the total amino acid residues in collagen [39]. Predominantly X
and Y positions are filled by proline and hydroxyproline residues. The precursor of
collagen is called as procollagen, which undergoes various post-translational
modifications and is secreted extracellularly. In the ECM, two specific proteases cleave
the N- and C- termini propeptide from procollagen to yield collagen. The collagen
molecules form fibrils and interact with non-collagenous and collagenous proteins. Then
the fibrils are stabilized by intra and inter molecular cross-linking of lysine residues by
LOX.

1.5.1.1 Cross linking of collagen

LOX acts on the lysine and hydroxylysine residues in the N and C terminal telopeptide.
After the initial oxidative deamination this aldehyde residues reacts with adjacent
modified or unmodified lysine and hydroxylysine residues and form the bifunctional
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product such as lysinonorleucine and hydroxylysinonorleucine respectively [9]. Further
reacts with histidine and lysine by aldol condensation and results in tetra functional cross
link histidinohydroxymerodesmosine [40]. Bifunctional cross link product of
hydroxylysine undergoes Amodori rearrangement spontaneously and results in

trifunctional 2-hydroxypyridinium and lysyl pyridinium.

1.5.2 Elastin

Elastin is an important component of extra cellular matrix, which gives elasticity and
resilience to the tissues like arteries, lung, elastin cartilage, skin and tendons. Elastin is
encoded by a single gene localized in chromosome 7g11.2 region [41]. Human elastin
gene contains 34 exons, by alternative splicing results in 11 isoforms of tropoelastin
(monomeric or immature elastin) at the least [42]. After translation, tropoelastin
undergoes hydroxylation of proline residues as post-translational modification and binds
to 67 kDa elastin binding protein (EBP), a molecular chaperone. This EBP carries
tropoelastin to the extracellular matrix [43]. There tropoelastin arranges over the
microfibrillar protein like fibulin-5 and fibulin-4, through a process called as
coacervation [44]. Then monomeric tropoelastin is cross linked by LOX. Most of the
elastin biogenesis and maturation occur at the embryonic stage and neonatal periods.
Half-life of elastin is 70 yrs [45] and least amount of elastogenesis occurs in the life time
of human during wound healing process. Elastogenesis is controlled strongly by
transforming growth factor (TGF) [46], tumour necrosis factor- o [47] and interleukinlf
[48]. The tropoelatins protein sequence contains two domains-hydrophobic regions and
hydrophilic regions. The hydrophobic region contains amino acids like glycine, valine
and proline. The hydrophilic region contains lysine and alanine, involved in cross linking.
The hydrophilic domain is further characterised into two domains: KA domain (rich in
alanine residues) and KP domain (rich in proline residues)[49] [50]. The cross-linking of
tropoelastin differs from collagen. Here only lysine residues are involved in the cross
linking with the formation of lysine condensation products such as desmosines and

isodesmosines.
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1.5.2.1 Cross linking of elastin

Cross-linking of elastin takes place only in the lysine residues. The cross linking
mechanism occurs similar to collagen, where lysine residues will be oxidatively
deaminated into allysine [51] [1]. Allysine condenses with the unmodified lysine and
forms lysinonorleucine and further by aldol condensation with another lysine results in
trifunctional merodesmosine product. Merodesmosine reacts with allysine and forms
desmosines or isodesmosines, a tetrafunctional cross link product [9]. Desmosines and

isodesmosines are unique to the matured elastin and not found in matured collagen.

1.6 Substrate specificity

Immature elastin and fibrillar collagen were once thought to be the only biological
substrate for LOX. Later by in vitro assays, it was demonstrated that the purified LOX
oxidized a number of basic globular proteins with pl values > 8.0, but did not oxidize
neutral or acidic globular proteins with pl value < 8.0 [52]. The electrostatic potential
between LOX and its basic protein substrates was essential for productive catalysis. LOX
also oxidizes non-peptidyl amine substrates such as n-butylamine and 1,5-
diaminopentane leading to the development of fluorescence-based assay for LOX-

dependent hydrogen peroxide production [53][54].

The sequence region within the LTQ domain between Lys 314 and Tyr 349 are rich in
anionic residues. Once these two regions of LOX become covalently cross-linked to each
other as the LTQ cofactor is generated, both of these regions would cooperatively provide
an abundance of negatively charged sites in the microenvironment of the active site. It is
likely that such an arrangement underlies the strong preference of LOX for cationic
protein substrates [55]. Interestingly, the sequences surrounding the susceptible lysines in
collagen are in hydrophilic sequences containing anionic residues. For example, the
lysine residue within the Asp-Glu-Lys-Ser sequence which occurs at the N-terminal
region of the al(I) collagen chain within the mature type I collagen molecule is oxidized
by LOX in vivo. However, a collagen-like synthetic peptide which contains the similar

sequence was not a good substrate in assays in vitro and oxidation occurred if the Asp
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residue was replaced with a Gly residue [56]. This observation leads to the suggestion
that collagen molecules must arrange them self as microfibrils before their oxidation by
LOX [38] and binding domain of LOX is located in the helical portion of collagen
molecule [57]. These results led to the hypothesis that the unfavourable negative charge
contributed by Asp residue can be neutralized by a specific cationic site in the
neighbouring collagen molecule within the quarter-staggered microfibril, thus allowing
lysine oxidation by LOX [56]. It has been reported that the propeptide regions of
recombinant proenzyme of LOX mediated the binding of these enzymes to soluble
precursor and fibrous form of elastin in the cultures of transfected RFL-6 fibroblasts. It
leads to the conclusion that the binding of LOX proenzymes to elastin substrates was
essential for the oxidation of lysine in elastin by activated LOX [58]. It has been reported
that proLOX can bind to fibronectin (FN) to be proteolytically activated to the functional
catalyst [37]. Histone H1 and H2 have been demonstrated to have an interaction with
LOX in vitro [59] and incubation of Histone H1 with LOX results in the catalytic
formation of hydrogen peroxide implicating that Histone H1 is a substrate of LOX [60].
Basic fibroblast growth factor was reported to be a substrate of LOX as the oxidation of
lysine residues in bFGF by LOX resulted in the covalent cross-linking of bFGF
monomers to form dimers and higher order oligomers and dramatically altered its
biological properties [61] . Recently, LOX has been reported to be essential for hypoxia-
induced metastasis because the administration of RAPN, specific anti LOX antibody or
short hair-pin RNA could inhibit the metastasis in animal model. It is still unclear
whether LOX might oxidize an unknown key protein and inhibit its function in the cancer
metastasis, or whether the by-product hydrogen peroxide from the oxidation plays a role
in the inhibition of cancer metastasis [62].

1.7 Expression of LOX

Expression of LOX is demonstrated in normal and transformed cells like smooth muscle
cells, lung fibroblast, embryonic lung fibroblast, gingival fibroblasts, perch ovary,
osetoblastic and osteosarcoma cells, mesenchymal cells, corneal endothelial cells, [63],

liver parenchymal cells, renal cell lines and renal tubular epithelial cells [64]. Expression
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of LOX at mRNA and protein was shown in both normal and pathological conditions like
wound healing, copper deficiency, inflammation, fibrosis, tumorigenesis and metastasis.
Factors reported to regulate LOX include tissue specific transcriptional factors, metal
ions [65], cytokines and growth factors including FGF-2, IGF-1[66] [67] and TGF-B [68],
hormones such as testosterone, prostaglandins and progestin [69] and signalling
molecules such as ras, CAMP [70]. Expression of LOX in humans is found to vary from
developmental to later stages of life. The highest expression is found during the
gestational period of 12 -14 weeks and the lowest expression is observed from 20 -24
weeks [71]; in adulthood LOX associated with elastin fiber is found to be mostly negative

[72]. Localization of LOX is associated with the assembly of collagen and elastin fibers.

1.8 Cytokine receptor like (CRL) domain

Human LOX C-terminal is called as cytokine receptor like (CRL) domain. The LOX
family members show a conserved sequence, C-x9-C-x-W-x26-32-C-x10-13-C (where, C
is cysteine, W is tryptophan, and Xn is a defined number of any amino acid) in the C-
terminal [73], which is homologous to the N-terminal extracellular domain of class |
cytokine receptor super family. CRL domain in LOX exhibits cell adhesion, motility and
interaction with various other proteins as that of cytokine receptor family.

1.9 Scavenger Receptor Cysteine Rich (SRCR) Domain

SRCR domain is a highly conserved domain present in the cell surface protein associated
with the immune system. It is involved in the protein-protein interaction and cell
mediated adhesion. The domain is classified into two types based on the number of
cysteine residues-Group A containing six cysteine residues and Group B containing eight
cysteine residues. LOX and LOXL1 lack the SRCR domain but the LOXL2, LOXL3 and
LOXL4 contain four Group A domains, which are involved in the cell adhesion and

signalling [5].
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1.10 Isoforms of LOX

Enzyme different in their physical and chemical properties yet performing the same
catalytic activities are called as isoenzymes or isoforms. Earlier reports on the
purification of LOX from tissues extracts activity in multiple fractions lead to the
hypothesis that isoforms of LOX may exist. By the 1990s, four additional LOX like
genes were identified and sequences were determined and named as LOXL1, LOXL2,
LOXL3 and LOXL4. These enzymes are different in their amino acid sequences and
length. All these isoforms are involved in the amine oxidase action and crosslink elastin
and collagen [74][75][76][77]. The expressions of these enzymes are varied in each tissue
and show difference in their substrate specificity towards collagen types. The C- termini
of isoforms are highly conserved and contain the copper binding region, LTQ and CRL
domain [5]. LOX and LOXL 1 contain the pro-peptide region and other isoforms lack the
pro-peptide region. LOXL1 contains proline rich region in the N- terminal of its mature
form, but the function is not clearly elucidated. LOXL2, LOXL3 and LOXL4 contain

scavenger receptor cysteine rich (SRCR) domain.

l Propeptide region Cu LTQ LOX
. Proline-rich region Cu LTQ LOXLI
l SRCR-II SRCR—2I SRCR-3I SRCR-4|M | cu| | LTQ LOXL2
l SRCR - 1 I SRCR-ZI SRCR-3| SRCR - 4 Cu LTQ LOXL3
l SRCR - 1I SRCR-QI SRCR-3I SRCR - 4 Cu LTQ LOXL4
' CRL domain 1
N - Terminal C - Terminal

Figure 1.2: Structure of LOX family members [78]. LOX — Lysyl oxidase, LOXL -
Lysyl oxidase like protein, Cu - Copper, LTQ - Lysyl Tyrosyl Quinone, SRCR -
Scavenger Receptor Cysteine Rich Domain and CRL - Cytokine Receptor like Domain.
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Table 1.1: Distribution of LOX and its isoforms [79]

Protein Human Adult tissue /:Crirgno Similarity SRCR
chromosome distribution residUes with LOX  domain

Lung, skeletal muscle,
LOX 5 Kidney, Heart 417 100 % Nil
Lung, heart, spleen,
skeletal muscle,

LOXL1 15 574 85 % Nil
pancreas, Eye.
Lung, Thymus, Skin,

LOXL2 8 Ovary, Eye. 774 58 % 4
Heart, Uterus, Testis,

LOXL3 2 ovary 753 65 % 4
Skeletal muscle, Testis,

LOXL4 10 Pancreas 756 62 % 4

1.11 Regulation of LOX

LOX is a secretory enzyme and its regulation takes place at three levels: at the nuclear
level by transcriptional regulatory mechanism, during the post-translational modification
and in the extra cellular matrix [80]. The hypoxia inducible factor — 1 a (HIF-1 ) is
known to modify the LOX expression at transcriptional level [62]. It is reported that
nuclear factor kB (NF- xB) binds to the LOX promoter and induces its expression at
MRNA level under the influence of advanced glycation end products (AGEs) [81] [82].
In humans and rat it is shown that LOX mRNA is stabilized and the synthesis of
precursor, pro-LOX is enhanced by transforming growth factor-p (TGF- ). TGF- f also
acts at the maturation of LOX by regulating the protein BMP-1 and mTLD, which
converts the pro-LOX into mature LOX. In the inflammatory response, connective tissue
prostaglandin E2 is demonstrated to reduce LOX at transcriptional level. LOX mRNA
level increases with the stimulus of the cellular reactive oxygen species (ROS) [83]. ROS
plays a role in accumulation of LOX activity in the fibrotic conditions of myocardium,

lung and bone marrow [80].
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1.12 Lysyl oxidase in human diseases

LOX is involved in various normal physiological conditions and also its expression and

activity are found to be altered in many human pathological conditions.

1.12.1 Copper deficiency and reduced LOX activity

LOX family members are copper-dependent enzymes; therefore nutritional deficiency of
copper affects these copper enzymes. Change in dietary copper levels is shown to affect
the functional activity of LOX enzyme. Copper deficiency leads to reduced LOX in the
chick aorta [84], tendon [85], bone [86], as well as in rat skin [87] [88]. Reduced LOX
activity is observed in genetic disorder like, Menkes’ disecase and occipital horn
syndrome (OHS) [89] [90]. Here, gene encoding ATP-dependent copper transporter
(ATPT7A) is found to be mutated [91] [92]. During copper metabolism, after ingestion,
copper is absorbed by the small intestine and stored in the liver. Copper is eliminated
from the body majorly by biliary excretion and in lesser amount through urine. Due to
defect in the ATP7A, copper is accumulated in the intestinal cells, kidney and vascular
endothelial cells in the blood brain barrier of Menkes’ and OHS patients. Bladder
diveticula, hyperextensibility and laxity of skin, skeleton abnormalities, neurological
degeneration and mental retardation are the disease manifestations. Patients with
Menkes’ syndrome show reduced LOX activity, as a result of defective copper
metabolism. Fibroblast cells cultured from the patient with Menkes’ and OHS showed
reduced LOX activity in the medium. Due to the copper impairment biosynthesis of LOX

is impaired.

1.12.2 Lathyrism

Lathyrus odoratus (sweet pea) contains B-(y-glutamyil) aminopropionitrile, which is
metabolised to f-aminopropionitrile (BAPN), a known inhibitor of the activity of LOX
family members [93] [94]. Chronic ingestion of sweet pea leads to Lathyrism. Inhibition
of LOX leads to the reduced cross-linking of collagens and elastin, thus leading to
defective connective tissue. Khyphoscoliosis, bone deformities, weakening of skin and

13| Page



cartilage, hernias, aortic aneurysms and weakening of tendons are the manifestations of
lathyrism. The connective tissue defect observed in lathyrism resembles the manifestation
of Menkes’ syndrome and OHS [92]. These observations suggest that LOX and its family

members play a central role in the connective tissue formation.

1.12.3 Lysyl oxidase in Hypercholesterolemia

Lysyl oxidase plays structural or other novel regulatory roles in extracellular matrix
(ECM) assembly. The effect of high concentrations of native low density lipoprotein
(LDL) on endothelial cell gene expression showed that the mRNA level of LOX was
down regulated by LDL treatment in a dose- and time-dependent manner [95]. This
reduction of LOX expression was associated with a decrease in LOX activity suggesting
that down regulation of LOX by LDL could contribute to the endothelial dysfunction
caused by hypercholesterolemia, therefore contributing to atherosclerotic plaque

formation [96].

1.12.4 Lysyl oxidase in endothelial dysfunction by Homocysteine

Hyperhomocysteinemia is associated with extracellular matrix (ECM) alterations
including changes on the elastic properties of the vascular wall [97]. Homocysteine
(Hcys), a well-known inducer of endothelial damage, inhibits LOX activity in vascular
endothelial cells through a mechanism mediated by ROS. Exposure of aortic endothelial
cells to high Hcys concentrations showed a significant down-regulation of LOX mRNA
levels through a reduction of LOX promoter activity. The lost ECM properties associated
with LOX inhibition is related to an increase of atherosclerotic lesion vulnerability. This
hypothesis was supported by a recent finding describing that LOX-deficient mice show
premature death, multiple aneurysms and severe alterations in vascular wall structure that

compromises normal vascular functions [98].
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1.12.5 Increased LOX activity and fibrosis

Extensive accumulation of collagen fibers is called as fibrosis. Aberrant expression of
LOX reported in link to the abnormal collagen deposition in various organ or tissue but
often occur in the lung [99], liver [100], kidney [101] and myocardial [102]. Fibrosis
leads to disfigurement, progressive disability and death. In humans, CCl-induced liver
fibrosis showed increased mRNA levels of LOX. LOX activity increased in the medium
of cultured mesenchymal cells from the cirrhotic human liver when compared to a normal
liver [103]. Generally, LOX activity is negligible in normal human serum but activity is
found to be increased in the serum of fibrotic liver patients, since serum LOX can be a
diagnostic marker [104]. Collagen deposition and increased LOX activity are major steps
leading to fibrotic diseases. Hence inhibiting the LOX activity will help in combating
fibrosis and LOX can serve as the marker for detecting fibrosis.

1.12.6 Lysyl oxidase in tumorigenesis

In tumour conditions, LOX levels have been reported to be altered in both mRNA and in
activity levels. Earlier it was shown that LOX possess tumour suppressor activity
through inhibition ras oncogene activity, and thus LOX is known as ras recision gene
(rrg) [105]. Later Chengyin et al demonstrated that tumour suppressor activity of LOX is
attributed to LOX-propeptide region. Using Ewing sarcoma cell lines tumour suppressor
activity of LOX propeptide (LOXpp) and oncogenic property of mature LOX (enzymatic
active domain) were demonstrated. LOX actively participates in the various stages of

cancer (cell migration, invasion and metastasis condition) [106].

It has been observed that LOX activity and collagen synthesis are markedly reduced in
malignantly transformed human cell lines. Myofibroblast and myoepithelial cells
surrounding the tumour cells showed increased expression of LOX at mRNA and protein

levels.

Assessment of LOX expression at the protein and mMRNA levels by
immunohistochemistry and in situ hybridization, respectively, in breast carcinoma tissue

revealed that maximal expression of LOX and its type | collagen substrate was observed
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in myofibroblasts and myoepithelial cells around in situ tumors and in the fibrotic

deposits facing the invasion front of infiltrating tumors [78].

Studies have previously demonstrated that LOX mRNA is highly up regulated in invasive
breast cancer cells compared to poorly invasive cells. It is also shown that LOX activity
facilitates breast cancer cell invasion. Recently, Payne et al reported that LOX regulates
breast cancer cell motility/migration through changes in cell-matrix adhesion [107].
These changes are the result of a hydrogen peroxide-mediated mechanism involving the
FAK/Src signalling pathway [108].

A decrease in LOX mRNA and/or protein has been reported in basal and squamous cell,
bronchogenic, colon, esophageal, gastric, head and neck squamous cell, pancreatic,
prostatic carcinomas and melanoma. Significant clinical correlations have been reported
between LOX expression and tumor progression in breast, head and neck squamous cell,
prostatic and clear cell renal cell carcinomas. The expression of high levels of LOX
MRNA or protein is considered as a poor prognostic factor and is associated with poorly
differentiated, high grade tumors, increased recurrence rates, and decreased overall
survival [106].

Studies revealed that inhibition of LOX activity in invasive breast cancer cells leads to a
corresponding increase in actin stress fiber formation as visualized using a phalloidin
stain. LOX activity led to an increase in Rac and Cdc42 activity and a decrease in Rho
activity. These changes correspond to a motile phenotype in the presence of LOX activity
which is activated by Rac through the p130Cas/Crk/ DOCK180 signalling complex
[109]. Thus LOX functions through novel intracellular signalling pathway to regulate cell
motility and migration through changes in actin filament formation. Understanding the
molecular mechanisms by which LOX functions to regulate breast cancer cell motility/

migration will contribute to novel anti-cancer treatment modalities [109].

