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ABSTRACT
A major input for aging comes from catabolic insufficiency that is a leading cause of agerelated storage Ddiseases (ARSD). Our indigenous lysosomal enzymes are unable to
break down certain recalcitrant compounds generated as a result of normal body
processes. These compounds tend to build up with time and cross a threshold level when
one gets old and disease condition results like atherosclerosis and age related macular
degeneration (AMD). Atherosclerosis is affiliated with the build-up of cholesterol and its
oxidation products markedly 7-ketocholesterol (7-KC) in the arterial linings while AMD
is caused due to the aggregation of lipofuscin material, mainly the pyridinium bisretinoid
A2E and cycloretinal (all-trans retinal dimer).
Medical bioremediation is a unique strategy of targeting these pathogenic compounds
with an exogenous enzyme of microbial origin. The target to be achieved is to breakdown
the compounds into substances that result in the relief of disease condition. The high
levels of diversity of microbial communities can serve as an excellent tool for the
bioprospecting of catabolic enzymes efficient at degrading energy-rich compound. The
goal of this study was to isolate and screen the microorganisms from diverse
environmental samples for their ability to catabolize 7-KC, A2E and cycloretinal.
Both A2E and cycloretinal were synthesized in the laboratory by using all-trans retinal
(atRAL) as starting material following a dimerization reaction catalysed by proline.
Initially we started with the screening of environmental samples and four ATCC strains
for their ability to biodegrade both bisretinoids. The selection of these four ATCC strains
was based on their reported good biodegradation potential for aromatic compounds and
oils. Out of the four ATCC strains, two strains ie. Pseudomonas putida (ATCC Number
700412) and Marasmius scorodonius 3975 (ATCC Number 76439) showed ability to
biodegrade both A2E and cycloretinal. Two bacterial and one fungal strain were isolated
from environmental samples, which showed a successful degradation of the compounds,
cycloretinal and A2E.
Two bacterial strains IP5 and IP6 and one fungal strain IP7 isolated from environmental
samples collected from three different locations within the state of Texas, USA visibly
xxiii

decolorized the cycloretinal as well as A2E. Later degradation of compounds was also
confirmed on the basis of HPLC, ESI-MS and GCMS results. β-ionone and 2, 4-dimethyl
benzaldehyde were identified as major degradation products of cycloretinal. β-ionone
was identified as a major degradation product of A2E. Later, on the basis of 16S rDNA
homolgy the bacterial isolate IP7 and IP6 were identified as Pseudomonas stutzeri and
Delftia acidovorans respectively. Fungal isolate IP5 was identified as Aspergillus niger
on the basis of sequence obtained for 18S rDNA. To our knowledge this is very first
report of the biodegradation of cycloretinal and A2E by bacterial and fungal isolates.
The best strain, a basidiomycete, an edible mushroom, Marasmius scorodonius 3975
(ATCC Number 76439) showing promising results for the biodegradation of both A2E
and cycloretinal was selected for