1.12.7 Lysyl oxidase in ocular diseases

Until July 2007, there were no reports on the enzyme LOX in ocular tissues. The first

report was from Urban who found that there was a reduced number of cross-linking
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domains in elastin and decreased LOXL2 expression leading to decreased amount of
mature elastin in optic nerve heads in healthy African American individuals compared
with Caucasian American donors [110]. Later, a genome wide association study done on
Icelandic patients identified three SNPs on chromosome 15g24.1 to be significantly
associated with pseudo exfoliative (PXE) [111]. Yu et al has reported a defective elastin
fiber that has been associated with increased susceptibility to laser induced choroidal
neovascularization in LOXL1 knockout mouse model [112]. Yelena et al showed the
polymorphisms of LOX gene in the patient with keratoconus conditions [113]. It has
been proposed that in open angle glaucoma, the cross linking of ECM is increased
through LOX and LOXL1 activation by TGF-f [114].

Previous report from our lab showed that LOX activity was decreased in the vitreous of
proliferative diabetic retinopathy (PDR) and rhegmatogenous retinal detachment (RRD)
patients along with increased MMP activity, associated with increased turnover of
collagen as revealed by the increase in hydroxyproline content [115]. In addition, some
epiretinal membranes from PDR showed increased LOX localization that shows a role of
LOX in these membrane formation, wherein cells such as the RPE are present. The
decrease in LOX activity may contribute to inadequate collagen cross-linking and with
improperly cross linked collagen, there is a net vitreous degradation leading to
liquefaction [115].

1.13 Literature survey on LOX purification

Reports on LOX purification date back from 1970’s. Enzymatic activity of LOX was
reported from crude extract of embryonic chick aorta and bone by Pinnell et al in 1968
[7]. Later they purified LOX from chick embryo cartilage using molecular sieve
chromatography. They observed LOX enzymatic activity at the molecular weight of
170,000 kDa with purification yield of 23%, the purified fractions retained its enzymatic
activity only for 24 hours [8]. Kagan et al in 1974 demonstrated LOX enzymatic activity
from the saline insoluble fractions of chick embryo [116]. Presence of LOX in the
insoluble fraction explains the low purification yield in the Pinnell et al study [8]. It was

postulated that through hydrophobic interactions, LOX bound to ECM proteins and
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remains in the saline insoluble fraction. Harris et al used 8 M urea to solubilise the saline
insoluble fraction from bovine aorta. Urea solubilised fraction was subjected to
purification using weak anion exchange chromatography and collagen affinity
chromatography. With this modified purification he achieved purification yield of 63%
[117]. In 1977 Jordon et al [118] purified LOX from bovine aorta as described by Harris
et al [117] and identified the molecular weight of LOX as 32,000 Da using SDS-PAGE.
They also showed aggregative nature of LOX in absence of urea into higher molecular
weight of 60,000 and 10,0000 Da. In 1979 Kagan et al showed four variant of LOX from
the bovine aorta with a total purification yield of 80%. He extracted protein from
insoluble fraction using 4 M urea. Extracted protein was first fractionated based on
affinity chromatography using collagen affinity column followed by weak anion
exchange chromatography using DEAE-cellulose column and finally by molecular sieve
chromatography using sephacryl S-200 column. Kagan et al used buffers with 6 M urea
in the entire purification step [119]. Purification and isolation of LOX from various tissue
Chick embryo cartilage [120], bovine lung [121], turkey aorta [122], bovine aorta [119],
bovine lung [118], human placenta [123], calf aorta smooth muscle cells [124]. All these
studies followed affinity chromatography, weak anion exchange chromatography and
molecular sieve chromatography to purify LOX. In all the LOX purification studies, urea

was used to avoid aggregation of LOX.

Using cloning technique LOX gene was expressed in E.coli system and purified. Ozunnie
et al attempted to get solubilised LOX protein by targeting it into periplasmic space by
expressing along with pelb sequence. LOX purified from periplasmic space was only 0.3
mg / L of culture whereas LOX purified from inclusions bodies was 5 mg / L [125]. Later
Herwald et al [126], X.chen and F. Greenaway reported [127] cloning and purification of
LOX. Both reports expressed the LOX gene using pET vector system in bacterial system
and purified using His tag affinity method. As the expressed LOX protein was present in
inclusion bodies both the studies performed purification using 8 M urea containing buffer
[126] [127]. However, Herwald et al [126] reported that they solubilised the recombinant
LOX in potassium phosphate buffer without urea. They followed stepwise dialysis to

remove urea from the purified recombinant LOX. But no reports came up in regards to
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LOX structural details using this buffer. Thus studies on LOX purification both
conventional method and recombinant technology used urea to solubilise LOX. Presence
of urea however, creates a major obstacle in elucidating the structural and functional

properties of LOX.

1.14 Research Gap

For developing an efficient drug to modulate the activity of a molecule, the primary need
IS to have good understanding about the molecule. In case of targeting a protein as a drug
target, knowledge about its structure, active cavity and its binding nature towards its
substrate or downstream molecule are required. LOX has been researched since 1970’s as
an enzyme involved in building up of extra cellular matrix. Later isoforms of LOX have
been discovered and now there are 5 members in the LOX enzyme family. Importance of
LOX and its family members as an enzyme or by its signalling action or aberrant
expression (either decreased or increased) in various pathological environment are being
investigated. LOX and its family members are reported as a marker for various
pathological conditions like fibrosis [148], tumour metastasis and angiogenesis [149] and

identified as an biomarker for ovarian cancer [150].

Though various studies explain the importance of LOX in pathological conditions,
studies addressing structure of LOX are few in number. LOX aggregates in the aqueous
solution devoid of urea; this is the major obstacle in elucidating its structure and binding
nature towards substrate and other molecule. Knowledge about the nature of activity,
structure and interacting partner will intensify the research about developing specified
drug towards LOX. This thesis investigated the outlined in the following chapter.
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CHAPTER 2 - AIM AND OBJECTIVES

2.1 Aim

LOX is a copper dependent enzyme and involved in the cross linking of elastin and
collagen. LOX importance has been demonstrated in various connective tissue disorders,
hypoxia induced tumour and fibrotic diseases. Structural and functional details about
LOX are not available in literature. This thesis work aimed to decipher the structure and

physio chemical properties of LOX through in vitro and in silico methods.

2.2 Outline of the work
2.2.1 In vitro approach

Conventional anion exchange purification method was implemented to purify LOX from
the bovine aorta, due to the poor yield, low activity and also tedious process alternative
cloning method was used to purify LOX. Infusion cloning method was followed to
construct the vector and Ni-NTA affinity column was used purify the over expressed
LOX. Purity was confirmed by western blot and mass spectroscopy. Enzyme kinetic
value K, and Vmi was determined for the recombinant LOX under optimized
temperature and pH using Amplex red assay. Intrinsic and extrinsic protein fluorescence
was used to understand the folding of LOX. With the recombinant LOX, in-house anti
body was developed using this antibody co-immuno precipitation was performed and

interacting partners for LOX was identified using mass spectroscopy.

2.2.2 In silico approach

By ab intio modelling, LOX structure was predicted and generated copper co-ordinate
bonds with specific histidine residues in allowed bond length. Molecular Dynamic studies
showed that predicted structure was stable and stereo chemical properties are checked
using Ramachandran plot. With the validated structure, induced fit docking studies were
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done against substrate and known inhibitor of LOX. Homocysteine was found to be binds
with LOX at higher affinity followed by beta- Aminoproinonitrile and homocysteine thio
lactone. The docking results were correlated with the in vitro Amplex red assay against
recombinant LOX. From conserved sequence of LOX 5 peptides were designed. Peptide
properties were assessed by CD spectra, mass spectroscopy analysis and inhibitor effect
of these peptide against LOX was studied using Amplex red assay. Reported inhibitors of
LOX works at micro molar concentration whereas designed peptides showed inhibition at
nano molar concentration, thus this can be potent inhibitor of LOX.

2.3 Objectives
1. Toisolate, purify and characterise human LOX enzyme.
2. To predict the structure of LOX by in silico approach and to validate the structure.

3. To design LOX inhibitors and to study its effect on LOX activity.
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CHAPTER 3 - MATERIALS AND METHODS

3.1 Materials

The important chemicals, reagents, assay Kits, instruments and other consumables used in
the present study, have been tabulated below with their Company source and catalogue

information.

Table 3.1.1 Chemicals and reagents

Chemical / Reagent Catalogue number, Suppliers

(2,2’-Azino-di-3-ethyl
benzthiazoline sulfonate) di
ammonium salt (ABTS)
1.5,Diaminopentane
2-mercaptoethanol

8-Anilino-1-naphthalenesulfonic

acid (ANSA)

Acetic acid

Acetonitrile

Acrylamide

Agar

Agarose

Ammonium bicarbonate
Ammonium persulphate
Ammonium sulfate
Ampicillin

Amplex red

Beta amino propoino nitrile
(B-APN)

Bis Acyrlamide

Blue Dextran

Borax

Boric acid

Bovine serum albumin (BSA)

Brilliant Blue G
Bromopheno blue
Calcium chloride
Citric acid
Cobaltous chloride
Collagen

11204521001, Roche

C8561, Aldrich

194705, MP Biomedicals

A1028, Sigma

ACBA630139, Merck
34967, Fluka

A3553, Sigma
014011, SRL

50004, Lonza
A6141, Sigma
0148134, SRL
QD1Q610103, Merck
A0166, Sigma
A12222, Invitrogen
A3134, Sigma

161-0201, Bio-Rad
D5751, Sigma

27965, Fisher scientific
Q120Q622480, Merck
MB083, Himedia

B0770, Sigma
AA1A601068, Merck
ME7M570903, Merck
ME8M581042, Merck
27790, BDH

C3511, Sigma
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Copper (Il)chloride

Copper chloride
Diethylaminoethoanol (DEAE)
Disodium hydrogen phosphate
Dispotassium hydrogen phosphate
Dithiothreitol (DTT)

Soluble elastin

Formic acid

Glycerol

Glycine

Guanidine hydrochloride
HEPES

Hydrochloric acid

Hydrogen peroxidase, type IV
Hydrogen peroxide

Imidazole

lodo acetamide (IAA)
Isopropyl f-D-1-
thiogalactopyranoside (IPTG)
Kanamycin disulfate salt
L-Homocysteine (Hcys)
L-Homocysteine thio lactone
(HCTL)

Methanol

Paraformaldehyde

Potassium chloride

Potassium dihydrogen phosphate
Potassium iodide

Silver nitrate

Sodium Dodecyl sulphate
Sodium Azide

Sodium carbonate

Sodium chloride

Sodium dihydrogen phosphate
Sodium hydroxide

Sodium iodide

Sodium thiosulfate

TEMED

Trifluro acetic acid
Triton-X-100

Trizma Base

Trypsin

Trypsin , proteomics grade
Tween 20

Urea

C3279, Sigma

C3279, Sigma
D0909, Sigma
QJIQ611768, Merck
MG9M591711, Merck
161-0611, Bio-Rad
E6527, Sigma

56302, Fluka (Sigma)
DC4P640148, Merck
G8790, Sigma
074843, SRL

Sigma

CE4C6404448, Merck
P8375, Sigma

18755, Fisher scientific
RM 559, Himedia
163-2109, Bio-Rad
16758, Sigma

K1876, Sigma
H4628, Sigma
H6503, Sigma

65524, SRL
MAOMG60057,Merck
MC4M540102, Merck
MHOM®602423, Merck
MLM8M583734, Merck
Sigma

L3771, Sigma

1687, Loba chemie
QB4Q649519, Merck
QB4Q640044, Merck
17845, Merck
QE2Q620871, Merck
RM706, Himedia
17536, Merck

194019, MP Biomedicals
AJOA600708, Merck
10655, Fisher scientific
T6066, Sigma

TC245, cell culture grade ,Himedia
T6567, Sigma

SJ35630526, Merck

194857, MP Biomedicals
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Table 3.1.2 Plasmid vectors

Plasmid Feature Supplier

name

pQE 30-Xa T5 Promoter, double Lac operan, 6X  Qiagen,
His tag, Factor Xa recognition site & Hilden,
Multiple cloning site Germany

Table 3.1.3 Peptides

All peptides were procured from USV custom peptides, Mumbai

Name Number of residues Sequence

Cl 13 VAEGHKASFCLED
C2 12 ESDYTNNVVRCD
C3 12 DIDCQWIDITDV
M1 11 WEWHSCHQHYH
M2 8 HSCHQHYH
Scramble 9 KAYNDADPP

Table 3.1.4 Bacterial Strains

Name Source
M15 (pREP4) Qiagen, Hilden, Germany

Table 3.1.5 Oligonucleotides

Oligonucleotides were procured from Shrimpex, Chennai.

Name RE site Sequence (5’ - 3°)

Infusion LOX Stu | GGTATCGAGGGAAGGCCT
forward primer GACGACCCTTACAACCCC

Infusion LOX Hind Il TCAGCTAATTAAGCTTCTA
reverse primer ATACGGTGAAATTGT
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Table 3.1.6 Media

Media Supplier
Dulbecco’s modified eagle medium D8900-1, Himedia
(DMEM)-F12 media

Endothelial Basal media (EBM) CC-3156, Lonza
Endothelial Growth media (EGM) -2 CC-4176, Lonza
single Quote

Luria-Bertani (LB) broth M1245, Himedia

Table 3.1.7 Molecular weight standards

Name Supplier

Broad range protein marker 0231104700A, Genei

DNA 100 — 1000 base pair GM343, Gene technologies
DNA 500 — 10 kilo base pair ~ M1030-1, Bio Basic Canada
Unstained protein MW marker 26610, Thermo scientific

Table 3.1.8 Antibodies

Name Supplier

Collagen PA1-36058, Pierce
Goat anti rabbit IgG — HRP ~ SC-2004, Santa cruz
Rabbit anti goat IgG — HRP  SC-2768, Santa cruz

LOX SC-32409, Santa cruz
biotechnology
LOX (from in house) Bioklone, Chennai
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Table 3.1.9 Kits

Name

Contents

Coomassie Plus (Bradford)
Assay Kit

ECL prime Western Blotting

detection reagent
Factor Xa Protease

Factor Xa removal resin
Infusion cloning kit

iIScript cDNA synthesis kit
MinElute Gel extraction kit
Pierce Co-immuno
precipitation kit

Qiagen plasmid min kit

Qiaprep Spin Miniprep

23236, Pierce, Thermo
scientific
RPN2232, Amersham

33223, Qiagen, Hilden,
Germany

33213, Qiagen, Hilden,
Germany

638909, Takara Clontech
170-8891, Biorad

28604, Qiagen, Hilden,
Germany

26149, Thermo Scientifics

12123, Qiagen, Hilden,
Germany
27104, Qiagen, Hilden,
Germany

Table 3.1.10 Miscellaneous materials

Materials

Supplier

0.22 um Cellulose acetate

Cell culture T25 Non vented &

vented flask

Cell culture T75 Non vented &

vented flask

Micro titre plate, 96 well, clear

bottom

Micro titre plate, 96 well,
opaque bottom
OasisHLB

PVDF
HPLC Jupiter column

8160, Corning

430168 & 430720, Corning

430639 & 430641, Corning

655101, Geriner bio one
655076, Geriner bio one
WAT094225, Waters

Corporation, USA
10600023, Amersham

Phenomenex, 00G-4053-E0
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Table 3.1.11 Instruments

Name Company
AAnalyst 7000, Atomic absorption Perkin Elmer, USA
spectrophotometer

Agilent Series 1100 HPLC
Biologic Duo flow (Low pressure
Liuid)

DU 800 Spectrophotometer
Fluorchem FC3

GeneAmp PCR system 9700
Spectramax M2°
Xevo G2-S Qtof ESI MS

Hewlett Packard, USA
Bio-Rad, USA

Beckman Coulter,
Protein simple, USA

Applied Biosystem, USA
Molecular Devices, USA
Waters, USA
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3.2 Methods

3.2.1 Indirect fluorescent Amplex red assay — LOX enzymatic assay

Indirect Amplex red fluorescence method was used to assess the enzymatic activity of
LOX [54] with modification. This is an enzyme coupled reaction. The first step of this
enzyme coupled reaction is catalyzed by LOX where LOX enzyme acts on the pseudo
substrate, Diamino pentane (DAP) and converts it to its aldehyde form and releases
hydrogen peroxide (H20,). The released hydrogen peroxide reacts with Amplex red in the
ratio of 1:1. The second reaction is catalyzed by horseradish peroxidase (HRP), it oxidise
Amplex red (N-Acetyl-3, 7-dihydroxyphenoxazine) using hydrogen peroxide, which
produces fluorescent resorufin. Resorufin was measured with an excitation maximum at
563 nm and with an emission maximum at 587 nm. The fluorescent intensity of resorufin
is propositional to the amount of hydrogen peroxide released by the enzymatic activity of
LOX.

Reagents

I.  1,5- Diamino pentane (DAP), 2 M
Il.  Hydrogen peroxide, 3%
I1l.  Hydrogen peroxidase (HRP), 200 Units / mL
IV.  Amplexred, 20 mM
V.  Assay buffer (0.1 M boric acid, 0.15 M sodium chloride, pH 8.2)
VI.  Milli-Q water

Table 3.2: Preparation of reaction mixture for Amplex red assay

S.No. Constituents Volume  Final conc.
pL in 200 pLL

1 Assay buffer 500

2 Milli-Q water 486.5

3 DAP 10 10 mM

4 HRP 1 0.1 Units / mL
5 Amplex red 2.5 50 uM
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Protocol

Prior to the experiments, all the reagents were brought to RT. The assay was performed
in micro titre 96-well black plate. The reaction mixture 100 uL and sample 100 puL were
added to the wells and mixed. Readings were then taken in Spectramax M2° for 90 mins
at an interval of 5 min. The system temperature was maintained at 37 °C throughout the

experiment.

3.2.1.1 Standard curve

Reaction rate of LOX was measured based on amount of hydrogen peroxide released.
Thus using known concentration of hydrogen peroxide, standard curve was plotted for
Amplex red assay. Standard curve was plotted from 0 — 2000 nanomoles of Hydrogen
peroxide. The strength of the stock hydrogen peroxide was determined by titrating
against standardized potassium permanganate. The standard curve was used to calculate

the amount of hydrogen peroxide released by LOX present in the test samples.

=
=
j
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y=4.1896x + 400.63
R*=0.966

10 15 20
Hundreds

-
&
Ln

Hydrogen peroxide, nano moles

Figure 3.1: Amplex red standard curve. Standard curve was prepared by using stock
hydrogen peroxide. Data shown represent mean = SD from three independent
experiments. (RFU — Relative Fluorescence Unit)
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3.2.2 Protein estimation- Bradford assay

Bradford assay is a colorimetric protein quantification method where Coomassie G-250
dye acts as the chormogen. In acidic pH, protein binds to the reddish/brown dye (465 nm)
and forms a bluish colored protein-dye complex (610 nm). This complex is measured at
595 nm.

Reagent- Bradford assay kit
Standard — Bovine Serum Albumin (BSA), 1 mg/ 1 mL.

Table 3.3: Bradford assay protocol

PARTICULARS BLANK STANDARD TEST
Normal saline (uL) 100 100 100
Reagent (uL) 100 100 100
Standard (uL) - 1 -

Test (uL) - - 1

Incubated for 10 mins at RT and measured at 595 nm

3.2.3 Sodium Dodecyl sulphate — Poly Acrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE was used to assess the protein expression and purification process. For all
experiments, 10 % SDS-PAGE gels were used.

Materials required

. Acyrlamide (30%): Acrylamide - 29.2 g, Bisacrylamide - 0.8 g, Milli-Q water - 100
mL

. Tris-HCI 1.5 mM, pH 8.8

o Tris-HCI 0.5 mM, pH 6.8

o Running buffer: 0.025 M Tris, 0.192 M glycine and 0.1 % of SDS, pH 8.6.

o Laemmli buffer (2X): 4 % SDS, 20 % glycerol, 10 % 2-mercaptoethanol, 0.125 M
Tris pH 6.8, 0.004 % bromophenol blue.

30|Page



o 10 % Ammonium per sulphate (APS)
o 10 % Sodium Dodecyl sulphate (SDS)
o Tetra methyl ethylene diamine (TEMED)

Table 3.4: Preparation of SDS — PAGE gel

S. No. Reagents Stacking gel ~ Separating gel
(4 %) (10 %)

1 Acrylamide 30 % (mL) 1.33 2.5

2 Tris HCI (mL) 25(pH 6.8)  3.33 (pH 8.8)

3 Milli-Q water (mL) 6.1 4.17

4, 10 % APS (pL) 50 50

5 10 % SDS (pL) 100 100

6 TEMED (uL) 5 10

Samples were mixed with equal volume of 2 X Laemmli buffer and boiled for 10 mins.
Then the samples were loaded on to the gel and electrophoresis was performed at 90 V

current. After separation, bands were visualized by silvers staining method.

3.2.3.1 Silver staining

Materials Required:
e Sodium thiosulphate -120 mg/ 100 mL of Milli-Q water

e  Stain - Silver nitrate -250 mg/ 125 mL of Milli-Q water with 50 pL of formalin

e Developer -Sodium carbonate - 2% of sodium carbonate with 50 pL of formalin
e  Stopping solution- 7% acetic acid

Procedure:
1. Sodium thiosulphate was added to the gel and rocked for 1 min.

2. Silver nitrate was added, and incubated for 20 min.

3. Three washes of Milli-Q water were done

4. Sodium carbonate was added cold to the gel was used for developing the gel.

5. The reaction was stopped using acetic acid and gel was kept in Milli-Q water and gel

was documented
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3.2.3.2 Western Blot

Western blot is an analytical method used to detect protein of interest in the sample.
Initial sample was separated by SDS-PAGE and then electro transferred onto
nitrocellulose membrane. Transfer was facilitated by application of 100 V of current and
the system was maintained by transfer buffer (25 mM Tris, 190 mM glycine, 20%
methanol and 0.1% SDS). After transfer, the membrane was blocked with 5 % skimmed
milk to prevent non — specific binding of the primary antibody. The membrane was then
incubated with primary antibody of protein of interest overnight at 4°C. The membrane
was washed with PBST thrice and was incubated with specific secondary antibody
conjugated with enzyme (HRP / AP) for 2 h at room temperature. The membrane was
washed thrice with PBST and finally once with PBS. Then the membrane was developed
with ECL kit and was visualized using FC3 fluorchem instrument.

3.2.4 Purification of Lysyl oxidase from aorta
3.2.4.1 Homogenization

Bovine aorta was procured from slaughter house and washed with 16 mM potassium
phosphate buffer, pH 7.0 and stored in -80°C till it was processed. Cleaned aorta was cut
into small pieces and then homogenized using mechanical blender with 2.5 mL of 16 mM
potassium phosphate buffer, pH 7.0 containing 5 M urea for 1 gram of the tissue. The
homogenate was centrifuged at 10,000 rpm for 30 min at 4°C and the supernatant was

collected, this procedure was performed twice and collected supernatant was pooled.

Salting out was performed to concentrate the protein by saturating with 70% ammonium
sulfate and then centrifuged at 10,000 rpm for 30 mins and the pellet was collected. The
pellet was dialyzed against 16 mM potassium phosphate buffer with 5 M urea to remove
the ammonium sulfate salt. Dialysis was performed at 4°C for 48 h using dialysis
membrane with a pore size of 3kDa. The dialyzed solution was clarified by centrifugation

at 10,000 rpm for 30 min and applied to a weak anion exchange column.
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3.2.4.2 Isolation of LOX by weak anion exchange chromatography

Weak anion exchange chromatography was performed to purify LOX from the dialysate
supernatant. Here, Diethylaminoethanol (DEAE) acts as the weak anion exchanger and it
binds to the negatively charged proteins. Elution is generally performed by increase in the
ionic strength or pH using gradient buffer system. DEAE-cellulose beads were activated
and packed into the column without any air bubble. Column volume was calculated using

blue dextran and Low pressure liquid chromatography (LPLC) was performed.

Run program

Buffer A: 16 mM potassium phosphate with 5 M urea, pH 7.0.
Buffer B: 0.4 M sodium chloride in buffer A.

Elution method: Linear gradient.

Detection: UV absorbance at 280 nm using 0.1 mm flow cell.

Table 3.5: LC parameters for ion exchange chromatography

S.No. BufferB,%  Time, mins Flow rate, mL / min
1 0 0 0.2
2 0 30 0.2
3 100 270 0.2
4 100 300 0.2
5 0 315 0.2
6 0 345 0.2

The fractions were collected in an automated fraction collector. Each fraction tube
collects elutes for 15 min. The protein concentration was assessed by Bradford method
and LOX activity of all the fraction was estimated by indirect fluorescent Amplex red

assay.
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3.2.5 Cloning of mLOX gene
3.2.5.1 Construction of pQE-30-Xa +mLOX vector

DNA cloning or molecular cloning refers to the procedure of isolating a defined DNA
sequence and obtaining multiple copies of it in vitro. Cloning is frequently employed to
amplify DNA fragments containing genes, but it can be used to amplify any DNA
sequence such as promoters, non-coding sequences, chemically synthesized
oligonucleotides and randomly fragmented DNA. Cloning is used in a wide array of
biological experiments and technological applications such as large scale protein

production.

Human mLOX was cloned in the bacterial expression pQE30-Xa vector by infusion
cloning method. Infusion cloning is based on the principle of sequence and ligation
independent cloning (SILC) [151]. Here, target DNA will contain single stranded
nucleotide (15 — 22 nos) over hangs on both ends. These over hangs will be
complementary to the selected vector restriction site and allow annealing of insert DNA

to vector during the infusion reaction.

3.2.5.2 Features of pQE 30-Xa vector

It is a bacterial expression vector that works based on the T5 promoter transcription-
translation system. This T5 promoter is controlled by two lac operon operator sequence.
The high translation rate of gene of interest is ensured by the presence of Ribosomal
Binding Site (RBS II). The gene of interest will be inserted into plasmid with the help of
restriction enzyme sites in the multiple cloning sites. The expressed protein will contain
6X His tag at N-terminal, which help in single step affinity purification of over expressed
protein. Factor Xa recognition site is encoded between His tag and protein sequence,
enabling removal of his tag from the target protein after purification using the enzyme
Factor Xa. The vector contains [-lactamase gene (bla), hence the bacterial strain

transformed exhibit resistance to ampicillin antibiotic.
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3.2.5.3 Sequence retrieval of mLOX

In humans, LOX gene was mapped to 5923 chromosome. Complete gene sequence of
human LOX with the NCBI Accession ID NM_002317 and with the version ID of
NM_002317.5 is available in the NCBI database. Coding sequence of LOX gene lies
from 376 to 1629 bp of the total 5177 bp. Of the coding sequence, 376 to 438, 439 to 879
and 880 to 1626 encode signal peptide, a propeptide and mature LOX, respectively. In
order to clone the mLOX, a primer was designed to amplify the nucleotide sequence from
880 to 1629 (totally 750 bp) of the LOX CDS region.

Box 3.1: Amino acid and coding sequences of mature LOX

249 Amino acid residues

N-Terminal (169) -
DDPYNPYKYSDDNPYYNYYDTYERPRPGGRYRPGYGTGYFQYGLPDLVADPYYIQASTYVQKMSM
YNLRCAAEENCLASTAYRADVRDYDHRVLLRFPORVKNQGTSDFLPSRPRYSWEWHSCHQHYHSM
DEFSHYDLLDANTQRRVAEGHKASFCLEDTSCDYGYHRRFACTAHTQGLSPGCYDTYGADIDCQW
IDITDVKPGNYILKVSVNPSYLVPESDYTNNVVRCDIRYTGHHAYASGCTISPY (417)—-C
Terminal

750 base pair Gene coding sequence

5’ GACGACCCTTACAACCCCTACAAGTACTCTGACGACAACCCTTATTACAACTACTACGATACT
TATGAAAGGCCCAGACCTGGGGGCAGGTACCGGCCCGGATACGGCACTGGCTACTTCCAGTACGG
TCTCCCAGACCTGGTGGCCGACCCCTACTACATCCAGGCGTCCACGTACGTGCAGAAGATGTCCA
TGTACAACCTGAGATGCGCGGCGGAGGAAAACTGTCTGGCCAGTACAGCATACAGGGCAGATGTC
AGAGATTATGATCACAGGGTGCTGCTCAGATTTCCCCAAAGAGTGAAAAACCAAGGGACATCAGA
TTTCTTACCCAGCCGACCAAGATATTCCTGGGAATGGCACAGTTGTCATCAACATTACCACAGTA
TGGATGAGTTTAGCCACTATGACCTGCTTGATGCCAACACCCAGAGGAGAGTGGCTGAAGGCCAC
AAAGCAAGTTTCTGTCTTGAAGACACATCCTGTGACTATGGCTACCACAGGCGATTTGCATGTAC
TGCACACACACAGGGATTGAGTCCTGGCTGTTATGATACCTATGGTGCAGACATAGACTGCCAGT
GGATTGATATTACAGATGTAAAACCTGGAAACTATATCCTAAAGGTCAGTGTAAACCCCAGCTAC
CTGGTTCCTGAATCTGACTATACCAACAATGTTGTGCGCTGTGACATTCGCTACACAGGACATCA
TGCGTATGCCTCAGGCTGCACAATTTCACCGTATTAG-3’
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3.2.5.4 Designing of infusion specific primers

Nucleotide sequence of mLOX was retrieved from the NCBI database as described
below. Infusion cloning primers were designed with the manufacturer’s online tool with
selected vector (pQE30-Xa vector), mLOX sequence and restriction enzymes (Stul and
HindllIl).

Forward primer: (has the restriction site of Stul)

GGTATCGAGGGAAGGCCTATGCGCTTCGCCTGGACC

Reverse primer: (has the restriction site of HindlIl)

TCAGCTAATTAAGCTTCTAATACGGTGAAATTGT

3.2.5.5 PCR amplification of mLOX gene for infusion cloning

Human Umbilical Vein Endothelial Cells (HUVECs) express the LOX protein. The
cDNA of HUVECs was used for preparation of mLOX gene insert for cloning. HUVECs
total RNA was isolated by TRIZOL method and template cDNA was synthesized using
iScript cDNA synthesis kit method. PCR was set using prepared HUVECs cDNA as

template with the designed infusion primer as below.

Table 3.6: PCR protocol for LOX DNA inserts amplification

Contents Volume, pL
DNTPs 4 uL

Buffer (10 X) 2.5 uL

FP (10 pmols) 1.5uL

RP (10 pmols) 1.5uL

Taq Polymerase 0.3 uL
Milli-Q water 13.2 pL
cDNA 2.0 uL
Total volume 25 pL
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A negative control was also set. (The above reaction mix was prepared where instead of

cDNA, Milli-Q water was added)

Touchdown PCR profile

Step 1: 95°C, 2 min.
Step 2: 95°C, 30 sec.

Step 3: 53.1°C decrease 0.5°C per cycle, 30 sec.

Step 4: 72°C, 80.0 sec.

Step 5: Steps 2 — 4 repeated 14 times

Step 6: 95°C, 30 sec.
Step 7: 46.1°C, 30 sec.
Step 8: 72°C, 80.0 sec.

Step 9: Steps 6 — 9 repeated 19 times

Step 10: 72°C, 5 min.
Step 11: 4°C, hold.

The PCR product was run in 2% agarose gel and was visualized using ethidium bromide
under UV light. The PCR-amplified mLOX DNA was eluted by gel extraction method.

3.2.5.6 Linearization of pQE-30Xa vector

Vector was linearized using the selected Stul and Hindlll restriction enzymes. Reaction

mixture was prepared as mentioned in the below table. The reaction mixture was

incubated at 37 °C for 16 hours. The digested product was run in 1 % agarose gel along

with molecular weight marker. After electrophoresis, gel elution was carried out to purify

the digested product by gel extraction method.

Table 3.7: Reaction protocol for vector digestion

Reagents VVolume Final Concentration
10X Buffer 2 uL 1X

DNA 5 uL 2 ug

Stul 0.5 uL 2U

HindIIl 0.5 uL 2U

Milli-Q water 2 uL
Total volume 10 uL
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3.2.5.7 Infusion reaction and Transfection

The infusion reaction was performed as per the manufacture’s instruction. Infusion
reaction mixture contained linearized vector and DNA insert in the molar ratio 2:1 with

infusion enzyme.

Table 3.8: Reaction protocol for infusion reaction

Reagents Volume,
5X In-Fusion HD Enzyme Premix 2.0 uL
Linearized Vector (100 ng) 4.0 uL
PCR DNA insert (45 ng) 2.6 uL
Milli-Q water 1.4 uL
Total volume 10.0 uL

The total reaction volume was made up to 10 uL using sterile Milli-Q water. The
Reaction mixture was incubated at 50°C for 15 min, and then was placed on ice. Then the
infused vector DNA product was transfected into the competent cells and inoculated on
to the selective LB plate.

3.2.5.8 Transformation of pQE-30-Xa + mLOX vector into competent M15 E.coli

strain

Transformation is an important step in the cloning process. In transformation, foreign
DNA will be taken up by bacteria under laboratory conditions. There are two types of
transformation methods: chemical method and electroporation method. The method here

followed is chemical transformation method using calcium chloride.

Chemical method follows two steps: 1) Bacterial cells will be converted into competent
cells to take up the plasmid DNA by treating with polyvalent cations (CaCl,/ MgCl,). At
a low temperature when the bacterial cells are exposed to cations, their membrane
channels will be opened transiently. 2) Second phase is heat shock. Here competent
bacterial cells were mixed with plasmid DNA and were exposed to 42°C for 60 — 120
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sec. then the cells will be recovered in complete LB media and inoculated on to the
selective LB agar plate. The competent cells which are successfully transformed and

expressing the plasmid will grow on the selective LB agar plate.

= Mature LOX
2
PT5 -lac O —lac ©—-RBS [SIEE— FXa recognition site — MCS — [ et S5
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Figure 3.2: pQE-30-Xa + mLOX vector map. Adapted from Qiagen manual.

Recovery phase is where the heat shock competent cells were suspended in the sterile LB
media and was incubated at 37 °C for 1 h. then the cells were inoculated on to the
selective LB plate. The competent cells which are successfully transformed and

expressing the plasmid will grow on the selective LB agar plate.

Reagents required:

Luria-Bertani (LB) media (autoclaved)

1 M CacCl; (filter sterilized)

0.1 M CacCl;, (filter sterilized)

50 % Glycerol (sterilized by steaming)

1 M CaCl; + 15 % glycerol (sterilized by steaming)

Sterile LB media, non-selective (Sterilized by autoclaving)

N o gk~ w D RE

Sterile LB agar plate (ampicillin 100 pg / mL and kanamycin 25 pg / mL)

Competent cell preparation

1. Overnight culture of E.coli strain was suspended in the sterile LB media to a final

concentration of 1 % and was incubated at 37 °C.
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Cells were pelleted down when culture is in growth phase i.e. optical density
(OD) of the culture was between 0.4 and 0.6 at 600 nm wavelength.

Then cells were re-suspended in 0.1 M CaCl; and were incubated at 4 °C for 30
min.

The cells were centrifuged at 15,000 rpm for 10 min at 4 °C.

Then the pellet was re-suspended in 1 M CaCl, with 15 % glycerol. Thus the
bacterial cells were converted to the competent bacterial cells, which can take up
the exogenous plasmid DNA. The cells will be competent for 6 months at -80 °C.

Transformation procedure

1.

Competent cells were mixed with plasmid DNA and were incubated at 4°C for 30
minutes. Generally, 25 ng of plasmid DNA was added for 50 pL of competent
cells.

The cells were exposed to 42 °C for 90 seconds and immediately transferred to
4°C, providing heat shock to the cells.

After heat shock, the cells were incubated with 750 pL of LB media at 37 °C for 1
h with gentle shaking.

The cells were centrifuged at 10,000 rpm for 3 min, pellet was re-suspended with
300 pL of LB media. The 300 pL inoculums was inoculated on to selective LB
agar plate (kanamycin 30 pg / mL and ampicillin 100 pg / mL) by spread plate
method and was incubated at 37 °C for 24 h.

Transformed competent cells which expressed plasmid containing antibiotic
resistant gene were grown on the selective plate.

To confirm the transformation, plasmid was isolated from the clones on selective
LB agar plate. The isolated plasmid was subjected to restriction digestion with Stu
| and HIND Il and the restriction product was subjected to 2 % agarose gel

electrophoresis.
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3.2.5.9 DNA Sequencing

To confirm that there was no mutation in the insert DNA, the isolated vector constructs
were subjected to DNA sequencing. The sequencing was performed based on the
Sanger’s dideoxy method in ABI 3100 - Avant Genetic Analyzer. With the infusion
primers the LOX insert DNA was amplified from the isolated plasmid DNA and was

sequenced. The resulting sequence was analyzed by Bio-edit software.

3.2.6 Expression of recombinant mLOX in M15 (pREP4) E.coli

3.2.6.1 Optimization of recombinant mLOX expression

Expression of insert DNA in the pQE-30Xa vector is control by double lac promoter and
T5 operator system. Isopropyl B-D-1-thiogalactopyranoside (IPTG) is an analog of
allolactose, a lactose metabolite. IPTG was used as a molecular mimic of allolactose that
triggers transcription of the lac operon. IPTG binds to the lac operon and releases the
tetrameric repressor from the lac operator and allows the binding of DNA polymerase to
the T5 operator system and leads to the transcription of the gene. IPTG is not metabolized
by E.coli thus maintaining the concentration constant throughout the induction.
Expression of mLOX from E.coli M15 (pREP4) was standardized for concentration and
time of IPTG induction (0.2 — 1 mM) and time for induction (2, 4, 6 and 16 h) at 30°C.
The conditions were examined and the optimal concentration and time were standardized
and used further. After inducing with the respective conditions, 20 uL of broth was boiled
with 5 uL 5X Laemmli bbuffer and subjected to 10% SDS —PAGE and visualized by

Coomassie staining.

3.2.6.2 Purification of recombinant mLOX

Purification was based on one step affinity purification using Ni-NTA (Nickel —

Nitrilotriacetic acid) agarose beads.
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Materials required

1. Ni-NTA (Nickel — Nitrilotriacetic acid) agarose beads

2. Protease inhibitor cocktail (PIC)

3. Lysis buffer: 50 mM sodium dihydrogen phosphate, 300 mM sodium chloride and
8 M urea with PIC, pH 8.0.

4. Wash buffer: 30 mM of imidazole in lysis buffer.

5. Elution buffer: 250 mM of imidazole in lysis buffer.

Consecutive 6 histidine residues form the 6X His tag; this exhibits higher affinity towards
Ni-NTA. The recombinant mLOX contains 6X His tag at its N-terminal. Thus mLOX
will binds to Ni-NTA with higher affinity than other E.coli proteins. The bound mLOX
was eluted by affinity displacement. After treating with E.coli lysate Ni-NTA agarose
beads were washed with 25 mM imidazole buffer to remove non-specifically bound

proteins. Then mLOX was eluted with 250 mM imidazole buffer.

Preparation of M15 (pREP4) cell lysate:

After IPTG induction the cells were pelleted down by centrifugation at 7,500 rpm for 20
min. Then the pellet was suspended in lysis buffer. The cell suspension was sonicated for
30 seconds for 3 cycles. After sonication, cell debris was removed by centrifugation at

10,000 rpm for 30 min. The supernatant was further purified.

Ni-NTA agarose beads were packed into a column. The column was then equilibrated
with lysis buffer. The supernatant was passed through the equilibrated Ni-NTA column.
To remove any non-specific proteins, the column was washed with 10 mL of wash buffer.
Then bound the 6X His tag mature LOX was eluted from the column by treating the
column with 10 mL elution buffer. Throughout the process 0.20 mL / minute flow rate
was maintained. Then the fractions were examined by performing electrophoresis on a
10% SDS-PAGE gel to determine the fraction containing mLOX.
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3.2.7 Confirmation and Purity of recombinant mLOX

The recombinant mLOX protein purity was assessed by SDS-PAGE and Western blot as

described in the section 3.2.3.

3.2.7.1 Confirmation of recombinant mLOX by Mass spectroscopy

Mass spectroscopy (MS) has become the method of choice for all proteomic approaches
available so far. As the name indicates, “mass spectrometry” determines the molecular
mass of a charged particle by measuring its mass-to-charge (m/z) ratio. Basically, a mass
spectrum is a plot of ion abundance versus m/z. MS consists of an ion source that
converts molecules to ionized analytes, a mass analyser that resolves ions according
to m/z ratio, and a detector that registers the number of ions at respective m/z value.
Three key factors determine mass analyser viz: sensitivity, resolution, and mass accuracy.
The sensitivity, resolution, and accuracy of advanced mass spectrometers help in
detecting femto gram levels of individual proteins in complex mixtures. MS is a
powerful analytical technique used to quantify known materials, to identify unknown
compounds within a sample, and to elucidate the structure and chemical properties of

different molecules.

Tryptic digestion of mMLOX

For MS analysis, mLOX were reduced with DTT, alkylated with IAA and subjected to
tryptic digestion. Trypsin cleaves the polypeptide at the carboxy terminal of lysine and
arginine residues. Thus the mLOX is converted into peptide fragment. These peptide
fragments were analyzed in Xevo G2S QTOF MS. The resulting MS spectrum was
analyzed by the PLGS (Protein Lynx Global Server) software 2.5.3 using Uniprot protein

database as protein library.
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Reagents:

1. Ammonium bicarbonate 50 mM, pH 9.5
2. Dithiothreitol (DTT) 100 mM

3. lodo acetic acid (IAA) 20 mM

4. Sequencing grade Trypsin

Flow chart 3.1: Mass spectroscopy sample preparation

1ug of protein (MLOX)
Added 50 pL of 50 mM ammonium bicarbonate [(NH,;).COs].
Added 1 pL of 100 MM DTT and incubated at 60 °C for 15 min.

After that added 1 puL of 20 mM IAA added and incubated at RT for 30 min.
Added 1:20 ratio of Trypsin to pfotein and incubated at 37°C overnight.
Reaction was stopped by addition of 2 pL of formic acid and kept at RT for 20 minutes.
Centrifuged at 10,000 rpm for 5 minutes and supernatant was vacuum dried
Reconstituted with 25 pL of 2% acetonitrile + 0.1 % TFA

Pass through 0.22 u cellulose acetate column by centrifugation at 12,000 rpm for 15 min.

Analyzed by nano UPLC ESI MS

3.2.8 Refolding of recombinant mLOX

3.2.8.1 Screening for various buffers

Recombinant mLOX was purified under denaturing condition (8 M urea). In order to

refold and to prevent aggregation of purified mLOX protein in solution devoid of urea, it
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was screened with various buffers of pH ranging from 7 to 9. For screening, 50 pg of
recombinant mLOX was suspended in 50 uL of buffer and allowed to stand for 15 min in

RT. Screening was performed as follows

1. After incubation, solution was checked for visible aggregation.
2. Centrifuged at 10,000 rpm for 10 min and checked for pellet.
3. Protein in the supernatant was estimated and compared with the initial

protein concentration.

Table 3.9: Screening of various buffers for recombinant mLOX solubility

Buffer Visible Centrifugation  Protein conc.
aggregation at 10,000 rpm compared to
check for 10 mins the original

conc.

HEPES buffer Aggregated Pelleted Less than 10 %

Tris Buffer Aggregated Pelleted Less than 1 %

Potassium phosphate  Aggregated Pelleted Less than 20 %

buffer

Borate buffer No aggregation Small pellet 50 %

Arginine buffer Aggregated Pelleted Less than 10 %

Glycine — NaOH No aggregation No pellet More than 95 %

buffer

By this screening procedure, it was identified that in 200 mM glycine-NaOH buffer with
10 % glycerol at pH 8.0 purified mLOX will be in solution form without any aggregation.

3.2.8.2 Dialysis - Removal of urea from recombinant mLOX

Dialysis is the movement of molecules by diffusion from high concentration to low
concentration through a semi-permeable membrane. Only those molecules that are small
enough to pass through the membrane pores are able move through the membrane and
reach equilibrium with the entire volume of solution in the system. Once equilibrium is

reached, there is no further net movement of the substance because molecules will be
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moving through the pores in and out of the dialysis unit at the same rate. By contrast,
large molecules that cannot pass through the membrane pores will remain on the same
side of the membrane as they were since the dialysis was initiated. To remove unwanted
substance, it is necessary to replace the dialysis buffer so that a new concentration
gradient can be established. Once the buffer is changed, movement of particles from high
(inside the membrane) to low (outside the membrane) concentration will resume until
equilibrium is once again reached. With each change of dialysis buffer, substances inside
the membrane are further purified by a factor equal to the volume difference of the two

compartments.

The purified protein in the urea solution was dialysed using the 3 kDa membrane against
200 mM glycine-NaOH buffer, pH 8.0 along with 10% glycerol (glycerol act as co-
solvent) for 8 hrs with stepwise reduction in the urea concentration from 8 M to 0 M urea.

Checked for aggregation by visually and centrifugation at high speed at each step.

3.2.8.3 His tag removal from recombinant mLOX

His tag from the N-terminal of the purified mature LOX was cleaved using the Factor Xa
enzyme following the manufacturer’s instruction (Qiagen) with modification. Mature
LOX was suspended in 200 mM glycine-NaOH buffer with 10% glycerol and 2 mM
calcium chloride and incubated overnight at 37 °C. Two units of factor Xa enzyme was
used to cleave 25 pg of purified protein. Then reaction was stopped using the factor Xa
removal resin and the His tag uncleaved protein was removed using Ni-NTA. His tag
cleaved protein was subjected to western blotting along with the uncleaved protein and

was probed separately with His tag antibody and LOX antibody.

3.2.8.4 Estimation of copper in recombinant mLOX

Copper bound in the recombinant mLOX was estimated by atomic absorption

spectroscopy (AAS) (Perkin Elmer AA700). Every element emits excess of energy in
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unique wavelength to achieve stable ground state level from the high energy level. Based
on this principle metals will be identified in AAS. The concentration of each element will
be determined by absorption spectrometry, which work based on Beer- Lambert law.
Materials required:

e Vials

e Nitric acid - 0.2 % HNOg prepared in Milli-Q water.

e Purified mLOX.

Purified mLOX (100 pg / 100 pL) was reconstituted to 1 mL using 0.2 % nitric acid and
Cu was estimated using hallow cathode lamp Cu was estimated using a hallow cathode

lamp. Cu was atomized at the 23000°C detected using graphite furnace system.

3.2.9 Characterization of recombinant mLOX

The pH dependence, temperature dependence, substrate specificity, secondary structure
measurement by Far-UV spectrum, and Kinetic values were determined for the purified

mLOX. Activity was assessed by Amplex red assay as explained in the section 3.2.1.

3.2.9.1 Secondary structure analysis and thermal stability measurement of

recombinant mLOX

Far UV - Circular Dichroism (CD) spectroscopy was employed to analyze secondary
structure and thermal denaturation of mLOX. The sample was analyzed with JASCO
J815 CD spectrometer (Biotechnology department, IIT, Madras) using quartz cell of 1
mm path length. The CD spectrum was collected between 200 and 240 nm with mLOX
concentration of 1 mg / mL. The percentage of secondary structure was analyzed by
K2D2 online software with the resultant spectrum. To determine thermal stability, the
system temperature was steady increased from 20 °C to 80 °C with mLOX in the cuvette.
After the system reaches 80 °C, CD spectrum was collected again. The structural stability
can be assessed by difference in the spectrum between 20 °C and 80 °C. For all samples,
three spectra were collected and accumulated average was taken for final analysis.

47 |Page



3.2.9.2 Intrinsic fluorescence of recombinant mLOX

Intrinsic fluorescence of a protein arises from the aromatic amino acids (Tryptophan,
Tyrosine and Phenylalanine) present in it. Among the three amino acids, tryptophan is
used to probe the folding of the protein. Besides, emission spectrum of tryptophan alone
can be collected by exciting specifically at 295 nm and quantum yield is comparatively
higher than other two amino acids [152]. Tryptophan emission spectrum is based on the
position and environment where it localizes in a protein. Tryptophan present in the
surface will give emission maxima above 340 nm and based on the degree of buried

nature and environment the emission can be quenched.
Protocol:

Tryptophan fluorescence of mLOX was measured using SpectramaxM2° instrument.
Fluorescence emission spectra were taken by excitation at 295 nm and recorded over the
range of 300 — 400 nm. The mLOX (3 uM) was suspended in 200 uL in 200 mM of
glycine-NaOH buffer, pH 8.0 with 10% glycerol.

3.2.9.3 Extrinsic Fluorescence of recombinant mLOX

In several proteins, the natural fluorescence property of macromolecules is not adequate
for the desired experiment. In this case the fluorophore foreign to the system under study
but displaying improved spectral properties are chosen. They can be either covalently or
non-covalently bound to the protein. The fluorescence signal reflects polarity of the
molecules surrounding the polarity-sensitive probe. If the dye has a specific binding site
on a macromolecule, it is possible to assess the polarity of the site. The dye is thus a
useful probe of the degree of exposure of hydrophobic sites as the structure of a protein is
perturbed '®. The selection of the dye generally depends on application. In cases where,
sensitivity is critical, such as ligand binding, the visible-absorbing fluorescein dyes with
high molar absorptivity and quantum yields are frequently used. Dansyl chloride is
widely used to label proteins where polarization measurements are anticipated. I-Anilino-

8-napthalene sulfonic acid (1,8-ANS or ANS), 2-p-11 toluidinylnapthalene-6-sulfonic

48 |Page



acid (2,6-TNS or TNS), and similar derivatives are frequently used as non-covalent labels
for proteins and membranes. ANS is essentially non fluorescent in water, but are highly
fluorescent when dissolved in non-polar solvents or when bound to macromolecules *. It
binds only to small hydrophobic pockets on a protein's surface and, hence, generally does
not bind to native proteins. This therefore provides a useful method to track protein

folding.
Protocol:

Extrinsic Fluorescence of mLOX was measure by ANSA binding using SpectramaxM2°
instrument. Fluorescence emission spectra were taken by excitation at 370 nm and
recorded over the range of 400 — 500 nm. The mLOX (3 uM) was suspended in 200 pL in
200 mM of glycine-NaOH buffer, pH 8.0 with 10% glycerol and ANSA was added in
1:100 ratios to mLOX.

3.2.9.4 Immuno fluorescence staining of Collagen

Collagen is one of the endogenous substrates for LOX. So mature LOX will augment the
cross linking of collagen cross. ARPE-19 cells were grown to 70 - 80% confluence and
serum starved overnight. Then treated with various concentrations of recombinant mLOX
for 72 h and stained for collagen by immuno fluorescence method. TGF-B was used as

the positive control for this experiment.

Immuno fluorescence principle:

Immuno fluorescence staining is a fluorescent microscopy based visualization of the
interaction between an antigen and the specific fluorescent labelled antibody. After
fixing and permeabilizing, cells will be treated with the primary antibody for the target
protein and incubated with fluorescent labelled antibody, which serve as the reporter.
Then the cells will be visualized with fluorescent microscope under specific excitation

and emission filters respective to the fluorescent tag.

49 |Page



Reagents

Para formaldehyde, 4 % in PBS (pH 7.0)
Triton X 100, 0.2 % in PBS.

BSA, 2.5 % in PBS

Primary antibody in 2.5 % BSA in PBS.

o o T ®

FITC conjugated secondary antibody in 1:700 dilution.
f. DAPI (4,6 Diamino 2 phenylindol, Sigma).
Stock: 5 mg/mL in PBS (pH7.0); Working: 1:50000 dilutions in PBS

©«

Flow chart: 3.2: Immuno fluorescence staining protocol
Cells were plated in 24 wells plate with 22 mm cover slip

At 70 - 80 % confluence, serum starved overnight and exposed to conditions

\

Woashed thrice with ice-cold PBS

¢

Fixed with 4 % para formaldehyde for 20 min at RT
\

Permeabilized with O.i% triton for 10 min at RT

Blocked by 2.5 % BSA in PBS for 10 min at RT

'

Primary antibody for overnight at 4°C

\

Woashed thrice with PBS

v

FITC conjugated secondary antibody for 1 h at RT in dark

Washed thrice with PBS

¢

Counter stained with DAPI (1:50,000) for 2 min at RT in dark

v

Washed in PBST thrice and finally one wash in PBS

v

Mounted with 50 % glycerol and viewed under fluorescent microscope.
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3.2.10 In-House LOX antibody production

3.2.10.1 Production and purification of polyclonal antibody against recombinant
mLOX

Recombinant mLOX, 2 mg of protein was used for raising polyclonal antibody in rabbit.
By intra-peritoneal injection recombinant mLOX conjugated with Freund’s complete
adjuvant was injected into New Zealand white rabbit and immunized it. Booster doses of
the same antigen conjugated with Freund’s incomplete adjuvant were given on the 21st,
42" and 64™ days with the collection of bleed on every 14" day from first injection and
booster doses. From the immunized rabbit antibody was purified from the antisera by
affinity purification. Immunization and purification of antibody was performed at
BIOKLONE Company, Chennai. Sensitivity and specificity of the purified antibody was
assessed by dot blot, indirect ELISA and immuno fluorescence.

3.2.10.2 Dot blot analysis

It is a modified technique of western blot. First, sample will be directly added to the nitro
cellulose membrane without separation by electrophoresis and transfer. Then the protein
of interest in the sample will be detected similar to the western blot technique. Here, the
purified mLOX (antigen) was immobilized on the nitrocellulose membrane and then
blocked with 5% skimmed milk to prevent nonspecific binding. Blot was incubated with
in-house LOX antibody for 3 h and washed with PBS thrice and incubated secondary
antibody for 1 h at RT, then visualized using Fluorchem FC3.

3.2.10.3 Indirect ELISA (Enzyme Linked Immuno Sorbent Assay)

Here, the antigen will be passively adsorbed to the solid micro titer plate and made to
react with the specific antibody in the sample. The enzyme tagged secondary antibody

[enzyme like, horseradish peroxidase (HRP) and alkaline phosphatase (AP)] reacts with
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the specific substrate and gives rise to the chromogenic product. The intensity of the

chormogen is proportionate to the concentration of antibody in the sample.

Reagents:
e Carbonate buffer, pH 9.6

e Phosphate buffered saline, pH 7.4 (PBS)

e Substrate solution: 4 mg of ABTS [(2,2’-Azino-di-3-ethyl benzthiazoline
sulfonate) di ammonium salt] dissolved in 11 mL of 0.1 M citric acid with 10 uL

of 30% hydrogen peroxide.
e Stopping solution: 0.1 % SDS (sodium dodecyl sulphate)
Protocol:

Each micro titer plate was coated with 500 ng of purified LOX (antigen) and was
incubated at 4 °C overnight. The unbound antigen was removed by washing with PBS
twice and blocked with 5% skimmed milk for 1 h at RT and washed twice with. Purified
primary LOX antibody was added and incubated for 4 h at 37 °C, then washed twice with
PBS and incubated with HRP conjugated secondary antibody (anti rabbit raised in goat,
Santa Cruz) for 1 hr at RT. Blot was washed with PBST five times and finally with PBS.
The HRP substrate, ABTS was added and kept in dark for 10 min and the reaction was
stopped by adding 0.1 % SDS. The colour developed was read at 405 nm using
fluorescent plate reader Spectramax M2°.

3.2.10.4 Immuno fluorescence for LOX

Immuno fluorescence for the LOX protein was performed in HelLa cells. To check the
sensitivity of in-house purified LOX antibody, immuno fluorescence was performed for
LOX in HeLa cells at various dilutions and compared against the commercial LOX
antibody (Santa Cruz). Protocol followed was as explained in the previous section
3.2.10.3.
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3.2.10.5 Co-Immunoprecipitation (IP) for LOX

Using the in-house produced antibody, co immuno precipitation was performed to
identify the interacting partners of LOX. Co-IP pull down assay was performed in the

control human serum sample and in the cultured HUVECs’ lysate.

Materials required:
e Co - IP kit — Pierce (26149)

e HUVECs’ lysate

e  Control human serum sample.

Principle: Co- immunoprecipitation (Co-IP) approach is used for studying protein-protein
interactions, using a specific antibody to immunoprecipitate the antigen (bait protein) and
co-immunoprecipitate any interacting proteins (prey proteins). This method allows pull
down of interacting proteins under native condition without the antibodies as their light
and heavy chain mask the protein of interest. Unlike tradition pull down assay where
antibody is coupled to an agarose resin, in this method the antibody is cross linked
covalently to an amine reactive bead thus making this technique more efficient and easy.

The pull down assay was started with the initial protein concentration of 500 pg in both
the cases (serum and HUVEC lysate). Then the pull down assay was performed as per the
instructions given by the manufacturer. After the pull down, the eluted protein was

subjected to tryptic digestion and analyzed by MS as described in the section

3.2.11 Peptide designing

ClustalW2 is an EMBL-EBI developed online software [153]. It aligns multiple
sequences of protein or DNA. The conserved sequences among the protein can be
identified through the multi align program. Identified sequence may have similar
structure and functional properties. FASTA format of all the members of LOX family
was inputted and multi align program was run. From the multi align, conserved regions

were identified and designed the following peptides (Table 3.10).
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Table 3.10: LOX derived Peptide

S.No. Sequence Sequence position in Peptide name
LOX

1 WEWHSCHQHYH Copper binding domain M1
(11 mer) (286 - 296 amino acids)

2 HSCHQHYH Copper binding domain M2
(8 mer) (289 — 296 amino acids)

3 VAEGHKASFCLED CRL domain Cl
(13 mer) (315 — 328 amino acids)

4 ESDYTNNVVRCD CRL domain C2
(12 mer) (387 — 399 amino acids)

5 DIDCQWIDITDV CRL domain C3
(12 mer) (358 — 370 amino acids)

3.2.11.1 Peptide purity check using HPLC

LOX derived peptides were commercially procured from USV company. Peptides were
prepared in the concentration of 1 mg/ mL in Milli-Q water and 10 pg was injected into
HPLC (Agilent 110). Buffer A (0.1 % trifluoroacetic acid in Milli-Q water) and buffer B
(0.1 % trifluoroacetic acid in 80 % of acetonitrile) were prepared. Buffers were filtered
using 0.22 p filter and degassed by ultra-sonication for 15 min. Linear gradient elution
from 0 to 90 % was performed. HPLC column (Jupiter C18 column, particle size: 5 um
and pore size of 300 A), flow rate of 0.5 ml/ min was used for peptide detection at 215
nm using variable wavelength detector for 1 h time point. All the peptides of 10 pg

concentrations were injected in HPLC and analysis was performed.

LOX derived peptides were synthetically produced (USV peptides, India) and were tested
for purity using Agilent HPLC system. All the peptides of 10 pg concentrations were
injected in HPLC showed a single peak in VWD detector indicating the purity of the
synthesized peptides.

54 |Page



3.2.11.2 Circular Dichroism (CD) spectroscopy for LOX derived peptides

Peptides were prepared at the concentration of 3 mg / mL in Milli-Q water. CD spectra
were collected for free peptide and peptide treated with 100 pM copper chloride as
described in the section 3.2.10.1.

3.2.11.3 Analysis of copper Binding property of designed peptide using Mass
Spectroscopy

Cu binding experiments were performed using Xevo G2-S QTof mass spectrometer
(Waters). Experiment was performed by direct infusion with a flow rate of 2.0 puL/min.
The experiment was done in positive ion mode with resolution of 30,000. Peptides were
reconstituted in 0.1% formic acid with 50% acetonitrile and infused at the final
concentration of 10 puM. Mass spectra were collected for free peptide and peptide treated
with copper. All spectra were measured at a scan rate of 0.014 s with the capillary voltage
and cone voltage set at 3.0 kV and 30 V, respectively. The source temperature and the
desolvation temperature were 80 °C and 150 °C, respectively and the flow rates were
maintained at 50.0 I/h for cone gas flow and 600.0 I/h for desolvation gas flow. The
acquired spectra (ranged between 50 and 2000 m/z) were analyzed as centroid data to

establishing for the purity of the peptides and for studying copper binding property.

3.2.11.4 Effect of the designed peptide on recombinant mLOX activity

The designed peptides were incubated with recombinant mLOX and their effect on the

enzymatic  activity was assessed by Amplex red assay method.
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3.2.12 Structure prediction of mLOX by in silico method

Three dimensional structural details from X-ray crystallography and NMR are not
available for LOX and its family members. To develop a basic understanding about LOX
structural details, we attempted to predict the 3D structure of mature LOX with its ligand,

copper ion by in silico approach. With the predicted structure docking studies were done.

Sequence Retrieval: The amino acid sequence of human LOX was retrieved from the

UniProtKB server (The Universal Protein Resource (UniProt) is a comprehensive

resource for protein sequence and annotation data)[154] LOX UniProt accession ID:
P28300

The 3 regions of amino acid sequence of LOX containing 417 residues are ,

» Signal peptide region : 1- 21
> Propeptide region  : 22 -168
» Active chain region : 169 - 417

In order to study the function and interaction of the active enzyme, we selected the active
chain region from 169 — 417 residues for our 3D structure prediction studies. Below
represented is the amino acid sequence of pre pro-LOX with the mLOX sequence in
“bold font™:

MRFAWTVLLLGPLQLCALVHCAPPAAGQQQPPREPPAAPGAWRQQIQWENNGQVFS
LLSLGSQYQPQRRRDPGAAVPGAANASAQQPRTPILLIRDNRTAAARTRTAGSSGVTAG
RPRPTARHWFQAGYSTSRAREAGASRAENQTAPGEVPALSNLRPPSRVDGMVGDDPY
NPYKYSDDNPYYNYYDTYERPRPGGRYRPGYGTGYFQYGLPDLVADPYYIQASTQ
KMSMYNLRCAAEENCLASTAYRADVRDYDHRVLLRFPQRVKNQGTSDFLPRYW
EWHSCHQHYHSMDEFSHYDLLDANTQRRVAEGHKASFCLEDTSCDYGYHRFA
CTAHTQGLSPGCYDTYGADIDCQWIDITDVKPGNYILKVSVNPSYLVPESDYTNN
VVRCDIRYTGHHAYASGCTISPY
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3.2.12.1 Secondary structure prediction of mLOX by PSIPRED

Secondary structure of mLOX sequence was predicted using the PSIPRED online tool
[155]. It works based on the PSI-BLAST (Position Specific Iterated — BLAST). Here
query protein sequence will be aligned pairwise against the iterated profile by PSI-
BLAST. PSIPRED output has the highest accuracy when compared to the available

algorithms.
3.2.12.2 Modelling of mLOX

Amino acid sequence of mLOX was aligned against PDB (Protein Data Bank) using
BLAST (Basic Local Alignment Search Tool). With the current PDB database, mLOX
share the sequence similarity of less than 25 %. Thus, there is no reliable template protein
structure available to perform homology modelling to predict mLOX structure. So we
attempted the alternative method, Ab initio modelling to predict structure of mLOX.

3.2.12.3 Ab initio structure modelling of mLOX

In this study, we submitted the mLOX sequence to the ROBETTA server (an online
automated structure prediction tool [156]. When there is no template model available, it
follows the de novo structure prediction. Modelling will be performed in two stages: 1)
Monte Carlo fragment assembly - where protein sequence will be fragmented into 3 - 9
mers and a local conformation will be derived from PDB. Then the fragment will be
inserted based on the protein-like feature scores. From these ten thousand decoys will be
generated for the query and was clustered based on C® root-mean-square deviation
(RMSD). 2) then knowledge based atomic refinement will be applied; refinement will be
based on van der Waals forces, pair wise solvation free energy, back bone dihedral angles
and hydrogen bonding potential.
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3.2.12.4 MODELLER

It is a programming software, which generates structure models from the provided
template structure [157]. It builds the model within the allowed stereo chemical property
based on an inbuilt database, which has calculated spatial arrangement from resources
like NMR experiments, site directed mutagenesis and etc.,. Finally, model is optimized
with molecular probability density function. Thus, MODELLER used for comparative
protein structure modelling. In this work we used the MODELLER 9.10 version. The
following MODELLER scripts were used in this study:

1) To generate 3D models from the identified template structures
2) To generate disulfide bonds between the assigned cysteine residues
3) To improve the spatial arrangement of specific regions by using loop refinement

script.

Model generated by ROBETTA was used as a template and generated 1000 models with
different conformations using MODELLER 9.10. Among these 1000 models, the best
model with a significant QMEAN scores [158] and stereo chemical properties were
analyzed by using the Ramachandran plot. The selected model was proceeded further.

3.2.12.5 Generation of Copper co-ordination bonds in predicted mLOX structure

In LOX, copper acts as the cofactor for its activity and is thought to play a stabilizing role
in its structure. So we attempted to fix the copper and to create co-ordinate bonds with
the specific residues. In copper binding domain, LOX has 4 histidine residues (289, 292,
294 and 296) of which histidine residues (292, 294 and 296) were involved in the co-
ordinate bonding with copper ion. The model was optimized for protonation state and
orientations of histidine were performed using Maestro 9.3 (Maestro, Version 9.3,
Schrodinger, LLC, New York, NY, 2012). Histidine residues were flipped to achieve

optimal geometry.

Orientation of histidine residues (292, 294 and 296) in the optimized model was

visualized using Maestro 9.3. The proximity and spatial arrangement of the imidazole
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rings of specific histidine residues were taken care that they favor copper binding.
Hence, we implemented constrained molecular dynamics simulation coupled with
multiple cycles of energy minimization by OPLS 2005 force field towards achieving the
orientation favoring copper ion binding in LOX. Further, we summed up the Cartesian
co-ordinates of copper binding histidine atoms (292N°, 294N€ and 296N¢) and the mean
average for X, Y and Z positions were assigned to Cartesian coordinates for the Cu®* ion

as described in the following equation:

X1+ X, + Xs
T T3

Where;

Xo =Cartesian coordinate value of copper for X axis

X, =Cartesian coordinate value of His 292N° at X axis
X, =Cartesian coordinate value of His 294N€ at X axis
X3 =Cartesian coordinate value of His 296N at X axis

The Cartesian coordinates for Y, and Zo were also similarly derived and assigned to the
copper ion. A water molecule was added to the copper ion to satisfy the valence and also
to achieve the tetrahedral symmetry as discussed by Ryvkin et al [159]. Further, the
copper ion fixed model was subjected to bond length analysis in order to validate the
permitted range of distance (1.9 — 2.1 A) [160].

3.2.12.6 Model Validation and Refinement of the predicted mLOX structure

The geometry of the copper ion fixed model was assessed for stereo chemical qualities
through PROCHECK [161] and 3D check validation servers [162]. Overall protein

topology and domain architecture were also analyzed using the PDBsum server [163] .
3.2.12.7 Molecular Dynamics (MD) simulation for predicted mLOX structure

Molecular dynamics is a computational way of understanding the motion and
conformational changes of the macromolecule in stipulated conditions. MD is based on

the Newton’s second law i.e. force on an object is equal to its mass and acceleration (F =
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ma). During simulation macromolecule will be experience the in vivo condition by
application of stereo chemical properties through computational algorithms. Thus

simulation will provide us some information about behavior of macromolecule.

The stability of the copper fixed mLOX model was studied by MD. Constrained MD
simulations were carried out using the Desmond package (Desmond Molecular Dynamics
System, version 3.1, D. E. Shaw Research, New York, NY, 2012; Maestro-Desmond
Interoperability Tools, version 3.1, Schrédinger, New York, NY, 2012) with an inbuilt
OPLS 2005 (Optimized Potentials for Liquid Simulation) force field. The atoms involved
in the coordination binding to copper and copper was constrained and simulation was
carried out. As an initial step, the system was prepared for simulation using a predefined
water model (simple point charge, SPC) as a solvent in a cubic box with 18 A x 18 A x
18 A dimension as periodic boundary condition. Further, the system was neutralized by
adding two Na* counter ions and energy minimized. Finally, the production run was
initiated under NPT ensemble conditions for 4 nano seconds. The temperature was set to
300K and maintained throughout by implementing Nose—Hoover thermostat with the
pressure set to 1 atm and maintained through Martyna—Tobias Klein pressure bath [164].
Smooth Particle Mesh Ewald method [165] was applied to analyze the electrostatic
interactions with a cut-off value of 9.0 A distance. The Cu®" ion, histidine residues
involved in Cu®* ion interactions and the water molecule bound to Cu?* ion were
completely constrained during the simulation process. The trajectory sampling was done

at an interval of 1.0 pico seconds.

3.2.12.8 Electrostatic potential calculations and Binding pocket prediction for
predicted mLOX structure

Illustration of the charge distributions of molecular structures is typically rendered
through electrostatic potential maps. These maps aid in the identification of sites within
the structure to facilitate molecular recognition. The electrostatic interactions between the
molecules are generally resolved by the classical Poisson—-Boltzmann (PB) equation. In

this study, the potential surface for the copper ion fixed model was generated by
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implementing PB equation through Schrédinger maestro interface. Further, the active
site residues were predicted using CASTp server [166]. Finally, contour map for the
modelled protein was generated and analyzed for hydrophobic and hydrophilic regions
spanning the active site.

3.2.12.9 Induce Fit Docking (IFD) of predicted mLOX structure with known ligands

The 2D structural coordinates of DAP, a pseudo-substrate for LOX [53], was obtained
from PUBCHEM in Mol2 format. Similarly, the structural coordinates of reported LOX
inhibitors, such as BAPN [94], Hcys [167] and HCTL [168], were also procured. Further,
these structures were prepared for docking using LigPrep 2.6 (Schrodinger, LLC, New
York, NY, 2012) module of Schrddinger suite, which verifies proper ionization states,

tautomeric forms, stereochemistry, ring conformation and chirality.

Final protein model with optimal geometry was imported into Maestro 9.3. Here, the
atoms of the active cavity residues (predicted by CASTp) were set as flexible and were
assigned as binding site for grid box generation. The ligands were prepared using LigPrep
and were docked to the receptor by soften-potential docking with van der Waals radii
scaling of 0.70 A. The resulting 20 best docked conformations with at least one atom
within the distance of 5 A were selected and subjected to geometry optimization,
conformational searches and energy minimization. The active cavity residues beyond the
range of 5A, in terms of ligand interactions were set as rigid and those within the 5A
range were set as flexible. Further, the 20 best ligand poses conformations sampled in the
initial docking step were re-docked on to the flexible residues within the range of 5A as
followed above. This re-docking was performed using Glide (Extra Precision) XP by
soften-potential docking with van der Waals radii scaling of 1.0. Finally, docking score
based on OPLS 2005 force field was used to infer the binding affinity of selected small

molecules to the receptor.

Additionally, Molecular Mechanics Generalized Born Surface Area (MMGBSA) was
also calculated to measure the binding free energy (AGyping) OF small molecules to the
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LOX model using Prime/MM-GBSA method [169]. Binding free energy was calculated

using the equation:
AGyping = AEmm + AGsoly + AGsa

Where, AEum is the difference in minimized energies of LOX and inhibitor bound
complex and the sum of total energies of LOX - Inhibitor in free form. AGgyy IS the
difference in GBsa solvation energies of LOX-Inhibitor bound complex and the sum of
solvation energies of LOX and inhibitor in free form. Here, AGgsa refers the difference in

surface area for unbound LOX and inhibitors.
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CHAPTER 4 - RESULTS

Objective 1: To isolate, purify and characterise human LOX protein
4.1 Purification of LOX from bovine aorta

LOX was purified from bovine aorta. Aorta protein was extracted and separated using
DEAE-cellulose column. LOX activity was observed in various eluted fractions (Figure
4.1). These fractions were pooled, concentrated and activity was assessed again. The
yield in these pooled fractions were found to be 50 % lesser than the initial crude extract
(Table 4.1).

Specific activity

nm of H302 / min / mg of protein

i/ Sw ‘uiyoad [eyo],

Fraction, numbers

—e—Total protein
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Figure 4.1: Chromatogram of LOX Purification from bovine aorta using DEAE-
cellulose. Bovine aorta extract was subjected to DEAE-cellulose ion exchange
chromatography. Protein was eluted from the column with 0.4 M NaCl by linear gradient.
Fractions were pooled based on the activity peak, pooled fraction 1(fractions 2 — 5);
pooled fraction 2(fractions 7 —9); pooled fraction 3 (fractions 10 -12).
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Apart from low yield, the following drawbacks were observed:

1) Initial protein extraction from aorta was difficult because of its fibrous nature.

2) Multiple fractions showed activity, possibly due to the presence of other
isoforms of LOX.

3) Activity in the purified fractions was not retained.

Due to these drawbacks, recombinant cloning technique was followed as an alternative

strategy for conventional purification technique to purify LOX.

Table 4.1: Purification table of LOX from bovine aorta —

DEAE cellulose chromatography

Purification Total Total Specific Yield Purification
process protein  activity  activity (% activity) fold
(mg) (unit")  (unit mg)

Aorta extract 677 4648.94 6.49 100 1

Dialysate 125 339.85 6.75 7.3 1.04
Pooled fraction1 8.9 104.27 14.7 2.24 2.26
Pooled fraction2  15.3 119.44 7.68 2.56 1.18
Pooled fraction3 115 128.83 9.58 2.77 1.47

TOne unit is defined as nano moles of hydrogen peroxide released per minute

4.1.2 Cloning of human mature LOX (mLOX)

4.1.2.1 Construction of pQE-30 XA + mLOX vector

Infusion cloning method was implemented to get the purified recombinant mLOX. The

mLOX DNA insert was synthesized by PCR amplification from the template cDNA of

HUVECs. The synthesized mLOX gene was inserted into the bacterial expression vector,

pQE-30 Xa using the restriction enzymes, Stul and HindllI.
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4.1.2.2 PCR amplification of mLOX

From HUVECs cDNA, mLOX gene was PCR amplified using infusion primers. Agarose
gel electrophoresis of PCR product revealed a single band at 750 base pairs; this
corresponds to the molecular size of mLOX gene. The band was eluted from the gel and
was used for infusion reaction. The cDNA integrity was confirmed using GAPDH
(Figure 4.2).

750 bp

498 bp

Figure 4.2: Agarose gel electrophoresis for PCR amplified mLOX DNA insert. Lane
1: PCR amplified mLOX DNA insert (750 bp); Lane 2: Molecular size marker (100 —
1000 bp); Lane 3: GAPDH (498 bp)

4.1.2.3 Linearization of pQE-30 Xa vector

Circular pQE-30 Xa vector was treated with Stul and Hindlll restriction enzymes
overnight at 37 °C. The digested product was subjected to agarose electrophoresis and
visualized. The specific band at 3500 bp was gel eluted and was used for infusion

reaction.
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4.1.2.4 Infusion reaction

Infusion reaction was performed with eluted mLOX DNA and linearized pQE 30-Xa
vector. The resulted infusion product was transfected into competent M15 (pREP4) cells.
The transformed cells were inoculated on to selective LB agar plate containing
kanamycin (30 pg / mL) and ampicillin (100 pg / mL) then incubated overnight at 37 °C.
Colonies grown in the selective LB plate were further confirmed for complete vector

construct.
4.1.2.5 Confirmation of pQE-30 Xa + mLOX vector construct

Colonies were randomly picked from the selective plate and were inoculated into LB
media (Contains kanamycin and ampicillin) and incubated overnight. Plasmid DNA from
the overnight culture was isolated and restriction digestion was performed with Stul and
Hindlll restriction enzymes. Restriction digestion product showed two bands at 3500 bp
and 750 bp respective to the molecular size of linearized vector and mLOX DNA insert
(Figure 4.3). Thus the transformed M15 (pREP4) E.coli contains the complete pQE — 30
Xa + mLOX construct as depicted in the figure 3.2 (page 39). This was further confirmed
by gene sequencing.

3.5 Kbp

0.75 Kbp

Figure 4.3: Agarose gel electrophoresis of pQE-30Xa+mLOX vector digested using
restriction enzymes Stul and Hindlll. Lane 1: Molecular size marker (500 bp — 10
Kbp); Lane 2: pQE-30Xa vector; Lane 3: pQE-30Xa + mLOX vector undigested; Lane 4:
pQE-30Xa + mLOX vector digested.
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4.1.2.6 Sequencing of mLOX gene in pQE 30-Xa + mLOX vector constructs

The mLOX gene insert in the pQE-30Xa + mLOX plasmid was sequenced with 3100-
Avant Genetic analyzer. Output sequence was analyzed using Bio Edit software tool.
Resulted sequence was 100 % identity to the reference LOX sequence in NCBI database
with no mutation. Thus, transformed M15 (pREP4) E.coli (clone) strain harbours the
complete pQE-30 Xa + mLOX plasmid construct. Glycerol stocks of the transformed

cells were prepared and stored at -80 °C for future.

4.1.3 Expression of recombinant mLOX in bacterial system

4.1.3.1 Optimization of IPTG induction for expression recombinant mLOX

As a first step IPTG concentration from 0.2 — 1 mM were screened. Cloned cells showed
maximal expression of mLOX when induced with 1 mM of IPTG (Figure 4.4).

20

Figure 4.4: Optimization of IPTG concentration for expression of recombinant
mLOX. Cloned M15 cells were induced with various concentration of IPTG. After
induction lysed and subjected to 10 % SDS-PAGE. Lane 1: Molecular weight marker
Lane 2; Uninduced cells; Lane 3: 0.2 mM IPTG induced; Lane 4: 0.4 mM IPTG induced;
Lane 5: 0.6 mM IPTG induced; Lane 6: 0.8 mM IPTG induced; Lane 7: 1 mM IPTG
induced. Cloned cells induced with IPTG 1 mM showed intense band at 29 kDa
(respective to the size of mLOX) and good overall protein profile compared to the other
concentrations.
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As a second step the different time points (2, 4, 6 and 16 h) were tested and maximum
expression of mLOX was found at 4 h time point (Figure 4.5). These optimized

conditions were followed for protein over expression and purification experiments.

Figure 4.5: Optimization of IPTG induction time for expression of recombinant
mLOX. Cloned M15 cells were induced with 1 mM of IPTG for various time points.
After induction lysed and subjected to 10 % SDS-PAGE. Lane 1: Molecular weight
marker Lane 2; Uninduced cells; Lane 3: IPTG induced for 2 h; Lane 4: IPTG induced
for 4 h; Lane 5: IPTG induced for 6 h; Lane 6: IPTG induced for 16 h. Cloned cells
induced with IPTG 1 mM for 4 h showed intense band at 29 kDa (respect to the size of
mLOX) and good overall protein profile compared to the other time points.
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4.1.3.2 Purification of recombinant mLOX using Ni-NTA affinity chromatography
Cloned cells were induced with IPTG and mLOX protein was over expressed and
purified using Ni-NTA agarose beads. After induction induced cells were pelleted down
and suspended in phosphate buffer containing 8 M urea. Bacterial cells and its inclusion
bodies were lysised upon treatment with 8 M urea and sonciation. Then protein was
extracted in the denaturing buffer and purified by affinity displacement method, mLOX
was eluted from Ni-NTA and purification was assessed by SDS-PAGE. The elution
resulted in 29 kDa single band (Figure 4.6), corresponding to the molecular weight of
mLOX. Purification yield was about 7 - 9 mg per litre of broth.

I 2 3 4 5 6 7 8 9 10 11 1213 14
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Figure 4.6: Silver stained 10% SDS-PAGE gel showing the Ni-NTA affinity
purification. Lane 1: Molecular size marker; Lane 2: Crude cell lysate; Lane 3: Ni-NTA
unbound fraction; Lanes 4 — 6: fractions from 25 mM imidazole wash 1-3; Lanes 7 — 14:
250 mM imidazole eluted fraction from 2 to 8.
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4.1.3.3 Confirmation of recombinant mLOX

Ni-NTA purified recombinant mLOX was further confirmed by Western blotting and
mass spectroscopy.

4.1.3.3.1 Western blot analysis of recombinant mLOX

Purified protein was subjected to Western blot and was probed with His tag and LOX
primary antibodies. A single band 29 at kDa was observed in both, the LOX and His tag
blots, which confirms the purity of Ni-NTA purified recombinant mLOX (Figure 4.7).

A B C
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Figure 4.7: Confirmation of recombinant mLOX by Western blot. A) Silver stained
10 % SDS PAGE showing single band at 29 kDa of Ni-NTA purified mLOX (lane 2) and

with molecular weight marker (lane 1). B & C showing the western blot for purified
recombinant mLOX probed with LOX and His tag antibodies.

4.1.3.3.2 Mass spectroscopy analysis of recombinant mLOX

Purity was further confirmed with MS analysis by in-gel and in-sol tryptic digestion, as
follows

1) Silver stained gel showing single band at 29 kDa region was excised and given for
MS analysis (ESI-MS) after in-gel tryptic digestion.
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2) In-sol tryptic digestion was also performed directly with Ni-NTA elute.

Mature LOX sequence contains 19 cleavage sites for trypsin enzyme. Purified mLOX
was reduced, alkylated and treated with trypsin overnight at 37 °C. The peptides were
then analysed in positive mode by 2D Nano-ESI-MS (Figure 4.8). Analysis was done
with PLGS 2.5.3 software using UniProt protein database. PLGS result output showed a
single hit of LOX (UniProt ID p28300) and with peptide coverage of 85 % for mature
LOX region. Peptides identified by MS analysis were within the mature LOX region,
which indicates that recombinant mLOX preparation was pure (Figure 4.9 & Table 4.2).

The results were similar for both the methods of tryptic digestion (in-sol and in-gel).

100+ 1126.56
S 75 1231.93
8
S 504 776.72
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Figure 4.8: MS spectrum of peptide derived from tryptic digestion of recombinant
mLOX. X-axis: Retention time of peptides in UPLC, minutes; Y-axis: Peptide intensity
represented in counts percentage. Value on each peak denotes the m/z ratio of the
peptide.

CAAEENCLASTAYRADYV
SWEWHSCHQHYHSMDEFSHYDLLDANTQRRVAE GHKASF
CLEDTSCDYGYHRRFACTAHTQGLSPGCYDTYGADIDCQWIBITDVRPGNYIER

VSVNPSYLVPESDYTNNVVREBIR Y TGHHAYASGCTISPY

Figure 4.9: Peptide map of mLOX identified by MS analysis Green colour indicates
fully matched, purple colour indicates fully matched with modifications and grey colour
indicates partially matched peptides with reference to the Uniprot database.
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Table 4.2: Sequence of peptides identified by MS from mLOX tryptic digest

Peptide Sequence Retention  Score Mz
time (min)

ASFCLEDTSCDYGYHR 23.4166 9.7458  660.9335
VSVNPSYLVPESDYTNNVVR 27.0876 9.9412  1126.5631
NQGTSDFLPSRPR 20.8254 9.1141  492.2524
CAAEENCLASTAYR 20.3571 9.7912  808.3458
MSMYNLR 22.8115 8.7106  457.7148
YTGHHAYASGCTISPY 20.349 9.0308  595.5951
FACTAHTQGLSPGCYDTYGADIDCQWIDITDVKPGNYILK 31.0718 9.4174  1141.7768
YRPGYGTGYFQYGLPDLVADPYYIQASTYVQK 32.2981 9.3146  1231.933
YSWEWHSCHQHYHSMDEFSHYDLLDANTQR 31.4626 7.4797  776.7281
YSDDNPYYNYYDTYERPRPGGR 23.1449 7.3326  691.0533

By infusion cloning method, pQE 30-Xa + mLOX construct was prepared and over
expressed in the M15 (pREP4) expression system. Over expressed recombinant mLOX
was purified by Ni-NTA affinity method and purity was confirmed with SDS-PAGE,
western blot and MS. This purified recombinant mLOX was used for characterization

experiments.

4.1.4 Refolding of recombinant mLOX

LOX protein forms amorphous aggregate in the absence of urea, so mLOX was purified
with buffer containing 8 M urea. With the presence of urea the structural properties of
LOX cannot be studied. So after purification attempted to remove urea and maintain the
mLOX in soluble form. Screening was performed with various buffer systems (Table 3.9)
and identified the glycine-NaOH buffer, pH 8.0 with 10% glycerol.

4.1.5 Dialysis - removal of urea from recombinant mLOX

By dialysis, urea was removed from the purified mLOX. Purified mLOX was dialyzed
against glycine-NaOH buffer and urea concentration was reduced step wise (7 —6 —5 — 4
—3-2-1-0, in molarity). Dialysis was performed for 8 h at 4 °C against each buffer.
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The dialysate was inspected for protein aggregates by centrifugation (10,000 rpm for 30

min) at the end of each buffer change.

4.1.6 His Tag Cleavage from recombinant mLOX

Recombinant mLOX contains His tag at its N-terminal, which might interfere with the
enzymatic activity of LOX. So it was cleaved using factor Xa protease. Cleaved product
did not show any band when probed against His tag antibody but showed band at 29 kDa,
when probed against LOX antibody by WB (Figure 10). For both the blots uncleaved
purified mLOX was used as control. Cleavage efficiency was about 50 — 70 %. Further

experiments were performed with His tag removed recombinant mLOX.

Cleaved Uncleaved

Figure 4.10: Western Blot of His tag removed recombinant mLOX.

4.1.7 Estimation of copper in recombinant mLOX

Estimation of copper was carried out using AAS method. Initially instrument was
calibrated with 0.2 % nitric acid and background value for solvents (MQ and buffer) used
were determined taken into account during calculation. Standard graph was plotted using
elemental copper. From the standard graph it was calculated that 50 % of recombinant
mLOX found in the copper bound state. Experiment was performed in triplicate and

calculated.
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4.1.8 Functional characterization of recombinant mLOX
4.1.8.1 Comparison of various substrates for recombinant mLOX activity

Enzymatic action of recombinant mLOX (100 ng) were tested against natural substrates,
elastin and collagen (10 and 100 pg) and pseudo substrate DAP (10 and 100 mM).
Among the three substrate used DAP showed maximal activity and dose dependent
increase with the increasing concentration (10 mM: 1.1 5 £ 0.4 units and 100 mM: 4.7
0.4 units). Whereas elastin and collagen showed least activity (elastin 100 pg: 1.59 £ 0.7
units and collagen 100 pg: 1.37 = 0.4 units). Hence DAP was used as the substrate for the

rest of the experiments (Figure 4.11).
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Figure 4.11: Comparison of various substrates on recombinant mLOX activity.
Recombinant mLOX and respective substrates were pre-incubated at 37°C for 5 min and
the reaction mixture was added and readings were taken fluorimetrically (Excitation 563
nm; Emission 587 nm). Data shown represent mean + SD from three independent
experiments.
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4.1.8.2 Effect of pH on recombinant mLOX activity

To examine the effect pH on recombinant mLOX activity, a pH range of 6.5 to 10 was
selected. Maximal LOX activity (8.4 £ 0.5 units) was found at the pH of 8. Enzyme
activity was found to be decreasing above the pH of 8.5 (7.7 £ 0.4 units) and below the
pH of 7.5 (5.6 + 0.5 units). The optimum pH of the recombinant mLOX was found to be

at the pH 8.0 and used for rest of the characterisation experiments (Figure 4.12).
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Figure 4.12: Effect of pH on recombinant mLOX activity. Different pH buffers (100
mM) were used: Phosphate buffer (pH 6.5, 7.5), Borax Buffer (pH 8, 8.5) and glycine-
NaOH buffer (9, 9.5, 10). Recombinant mLOX 100 ng and 100 mM of DAP was
incubated at 37°C for 5 min in the respective buffers and the reaction mixture was added
and readings were taken fluorimetrically (Excitation 563 nm; Emission 587 nm). Data
shown represent mean + SD from three independent experiments.
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4.1.8.3 Effect of temperature on recombinant mLOX activity

Temperature dependence of recombinant mLOX activity was examined at 25°C, 37 °C,
50°C and 75 °C. Temperature dependence profile showed the activity of recombinant
mLOX was increasing with increase the temperature. With the current experimental set
up optimum temperature for mLOX activity was not determined. For the further

experiments physiological temperature 37 °C was followed (Figure 4.13).
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Figure 4.13: Effect of temperature on recombinant mLOX activity. Recombinant
mLOX 100 ng and DAP 100 mM were incubated for 15 min at designated temperatures
and cooled to room temperature. The reaction mixture was added and incubated for 5 min
at 37°C and readings were taken fluorimetrically (Excitation 563 nm; Emission
587 nm). Data shown represent mean + SD from three independent experiments.
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4.1.8.4 Effect of substrate concentration on recombinant mLOX activity

Substrate range of 10 - 400 mM of DAP was used to determine the enzyme Kinetics of
recombinant mLOX. The activity of recombinant mLOX increased from the
10 — 200 mM DAP concentration. With higher DAP concentration (>200 mM) the
activity was found to be saturated (Figure 4.14). With the substrate saturation graph of
LOX against DAP used to plot Michaelis-Menten (MM) and Lineweaver-Burk plot
(LB) plot (Figure 4.15). From MM and LB plot maximum rate of reaction (Vmax) Of
recombinant mLOX and its affinity of DAP substrate (K,) was determined (Table 4.3).
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Figure 4.14: Effect of substrate concentration on recombinant mLOX activity.
Recombinant mLOX 100 ng was preincubated for 5 min at 37 °C with various
concentrations DAP. Then reaction mixture was added and readings were taken
fluorimetrically (Excitation 563 nm; Emission 587 nm). Data shown represent mean *
SEM from three independent experiments.
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Figure 4.15: Michaelis-Menten and Lineweaver-Burk plot for recombinant mLOX
against the substrate DAP.Using the substrate concentration value, A) Michaelis-
Menten and B) Line weaver-Burk plots were plotted for recombinant mLOX using Graph
pad 5.0 software. From the plot, Vi and Ky, values were derived. Here V, Velocity of
reaction rate (nm of H,O; released / minute / pg of mLOX) and S, substrate concentration
in mM. 1/V and 1/S were reciprocal value of V and S.

Table 4.3 : Enzyme kinetics values of recombinant mLOX against DAP

Method V max Km
(nm of H,O, released /  (mM)
minute / pg of mLOX)

Michaelis-Menten plot  70.44 31.64

Lineweaver-Burk plot  76.74 44.16

4.1.8.5 In vitro enzymatic activity of recombinant mLOX

LOX is known to increase collagen cross-linking by its enzymatic action. So collagen
cross linking action of recombinant mLOX was tested in ARPE-19 cells. Here ARPE-19
cells were treated with various concentrations (1 to 1000 ng/ mL) for 72 h and stained for
collagen by immuno fluorescence (Figure 4.16 C-F). TGF-B the known to induce the
collagen and LOX synthesis and used as positive control with the concentration of 2.5
ng/mL (Figure 4.16 B).Staining of collagen revealed long and thick bundles of collagen
with increasing concentration of mLOX when compared to control cells. Staining pattern
of cells reserved 1000 ng/ mL mLOX and TGF- was comparable. Hence the enzymatic

action of recombiannt mLOX was proved at in vitro condtions.
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Figure 4.16: Immuno fluorescence staining for collagen in ARPE-19 cells. ARPE-19
cells were exposed to various concentrations of recombinant mLOX (1, 10, 100 & 1000
ng/mL) from (C — F) for 72 h. Cells exposed to TGF-p (2.5 ng/mL) serve as positive
control (B) and control cells (A) received only basal media. All images were acquired
with 10X objective in Axio-observer microscope.
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4.1.9 Structural Characterisation of recombinant mLOX
4.1.9.1 Far UV- CD specturm analysis of recombinant mLOX

The degree of secondary structure for recombinant mLOX was measured in the
far UV range, 200 - 240 nm. The collected far UV-CD spectra data were analysed by
K2D2 online software. The mLOX suspended in 0.2 M glycine-NaOH buffer with 10 %
glycerol buffer showed o-helix of 8.43 % and B-strand of 22 %. The Far-UV CD
spectrum correlates with the ratio of secondary struture of predicted mLOX model (13.5
% of a-Helix and 16.4 % of 3-Sheet) but there is variation in the percentage of secondary

structure.

It is reported that glycerol can increase the thermo stability of the protein upto 50
% with increasing concentration of it [170] [171]. To avoid the cryo-protectant effect of
glycerol on recombinant mLOX the percentage of glycerol was reduced from 10 % to 1.5
% and the far UV spectra data was collected at 20°C and 80°C. The mLOX spectrum
showed a — helices, 51.86% and 59.98%, B-sheet 9.19% and 5.55%, when exposed to 20
°C and 80 °C, respectively. Thus the CD spectra reveal that there is only minimal change
in the secondary structure between mLOX exposed to 20 °C and 80 °C.

The proposition of a-helix and B-strand of recombinant mLOX showed high
variance between 10 % and 1.5 %. This variation might have arised due to the alteration
in surface tension and interaction of water to the protein. This kind of variation in the

secondary structure is due to the co-solvent which was previously reported [172].
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Figure 4.17: Far-UV CD spectrum of recombinant mLOX. Recombinant mLOX was
suspended in glycine — sodium hydroxide buffer with 10 % and 1.5 % glycerol at pH 8.0.
For temperature analysis recombinant mLOX suspended buffer with 1.5 % glycerol
initial spectrum was collected at 20°C and system temperature was gradually increased
from 20 °C to 80 °C along with protein in the cuvette and final spectrum was collected at
80°C temperature. Spectrum was collected from 200 nm to 240 nm thrice and cumulative

average was taken finally.
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4.1.9.2 Tryptophan fluorescence emission of DTT-reduced recombinant mLOX

LOX contains three Tryptophan residues in its structure. The refolded recombinant
mLOX was irradiated at 295 nm wavelenght (specifically excite Tryptophan residues
alone). Recombinant mLOX showed emission maxima at 304 nm with the fluorescence
value of 5000 RFU. This shows that mLOX contain buried tryptophan in its structure
When recombinant mLOX was reduced with DTT the emission maxima showed red
shift from 304 nm to 308 nm. with increase in the DTT concentration the fluorescence
value reduced to 2000 RFU for 100 mM of DTT (Figure 4.18). Decrease in fluorescent

yield may be the result of buried tryptophan exposed to agueous environment.
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Figure 4.18: Tryptophan fluorescence emission spectrum of native and reduced
recombinant mLOX. Recombinant mLOX 3 pM was reduced with different
concentrations of DTT (20 — 100 mM) at 60 °C. Intrinsic fluorescence of mLOX was
measured by exicting at the wavelength of 295 nm and emission spectrum was collected
from 300 to 370 nm with an interval of 1 nm. Data shown represent mean from three
independent experiments (RFU—Relative Fluorescence Unit).

82|Page




4.1.9.3 ANSA binding analysis of reduced and denatured recombinant mLOX

ANSA is a chemical molecule which binds to the exposed hydrophobic patches in a
protein surface. Recombinant mLOX showed emission maximum at 450 nm.
DTT (100mM) reduced mLOX showed red shift in the emission maxima from 450 nm to
470 nm, this shows the unfolding of the recombinant mLOX. Recombinant mLOX
denatured with 2M Guanidinium hydrochloride (GnHcl) did not show much change in
the emission spectra. When recombinant mLOX was reduced with DTT (100 mM) and
denatured with GnHcl (2 M) the emission spectra showed shift in the emission maxima to
470 nm and increase in the fluorescence value from 250 RFU to 400 RFU. This shows
the unfolding and leads exposure of more hydrophobic region of the mLOX, which
resulted in increased binding of ANSA (figure 4.19).

450 = e Native MLOX
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= 200 A
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Figure 4.19: ANSA binding — Extrinsic fluorescence of recombinant mLOX.
Recombinant mLOX reduced with 50 mM DTT at 60 °C and denatured with 2 M GnHCI
and then exposed to ANSA in 1:100 ratio of protein concentration. ANSA binding was
assessed by exciting at 370 nm and emission spectrum was collected from 400 - 600 nm.
Data shown represent mean three independent experiments. (RFU - Relative
Fluorescence Unit).
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Objective 2: To determine the structure of LOX by in silico approach

There is no 3D structure of LOX and its family members available in the literature. In
this work, 3D structure of LOX was predicted by ab initio method. To the predicted
structure a copper ion was fixed in the catalytic site of LOX. The copper fixed model was
assessed by Ramachandran plot and by molecular dynamic studies. The validated model

was docked against the known modulators by induced fit docking (IFD).

4.2 Secondary structure prediction of mLOX by PSIPRED

The amino acid sequence of mature LOX (249 residues) was retrieved from the UniProt
database (Accession ID: 28300) and used for structure modelling. Initially to predict the
secondary structure mLOX, the sequence was submitted to PSIPRED server. The

PSIPRED-predicted secondary structure is given in (Figure 4.20).
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Figure 4.20: Secondary structure prediction of mLOX by PSIPRED
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4.2.1 Modelling and refinement of mLOX structure

Mature LOX sequence shares less than 25 % homology with the current PDB database.
ab initio method was followed to predict the 3D conformation of mLOX (Figure 4.21).
The mLOX amino acid sequence was submitted to the ROBETTA online and a template
model was acquired. Using ROBETTA template model, thousand models with varied
conformations were generated using MODELLER 9.10. The Generated models were
validated with Ramachandran plot and QMEAN score. Model with significant QMEAN
score 0.602 and 92.6 % in favoured region of Ramachandran plot (figure 4.22) was

chosen as the best model and proceeded further.

Figure 4.21: Initial predicted model of mLOX. Output from ROBETTA using
MODELLER 9.10 version, 1000 decoys were generated with ROBETTA server model as
template. The top model was selected based on the QMEAN score and Ramachandran
plot. Secondary structure of the top model is represented in different colors (Helices in
red, sheets in cyan and loops in gray).
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Figure 4.22: Ramachandran plot of initial predicted model of mature LOX

4.2.2 Orientation of copper binding histidine in mLOX

The top initial model was subjected to refinement by rectifying stereo chemical errors
using Schrodinger suite. Histidine residues (292, 294 and 296) in the copper binding
domain of LOX forms coordinate bonding with copper ions. By applying OPLS 2005,
multiple steps of manual minimization were performed and these 3 histidine residues
were brought to a plane in the spatial arrangement. Histidine residues (His 292N°, His
294N€ and His 296N®) were oriented in such a way that it favors co-ordinate covalent
bond with copper in tetrahedral geometry (Figure 4.23 A). Based on the calculated inter
atomic space copper ion was placed and co-ordinate bonds were generated between the
specific histidines (His 292N°, His 294N€ and His 296N°). Then to satisfy the valence of

copper water molecule was added using chimera tool (Figure 4.23 B). The copper-fixed
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mLOX model was energy minimization with prime OPLS 2005 force field with
constrained applied to the copper ion and its ligand nitrogen molecules. The resultant
model was found to have coordinated covalent bond lengths within the allowed distance
(1.9 A-2.2 A (Figure 4.24).

IS 294

‘HIS 294

(HIS 2 IS 292

_HIS 296

Figure 4.23: Orientation of copper binding histidine in mature LOX. A) Histidine
residues flipped and oriented in same plain before copper binding; B) Copper ion was
fixed and co-ordinate covalent bond generated between the 292N°, 294N® and 296N¢
atoms in tetrahedral geometry.

Figure 4.24: Optimized mature LOX model with Cu?* ion. Representation of
secondary structure of copper fixed mature LOX model in different colours (Helices in
red, sheets in cyan, loop in grey and copper ion as blue sphere).
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The copper fixed model was assessed with the Ramachandran plot which showed 90.7

% of residues in favoured region with no residue in disallowed region (Fig 4.25).
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Figure 4.25: Ramachandran plot of optimized mature LOX with Cu“" ion

4.2.3 Modelling of disulfide bonds in predicted mLOX structure

Mature LOX sequence contains 10 cysteine residues and is known to form at least 4
disulfide bridges. Using MODELLER 9.10, disulfide script generated 4 disulfide bonds
between the specific cysteine residues. After disulfide bonds were generated following
observation were made: (1) there was overall loss in the secondary structure, (2)
Ramachandran plot showed only 71 % in favoured region after generation of disulphide
bonds but Initial model had 90 % in amino acid in favoured region (Ramachandran plot,
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Figure 4.26), and (3) the co-ordinate bonds between the copper and histidine residue were
lost. Hence, optimized mature LOX structure with Cu®" ion without disulphide bonds was

taken for further molecular dynamic studies.

Plot statistics

Residues in most favoured regions [A,B,L] 154 71.3%
Residues in additional allowed regions [a,b,l,p] 51 23.6%
Residues m generously allowed regions [~a,~b,~1,~p] 10 4.6%
Residues in disallowed regions 1 0.5%
Number of non-glycine and non-proline residues 216 100.0%
Number of end-residues (excl. Gly and Pro) 2

Number of glycine residues (shown as triangles) 15

Number of proline residues 16

Total number of residues 249

Figure 4.26: Ramachandran plot statistics for mLOX with disulfide bonds

Figure 4.27: Overall topology (N to C terminus) of copper fixed mature LOX
generated from PDBsum.
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4.2.4 Molecular Dynamic studies of mLOX with Cu® ion

Further, this model was subjected to constrained molecular dynamics simulation for 4 ns
wherein, the copper and its interacting residues were constrained throughout the
simulation process. The potential energy of the protein after 4 ns simulation was -
307193.771 kimol™. The RMSD trajectory was stabilized for about 5.5 — 6.0 A after
2 nano seconds of simulation and did not increase significantly further. This indicates that
the system has evolved into a stable state and has reasonably converged over the
production run (Figure 4.28 A). The radius of gyration analysis showed a deviation of
0.86 A, inferring improved relaxation and structural stability of the modelled protein.
RMSF graphs also suggest higher flexibility at the C-terminal with few residues showing
higher degree of fluctuation (Figure 4.28 B).
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Figure 4.28: Constrained MD simulation results of mature LOX for 4 nano seconds.
(A) RMSD plot of carbon - a backbone atoms showing the system stabilized after 2 nano
second and remain stable till the end of 4 nano seconds and (B) Time-dependent RMSF
fluctuation of individual residues of mature LOX in 4 nano seconds, C-terminal showing
maximum fluctuation.

91 |Page




4.2.5 Validation of the predicted model

Backbone of a predicted model is validated through its Psi-Phi angles, Torsion angles,
Chi-1/Chi-2 rotamers and bond lengths in WHAT IF server. For the predicted mLOX
model Psi-Phi angles are analyzed through Ramachandran plot, which showed 90 % of
residues in favoured region, 8.3 % in additional allowed region with 0.9 % in generously
allowed region and no residues in the disallowed region. Torsion angle for all the
residues are found to be normal. Only eight residues showed deviations in torsion angle
but Z-scores for those lie near to the acceptable -2.0. The chi-1/chi-2 angles of the
predicted model were found to be normal. Only four residues showed deviation in Tau
angle (N-Ca-C) parameter. All other parameter like residue’s side chain planarity,
chirality, bond angle and bond length in the predicted structure cleared the WHAT IF
server checks. This shows that backbone of the predicted structure is valid.

Short interatomic distance in 82 residues with mildest bumps, Tau angle (N-Ca-C)
deviation in 4 residues and flipped positions of Aspartic acid (173 and 373), Histidine
(343) and Glutamic acid (345) were listed in error. But the predicted model showed no
interatomic clashes, tau angle and protonation states of above mentioned residues in
protein preparation wizard of Schrddinger suite. Hence these errors cannot be a serious
concern. Apart from that these errors protein shows -2.742 score for abnormal average
packing environment against the allowed score of -3.0. This is also directly related to Z-
score that describes how well this residue feels compared to other similar residues in well
refined structures. Thus, as our model passes all Z score criteria this marginal error could
be ignored. Predicted LOX model was analyzed through 88 listed parameters of WHAT
IF server [4], out of them predicted model passed the 84 parameter with 15 parameters in
the warning category and only 4 parameters are listed under the error category. With the
available information and limited resource (as no similar protein for homology
modeling), the predicted LOX model is highly plausible model. This validated model was

further used for docking studies
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4.2.6 Electrostatic potential graph of predicted mLOX with Cu?* ion

Electrostatic potential surface of the copper fixed LOX model was calculated by Poisson-
Boltzmann equation and was visualized in Maestro. The overall surface charge
distribution was found to be negative to neutrally charge. Active cavity identified by the
CASTp software showed charge distribution to be profoundly negative charge which

would favor the interactions with positively charged substrates (Figure 4.29).

Figure 4.29: Electrostatic potential map of copper fixed mature LOX model. A)
Overall surface charge distribution; B) charge distribution in the active cavity alone
shown and other areas masked with blue colour.

4.2.7 Induced fit Docking of mLOX with pseudo substrate and inhibitors

Pseudo substrate (DAP) and 3 inhibitors (BAPN, Hcys and HCTL) were docked against
the active cavity of copper-fixed LOX model using induced fit docking method. For each
molecule, 20 docking poses were generated and the best docking pose was selected. The
docked complexes were analyzed for docking score, MMGBSA and molecular
interaction maps (Figure 4.30). In the docking results, DAP was to found to be bound
with LOX with a significant docking and MMGBSA score of -7.511kcal/mol and -41.381
kcal/mol, respectively. DAP also forms hydrogen bonds with Asp'”, Asp*®®, Asp®? and
Cys>! of LOX.
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Figure 4.30: 2D interaction graph of mature LOX with its modulators using

induced fit docking. (A) Diamino pentane forms hydrogen bonding with the
negatively charged Asp*®®, Asp®**® & Asp*™® and hydrophobic Cys***; (B) Hcys forms
hydrogen bond with the negatively charged Asp*®®, positively charged Arg®* and polar

His?®; (C) BAPN forms hydrogen bonds with the negatively charged Asp353 and
hydrophobic Tyr®*%; (D) HCTL forms hydrogen bonds with negatively charged Asp®®

and Asp*” and hydrophobic Tyr**2
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Table 4.4: IFD score and binding free energies computed using PRIME MM/GBSA

S.No. PubChem Name Hydrogen IFD MMGBSA
ID: No bonds Docking score
score (kcal/mol)
(kcal/mol)
1 273 DAP Asp'” Asp'™, -7.51 -41.38
(Pseudo Asp®® Cys®t
substrate)
2 778 Heys Asp™®, Arg®' -9.53 -24.68
Ar9251, HiE2®
3 1667 BAPN Asp®>, Tyr**?, -6.29 -22.30
Tyr352
4 107712 HCTL Aspt® Tyr*? -4.81 -33.53
Asp353

4.2.8 Validation of the IFD results by Amplex red assay using recombinant mLOX

To validate the IFD results, enzymatic activity of the recombinant mLOX was assessed in
the presence of the inhibitors like B-APN, Hcys and HCTL by Amplex red assay
(Figure 4. 31). In the initial screening, experiment HCTL showed inconsistent inhibition
so it was removed from the future experiments. Hcys serve as a better inhibitor at lower

concentration when compared to B-APN.
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Figure 4.31: Enzyme activity of recombinant mLOX on DAP in the presence of
inhibitors. A) B-APN and B) Homocysteine. Recombinant mLOX 100 ng, DAP 100 mM
was preincubated at 37°C for 5 min with respective concentration of inhibitors and
reaction mixture was added then readings were taken fluorimetrically (Excitation 563
nm; Emission 587 nm). Data shown represent mean £ SD from three independent
experiments.
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Objective 3: To design LOX modulators to regulate its activity

Identifiying the molecules which can either upregulate or downregulate the LOX activity
will have clinical application. Based on the nature of the molecule it can be applied to
specific pathological condition. To develop LOX modulators, designed peptides from the
conserved domains of LOX family. Peptides namely C1, C2 & C3 from the CRL domain
and M1 & M2 from the copper binding region of LOX were designed. Peptides were
characterised with CD spectra, mass spectroscopy and influence of the peptide on mLOX

activity was assessed by Amplex red assay.

4.3.1 Copper binding analysis of LOX derived peptide using far UV-CD spectra

Secondary structure conformation of free peptide and peptide treated with copper
chloride (Cu?*) was studied by far UV-CD spectra. The spectrum of C1 peptide with
copper showed incresacd a-helix content compared to the free peptide (Figure 4.32 A).
Change in the secondary structure gives the clues that copper bounds to C1 peptide. C2
and C3 showed same degree of secondary structure for free and copper treated conditions
(Figure 4.32 B & C). M1 and M2 peptide showed only random coil and no specific
secondary struture with addition of copper also there was no change in their conformation
(Figure 4.32 D & E). Scrambled peptide didn’t showed any change in their secondary
strucutre degree with or without copper (Figure 4.32 E).
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Figure 4.32: Far UV CD spectrum for LOX derived peptides. Free peptide spectrum
was represented in solid line and peptide treated with copper chloride (100 uM)

represented as dash line.
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4.3.2 Copper binding analysis of LOX derived peptides by Mass spectroscopy

LOX derived peptides were analyzed for their Cu binding function. Peptide 10 uM was
treated with equimolar concentration of copper chloride and analysis was done in Xevo
G2S Qtof MS. C1, M1 and M2 peptide bound to the copper (Figure 4.33 and 4.34). M1
peptide dimerized up on copper bound condition. Other peptides C2, C3 and scramble

peptide didn’t show any copper binding function.
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Figure 4.33: Copper binding analysis by mass spectroscopy for C-peptides. Copper
binding property of the peptides derived from LOX conserved region were analyzed by
MS. MS spectrum was collected for free peptide and peptide treated with equimolar
concentration of copper chloride (Cu?*). A) Free C1 peptide showed peak at 703 (2*); B)
when C1 peptide treated with copper it showed an additional peak at 766 (2%). This shows
that C1 peptide bounds to 2 copper. C) Free C2 peptide showed peak at 707 and 338
with respective to the charge state of +2 and +3; D) No significant change was observed
with addition of copper to C2; E) Free C3 peptide; F) No significant change was
observed with addition of copper to C3 peptide.
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Figure 4.34: Copper binding analysis by mass spectroscopy for M- peptides Copper
binding property of the peptides derived from LOX metal binding region were analyzed
by MS. A) Free M1 peptide showed peak at 775 (2%) and 517 (3%) charge state; B) when
M1 peptide treated with copper additional peaks of 537 and 559 (3%) observed to free M1
peptide, which indicating the binding of one and two copper respectively. C) Free M2
peptide showed peaks at 524 (2%); D) when M2 peptide treated with copper it showed
additional peaks at 539 and 555 (4%). The additional peaks indicating the binding of one
and two copper respectively apart from that swift in the charge state from 2" to 4"
denoting that copper inducing the dimerization of the peptide. E) Scrambled peptide &
F) Scrambled peptide with copper, did not show any significant change in the peak
pattern observed after addition of copper.
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4.3.3 Effect of LOX derived peptides on recombinant mLOX enzymatic activity

LOX activity was assessed in the presence of designed peptide with the activator copper.
C1 peptide at 10 nm inhibited 84 % activity (Figure 4.35 A), C2 peptide at 10 nm showed
inhibition up to 79 % (Figure 4.35 B), C3 peptide didn’t showed consistent results
(Figure 4.35 C). M1 peptide at 10 nm showed 64 % inhibition (Figure 4.36 A). M2
peptide showed 62 % of inhibition (Figure 4.36 B). B-APN show only 18 % of inhibition
at 500 uM concentration. Scramble peptide did not show any significant inhibition.

Percentages of enzyme activity were calculated by keeping activity of mLOX as 100 %.
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Figure 4.35: Effect of C peptides on recombinant mLOX enzymatic activity. A) C1
peptide, B) C2 peptide, C) C3 peptide, D) M1 peptide and E) M2 peptide was assessed by
Amplex red assay. Peptide, mLOX 100 ng and copper chloride 100 uM were pre-
incubated at 37°C for 5 mins. Then reaction mixture was added and readings were taken
fluorimetrically (Excitation 563 nm; Emission 587 nm). Data shown represent mean *
SEM from three independent experiments. Positive control, mLOX induced with copper
(100 uM), negative control, f — APN (500 uM).
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Figure 4.36: Effect of M peptides on recombinant mLOX enzymatic activity. A) M1
peptide and B) M2 peptide, was assessed by Amplex red assay as explained for the C

peptides.

4.4 ELISA and Dot blot analysis of in-house developed anti mLOX antibody

The purified mLOX was used to generate antibody. Rabbit was immunized with purified

mLOX and polyclonal anti mLOX antibody was purified from the rabbit serum.

Sensitivity of the purified mLOX antibody was assessed by dot blot and indirect ELISA.

In both the technique dot blot and indirect ELISA technique signal intensity varied with

concentration of the antigen. The antibody showed sensitivity up to the concentration of
1.25 pg /ml (0.00125 dilution factor) against the 100 ng of mLOX in both the
experiments. For 10 ng of mLOX signal was observed up to 2.5 pg /ml (0.0025 dilution

factor). Saturated signal was observed up to the conc. of 10 ug /ml (0.01 dilution factor)

for both antigen concentrations (10 and 100 ng) in both the experimental setup.
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Figure 4.37: Titration of in-house developed anti mLOX antibody. For dot blot and
ELISA technique antigen concentration and antibody (primary and secondary) dilutions
were kept similar. Antigen (recombinant mLOX) conc. 10 and 100 nanogram, primary
antibody (rabbit polyclonal anti mLOX) varied dilutions, secondary antibody (Goat anti
rabbit) 1:10,000 dilutions and blocking agent 5 % skimmed milk. a) Dot blot
immunoassay b) Indirect ELISA for anti mLOX antibody against recombinant mLOX.

4.4.1 Immuno fluorescence of LOX in HeLa cells using various dilutions of anti

mLOX antibody

With the in-house purified polyclonal anti mLOX antibody, HeLa cells were probed for

LOX. In-house developed antibody was found to be sensitive up to a dilutions factor of

0.005 (5 pg /ml).
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Figure 4.38: Immuno fluorescence of LOX in HeLa cells using various dilutions of
anti mLOX antibody. HeLa cells were stained probed with various dilutions of in-house
purified anti mLOX antibdoy and stained with FITC-conjugated goat anti rabbit 19G
(1:700 dilution). All images were acquired with 20X objective in Axio-observer
microscope.

4.4.2 LOX pull down assay using anti mLOX antibody

With the purified polyclonal anti mLOX, LOX pull down assay was performed in normal
serum sample to identify its interacting partners. The serum pull down elute was run in a
SDS PAGE gel and was silver stained. Visualized bands were excised and subjected to

in-gel tryptic digestion and was analyzed using nano LC XEVO G2-S QTof MS.

Table 4.5 lists the proteins identified through LOX IP pull down of serum sample by
mass spectroscopy. Mass spectroscopy results showed total hit of 19 proteins from the
tryptic digestion of serum IP elute. Of the 19 identified proteins, only 11 proteins with
sequence coverage of 5 % are listed in table 4.5 and the bait protein LOX was identified
with 5.52% sequence coverage. Ten proteins have been identified in the IP pull down
assay of LOX in the human serum. The results are to be validated further using western

blotting and co-localization experiments.
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Table 4.5: List of proteins identified for LOX pull down assay

from human serum using MS

S.No. Protein Protein Protein Major function
Entry Description Sequence
Coverage
(%)
1 P04792 Heat shock protein  48.29 Involved in stress resistance
beta 1 OS and actin organization
2 Q107X0  Putative protein 46.27 Expressed abundantly in
KRIP1 OS prostate gland. Function
unidentified.
3 Q9UBYY9 Heat shock protein ~ 18.82 Highly expressed in heart
beta 7 OS muscles and involved in
contraction
4 Q8WXA9 Splicing regulatory  13.19 Present in nucleus and
glutamine lysine splicesomes. Inhibits the
rich protein 1 splicing activity of SFRS1,
SFRS2 and SFRS6
5 P04792 Heat shock protein  13.17 Cytoplasmic in inter phase
beta 1 cells and involved in stress

resistance and actin
organization

6 Q8TE23  Taste receptor type  11.08 Recognizes diverse natural
1 member 2 and synthetic sweeteners

7 A6NEQ2 Protein FAM181B  10.8 Function undefined

8 Q13064 Probable E3 10.45 Catalyzing the covalent
ubiquitin protein attachment of ubiquitin
ligase makorin 3 moieties onto substrate

proteins

9 P06733 Alpha enolase 10.14 Involved in glycolysis

10 075953 Dnal homolog 8.91 Inhibitor of RNA polymerase
subfamily B Il promoter
member 5

11 P28300 Protein lysine 6 5.52 Cross linking of collagen
oxidase and elastin
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CHAPTER 5 - DISCUSSION

Extracellular matrix (ECM) plays an important role in both physiological and
pathological conditions. Collagen and elastin are the major structural proteins in the ECM
[173] and gives structural stability and tensile strength by their insoluble nature. LOX is a
copper dependent amine oxidase and the LOX protein family has 5 members- LOX,
LOXL1, LOXL2, LOXL3 and LOXL4. The main function of LOX is in solubilisation
and stabilisation of extracellular collagen and elastin substrates. It is also known to be
involved in functions like tissue development, cell proliferation, cell signalling, cell
migration and angiogenesis [174] [175] [55]. Thus, LOX and its isoforms have major
role in normal physiological functions and pathophysiological conditions like hypoxia
induced tumor metastasis [176] [149], fibrotic disorders [80] and connective tissue
disorders [177]. Despite LOX being a vital protein, three dimensional conformations of
LOX is not yet elucidated. Information about the functional and structural aspects of
LOX is limited.

In this study, primary objective was to characterise LOX in its purified form. Purification
of LOX from bovine aorta is performed as described by Kagan et al [119]. Purification
resulted in low yield and activity in multiple fractions of anion exchange chromatography
(Figure 4.1). Kagan et al had earlier reported purification of LOX from bovine aorta by
combination of anion exchange and molecular sieve chromatography, which showed in
activity in various fractions (Figure 4.1). This observation may be due to the presence of
LOX isoforms in the bovine aorta [119]. Purification of LOX from bovine aorta is a
tedious and cumbersome process, and also resulted in low yield (Table 4.1), along with
the presence of other isoforms. Presence of other isoforms may lead to ambiguity in
further study about LOX enzymatic activity, structure and function. Hence, recombinant
protein technique was adopted in the present work obtain mature LOX alone.
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5.1 Recombinant mLOX preparation

Earlier, Ouzzine et al attempted to purify LOX in soluble form from periplasmic space
and obtained 0.04 mg of purified LOX per litre of broth [125]. Herwald et al purified
LOX from the inclusion bodies under denaturing conditions using 8 M urea [126]. In the
present work, using infusion cloning technique mature LOX gene was ligated into the
pQE-30 Xa vector (Figure 4.3). Vector construct was over expressed in M15 (pREP4)
E.coli by IPTG induction and purified using one step His-tag affinity purification method
under denaturing condition using 8 M urea (Figure 4.6). Purification yield was upto 10 -

15 mg per liter of LB broth, which was comparable with the previous reports [127] [26].

5.2 Refolding of LOX

LOX protein will form amorphous aggregate in aqueous solution immediately though the
60 % amino acid sequence is made of hydrophilic residues [178]. Possible reason for this
nature that is N-terminal of mature LOX contains more hydrophobic tyrosine residues;
this region might trigger the polymerization and leads to aggregation of the purified LOX
[178]. At least 2 M urea requirement has been reported for LOX purification either by
conventional or recombinant techniques [119] [94]. However, Herwald et al reported
recombinant LOX was soluble in 10 mM of potassium phosphate buffer [126], which
resulted in protein aggregation in the present study. Therefore it became necessary to
screen various buffers. The glycine-NaOH buffer (pH 8.0) with 10% glycerol was
identified here as an ideal buffer (Table 3.9) which does not have the above mentioned

shortcomings.

The recombinant mLOX was purified under denaturing condition (buffer containing 8 M
urea), after purification by step wise dialysis against the buffer glycine — NaOH buffer
pH of 8.0 with 10% glycerol with stepwise reduction in the urea concentration.
Denatured protein can be refolded by step wise dialysis and reducing the denaturant
concentration [179]. Glycine acts as protein stabilizing agent by preferential exclusion
mechanism and thereby reduces the surface tension. Also glycine prevents the change in

pH while freezing, by its bulking action [180]. Glycerol acts as a co-solvent in protein
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stabilization, by pushing the hydrophobic region of a protein into it and preventing inter-
molecular interactions. Glycerol also gives compactness and rigidity to protein structure
[181]. Probably, synergistic action of glycine and glycerol maintained the purified mLOX
in solution state stably [182].

5.3 His tag removal

His tag is widely tagged with recombinant protein for purification because of its low
immunogenicity and low interference with protein of interest [183] [184] [185]. But
variation in the activity of recombinant chlorocatechol 1,2-dioxygenase with and without
His tag has been reported [186]. Interference of His tag on the structure and activity
depends on the individual proteins nature and structure [187]. As LOX is a copper
dependent protein and His residues are known to bind with the copper. In order to prevent
interference in LOX activity, His tag was removed using endoprotease factor Xa with an
efficiency of about 50 % (Figure 4.10). This is the first work to show removal of His tag
from the recombinant mLOX. Previous reports [127] [126] [188] that have demonstrated
over expressed and purified LOX had retained the His tag.

5.4 Enzymatic characterisation

Enzymatic activity of mLOX was assessed by the hydrogen peroxide coupled Amplex
red assay [189] [54]. The recombinant mLOX showed maximum activity at the pH of
7.5 to 8.5 (Figure 4.12). It is reported that LOX oxidises basic globular proteins with pl
value of > 8.0 and not the neutral and acidic proteins. LOX purified from the Dosidicus
gigas showed maximum activity between the pH of 8 to 8.2 [190]. Torres-Arreola et al
showed Dosidicus gigas LOX showed activity up to 90 °C [190]. In this study too, the
recombinant mLOX was stable at 20 °C and 80 °C with minimal change in secondary
structure (8.12 % in a-helices and 3.64 % in B- sheet) (Figure 4.17), which coincided with
increased enzyme activity in the range of temperatures between 20 °C and 80 °C (Fig.
4.13).
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At temperature of 37 °C and pH 8.0, recombinant mLOX enzyme showed maximum
enzyme activity of 70 nmoles of DAP/ min / pug of recombinant mLOX (Table 4.3), when
saturated with the non peptidyl diamine substrate DAP. Herwald et al showed 0.31 U
/mg (1 Unit = 1 n mol of DAP / min) of recombinant LOX activity using Amplex red
assay [126]. Jung et al purified LOX by cloning and showed activity of 0.097 U/mg (1
Unit = 1 umol of benzyl amine / min) using amine oxidase activity assay [188]. The
activity of purified recombinant mLOX in this study was higher than the previous
reports. In both the previous reports, recombinant LOX was assayed with His tagged

protein, unlike the present study where the His tag was removed.

Recombinant mLOX showed affinity for DAP was 44 mM (Table 4.3) where as
Palamkumbura et al determined Km for LOX towards DAP to be 0.5 mM [54]. The
possible reasons for this difference may be: (a) Difference in enzyme source, here
purified recombinant mLOX and in the reported work LOX was purified from bovine
aorta, (b) Only 50 % of recombinant mLOX found to be in copper bound state (c)

drawbacks of dialysis method in refolding the protein.

Kothapalli et al showed that exogenously added LOX can increase the elasin synthesis
and its cross linking in rat smooth muscle cells [191]. In 2014 Makris et al expremental
showed that collagen cross linking and its tensile strenght can be improved by exogenous
LOX addition, both in in vitro and in vivo condtions [192]. In this study ARPE-19 cells
showed increased collagen cross linking in dose dependent manner to exogenously added
recombinant mLOX (Figure 4.16). This shows that recombinant mLOX purifed in this

study was enzymatically active.

5.5 In silico structure prediction of human mLOX

So far crystallized structure of LOX is not available to understand its tertiary
arrangement. One report by site directed mutagenesis cloning method determined the
histidine which is involved in the copper binding [26] and another one using multiple
endoprotease determined the cysteine residues pairs involved in disulphide bond
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formation [127]. Lynch and Ryvkin reported the three dimension structure of human
LOX by homology modelling, despite LOX sharing less than 25 % homology with the
current PBD database [193]. Due to this variation reliability of their predicted LOX
structure is uncertain [193]. Other than these reports, tertiary conformation of LOX was
not explained neither by in silico nor in vitro studies. In this study, predicted the 3D
structure of human mature LOX by ab initio method (Figure 4.21) and also fixed the
optimal coordinated covalent interactions of Cu®* at the copper binding region (Figure
4.23). The predicted structure was found to be a valid model as per SAVES evaluation
(http: //nihserver.mbi.ucla.edu /SAVES/) (Figure 4.24).

5.6 Generation of copper coordination in mLOX

Copper belongs to the transition metal and exists in two ionic state; cuprous [Cu** with
3d™ electronic configuration] and cupric [Cu®* with 3d° electronic configuration] in
biological systems. Generally, in amine oxidase copper present in cupric ionic state and
classified under type 2 copper proteins, based on their spectroscopic property. Nitrogen
atom of the histidine moiety acts as the ligand in the type 2 copper proteins [194].
Gacheru et al in 1990, with EPR spectroscopic analysis demonstrated that three histidine
moiety act as the ligand for copper [25]. Lopez and Frederick identified the histidine
residues 292, 294 and 296 as the copper ligand in LOX protein by site directed mutagenic
analysis [26]. In cupric state, copper exist majorly in the octahedral or square pyramidal
geometry in copper proteins [195]. It is hypothesized that in LOX, copper exist in the
octahedral geometry and distorted in tetragonal symmetry[24] [25]. In the present study,
with the predicted LOX structure attempted to generate coordinate covalent bonds
between copper ion [Cu?*] and specified histidine residues (292, 294 and 296) as
mentioned in literature [196]. Copper binding region of LOX was predicted to be
random coil in nature and will exhibit a talon shaped loop structure with copper to be
positioned at the centre of the loop [24]. Copper binding site of present predicted LOX
structure displayed loop structure with a shape of talon; this is in agreement with the
previous reports [24] [196]. By Cartesian coordinate calculation positioned the copper ion

and generated the coordinate covalent between copper and histidine atoms (292N°, 294N®
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and 296N°®) with the bond length of 1.9 — 2.2 A as explained in the methodology section
3.2.12.5. Tetrahedral geometry was completed with one water molecule in the fourth
position of the copper bond (Figure 4.23 B) similar copper geometry was reported in
crystal structure of E.coli amine oxidase [160].

5.7 MD simulation

The Root Mean Square Deviation (RMSD) of the recombinant mLOX showed Ca-
backbone displacement within a range of 0.5 A after 2 ns (figure 4.28 A) and maintained
till the end of production run which suggests the stability of the predicted model.
Moreover, the radius of gyration plot also infers the compactness of the model of protein
backbone. RMSF (Root Mean Square Fluctuation) of the model shows, residues in C-
terminal are highly flexible (figure 4.28 B).

5.8 Induced Fit Docking

Using induced fit docking (IFD), binding mode of pseudo substrate DAP and inhibitors
(B-APN, Hcys and HCTL) are analyzed in this study. Beta-amino propionitrile (B-APN)
is described as molecule which disturbs the formation of collagen and elastin. It was
reported that, 14 day chick embryo administrated with BAPN led to negligible elastin
aggregation and fiber formation which resulted in structural abnormalities [197]. In both
in vitro and in vivo studies, B-APN showed inhibition of LOX enzymatic activities and
impaired maturation of elastin and collagen [198] [199] [200] [149]. In previous report
from our lab demonstrated that elevated level of Hcys inhibits the activity of LOX in the
PDR vitreous samples [167]. Another report stated that HCTL compete with DAP
substrate for LOX and inhibits its activity [201]. Based on this experimental proof, these
molecules where selected and their binding ability was analyzed by Induced fit docking

and LOX activity assay.

In amine oxidases, the substrate binding and positioning are mainly guided by charge —
charge interactions. These substrates are generally cationic and found to interact with the
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key anionic residues at active cavity [202]. Similarly, the active cavity of the modelled
LOX structure was observed to be anionic. Further, the proton abstraction is usually
catalyzed by aspartic acid in case of all amine oxidases [203] [204]. In this study, the IFD
results for copper fixed LOX model with pseudo substrate DAP and all the inhibitors
showed hydrogen bonding with aspartic acid residues. Copper amine oxidases follow the
ping pong catalytic mechanism [205], in the first half of the oxidative reaction, proton
from a-carbon of the substrate is removed by aspartic acid present in the catalytic cavity
[203] [206] [32]. Here, DAP showed interaction with aspartic acid residue (Asp 353),
which is conserved among all the members of LOX (Table 4.4). This aspartic acid (Asp
353) present near the tyrosine (Tyr 355) which proposed to form carbonyl cofactor (LTQ)
with lysine (Lys 320) by cross linking. Possibly this aspartic acid (Asp 353) will act as
catalytic base in human LOX. Inhibitors BAPN and HCTL also showed interaction with
Asp 353 except HCys, which might have different mode of inhibition. The docking score
showed binding affinity of inhibitors toward LOX in the following order Hcys>
BAPN>HCTL. The docking results are validated by the in vitro Amplex red assay using
recombinant mLOX against these inhibitors with DAP as substrate. HCys showed 50 %
of enzyme inhibition activity against mLOX at 30 uM concentrations where as BAPN
showed only 20 % of enzyme inhibition at milli molar concentration (Figure 4.31 A and
B). HCTL showed inconsistent results. Thus, in vitro result correlates with in silico IFD
results. Here, both in vitro and in silico results show that BAPN has less potent enzyme
inhibitor effect on LOX, when compared to the homocysteine. The mechanism of

inhibition has to be further studied.

This is the first study to predict and validate the 3D conformation of mature LOX with
proper co-ordination of copper. Overall spatial arrangement of the predicted model
correlates with the available literature and docking studies results go in agreement with
the in vitro experiments of this study. However the present model lacks the carbonyl
cofactor (LTQ) and disulphide bonds, which are reported to be present in the LOX
structure. Hence these limitations are to be considered while understanding and
interpreting of the results derived from this structure. Nevertheless this model can serve
as valid structure in understanding the binding nature of LOX and to design small

modulators to regulate its activity. With the current available facility, LOX structure has
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been predicted, copper coordinates are generated with specified ligand and docking

studies are performed with the known substrate and inhibitor.

5.9 Spectroscopic analysis

Based on the environment fluorescence profile of tryptophan varies [207] and this
property is used to investigate the folding of proteins [208]. Azurin is a small blue
copper protein (15 kDa) with single tryptophan. In folded state the tryptophan in azurin is
completely buried in apolar environment and shows emission maxima at 307 nm [209].
Mature LOX contains 3 tryptophan residues (286, 288 and 363), among them 2 residues
(286 and 288) present in the conserved copper binding site. Tryptophan emission spectra
of recombinant mLOX showed heterogeneous emission, emission peak at 304 nm with
major contribution and emission peat at 333-336 nm with minimal contribution in the
total emission (Figure 4.18). In the predicted structure, tryptophan (286 and 288) present
in buried state along with the copper binding region and tryptophan 363 found in the
surface (Figure 5.1). In vitro and in silico results suggest heterogeneous condition of
these tryptophan’s in LOX structure. Considering the predicted structure and recombinant
mLOX is near to native folded condition, the emission peak of tryptophan at 304
(Figure 8.18) was raised due buried environment and surrounded by the energy acceptors
like histidine [152] residues and copper [210].

Iriarte et al using DTNB method showed that LOX will contain at least four disulphide
bridges and stated that disulphide bonds gives thermo stability for LOX [211]. In 2011,
using mass spectroscopy method mapped the cysteine pairs (238-244, 291- 340, 324-330,
351-361 and 398-412 specified cysteine residues) involved in the disulphide bonding of
LOX [127]. To address this issue, DTT reduced recombinant mLOX showed shift in the
tryptophan emission to 307 nm and ANSA fluorescence maxima shifted from 460 to 470
nm (Figure 4.19). Apart from this binding of ANSA to recombinant mLOX increased
with guanidinium hydrochloride after reducing with DTT. Jana et al demonstrated
streptomycin adenyltransferase structure is stabilized by disulphide bonds using
tryptophan emission and ANSA binding analysis [212]. Chen et al stated that disulphide
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bonds render rigid and high resistance to denaturant [127] for LOX and observation made

in this study is supports this statement.

Figure 5.1: Localization of the tryptophan in the predicted LOX model. Over all
surface of the protein is shown in grey colour and tryptophan residues (286, 288 and 363)
are shown in blue colour.

5.10 LOX interacting proteins

Interacting protein of LOX is poorly understood, particularly with respect to serum. In
this study, LOX IP pull down assay was performed from normal human serum to identify
the interacting partner of LOX using mass spectroscopy analysis (Table 4.5). In-house
developed anti mLOX antibody was used for the IP pull down assay. By pull down
assay, most of the identified proteins belong to heat shock family proteins. In the
biosynthesis of collagen, HSP involved in the folding and modification of translated
tropocollagen in the intracellular and LOX involved in the maturation of tropocollagen in
extra cellular. In liver fibrosis, miR-29b shown inhibit the ECM formation through down
regulation of LOX and HSP 47 [213]. With the identified protein using GENEMANIA
(online open software) putative pathway was derived based on the co-expressed proteins
and proteins to have physical interaction (Figure 5.2). In putative pathway showed HIF 1 a
and NF«B proteins, these two proteins are reported to involve in the LOX expression and
activity [81] [83]. Erler showed, hypoxia inducible factor regulates the LOX expression
in the breast and head and neck tumours [62]. The interacting partners identified in the
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present study are in agreement with the cited literatures but these results should be further

validated by other experiments like far western and FRET analysis.

SREKI1

D VPS33A

MAPKAPK3

Figure 5.2: Putative interaction map of LOX build - using GENEMANIA. Proteins
identified by MS were representing in blue spheres. Green spheres are the interacting
proteins build by GENEMANIA software.

5.11 Inhibitory effect of the LOX derived peptides

The modern era of drug development aims to regulate proteins by small molecules which
show high potential with low side effect and immunogenicity [214]. Peptide gained
importance in the field of drug development due its stability, low immunogenicity,
improved bioavailability with additional delivery methods [215], [216]. Regulation of
LOX expression and activity by small chemical molecules, siRNA, and antibody are
reported in literature. In this study, 5 peptides designed from the conserved metal binding
region (M1 & M2) and CRL (C1, C2 and C3) domain of the LOX family members. ESI
MS result of peptides M1, M2 and C1 showed copper binding properties (Figure 4.33 and
4.34). Copper binding property of M1 and M2 peptide are attributed to presence of three
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histidine residues as Sankararamakrishnan et al demonstrated the binding of copper in
ATCUN motif through three histidine residues [217]. C1 peptide contains the GHK
(glycyl-L-histidyl-L-lysine) in its sequence. Naturally human tissues and organ contain
this GHK tripeptide, which possess high copper binging property [218], [219]. LOX is a
copper dependent enzyme and these peptides inhibited the activity of recombinant mLOX
up to 80 % (Figure 4.35). This inhibition is attributed to the copper sequestering nature of
these peptides. Elevated levels of copper have been reported in various types of human
cancer including breast, colon, lungs and brain [220][221]. LOX expression was found to
be high in hypoxic human tumor cells and prior studies concluded that LOX has a major
role in hypoxia induced metastasis [78] [149]. Chelators like penicillamine, and
tetrathiomolybdate are used to chelate copper from the angiogenic environment [222].
Copper chelating therapeutic treatments are in wide use in the combating cancer [223].
Another peptide C2 showed inhibition of recombinant LOX up to 70 % but the exact
mechanism of action of this peptide is not understood clearly (Figure 4.35 B). The
inhibitor effect of these peptides were studied in HUVECs using in vitro angiogenesis
assay, migration assay and enzymatic activity of LOX in the cultured medium in another
study of our department. Peptides designed in this study can be used to inhibit LOX
activity and tumor progression. Further in vivo experiments are needed to understand its

exact mechanism of these peptides.
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CHAPTER 6 - CONCLUSION

Lysyl Oxidase (LOX) an enzyme implicated in the construction of the ECM. Importance
of LOX enzyme is elucidated in connective tissue pathological conditions like Menkes’
disease, occipital horn syndrome, lathyrism and fibrotic disorders. LOX also involved in
the cancer progression and migration of tumor cells during metastasis conditions. Since

understanding the LOX structure and function will help in combating the diseases.

In the present study, mature LOX enzyme was over-expressed and purified by cloning
method. The purified recombinant protein was refolded and solubilized in the glycine-
NaOH buffer pH 8.0 with 10 % glycerol. The enzymatic activity of the recombinant
mLOX was shown by in vitro enzymatic analysis by Amplex red assay and increase
collagen fibers in the cultured ARPE-19 cells. The folding of the mLOX was confirmed
by far UV-CD spectroscopy analysis, tryptophan fluorescence emission spectra and
ANSA binding analysis. Thermo stability of the LOX was demonstrated by CD spectra.
Importance of disulphide bonds in structure stability of LOX was demonstrated by
increased ANSA binding, in DTT reduced recombinant mLOX and shift in the emission

maxima.

By in silico approach, 3D structure of mature LOX was predicted. To the predicted LOX
structure, coordinated covalent bonds were generated between specified histidine residues
and copper ion in tetrahedral geometry. The predicted structure was validated by
Ramachandran plot. By molecular dynamic (MD) simulations, stability of the predicted
structure was confirmed. Active cavity was predicted by CASTp and docking was
performed using Induced Fit docking (IFD) for the known inhibitors. IFD results was
validated by in vitro Amplex red assay, in both the in silico and in vitro results showed
homocysteine to be the potent inhibitor for LOX activity when compared to -APN and
homocysteine thiolactone.
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From the conserved regions of LOX family, 5 peptides were designed. The secondary
structures of the peptides were studied by CD spectra. The copper binding property of
C1, M1 and M2 peptides were demonstrated using CD spectra and mass spectroscopy.
These peptides showed inhibition of LOX activity at nano molar concentration, where

established B-APN show inhibition at milli molar concentration.
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CHAPTER 7- SPECIFIC CONTRIBUTIONS

Properties of LOX like its optimum pH, K, and Vnax have been identified in this
study.

Contribution of disulphide bond in stability of LOX structure was shown

experimentally.

Structure of LOX was predicted by ab initio and generated proper copper
coordination in allowed bond length. Predicted structure was validated with the in

vitro experiments.

Identified homocysteine can be potent inhibitor for LOX by IFD and also
validated the same by in vitro enzymatic assay.

Peptide designed from conserved regions of LOX showed inhibitory action on

LOX enzymatic activity at nanomoles concentration.
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CHAPTER 8 - LIMITATIONS AND FUTURE SCOPE

Crystal structure of LOX is not elucidated due its inherent aggregating property
using the buffer identified in this work can be used for elucidating the structure of

LOX by X-ray crystallography.

Steady state fluorescence only performed in this study, to have better

understanding on LOX structure time resolved fluorescence should be performed.

The predicted structure of LOX in this study, lack the co-factor LTQ and
disulphide bridges. This limitation can be overcome in the future, which will help
in understanding the enzymatic mechanism and binding nature of LOX

Using predicted LOX structure, virtual docking studies can be performed and lead

molecules can be identified to modulate the activity of LOX.

Compare to the chemical or monoclonal antibody inhibitors of LOX, the

identified peptide in this work can be valid inhibitors.

LOX derived peptides mechanism of action should be studied further and its anti
angiogenic properties can be validated with animal studies.
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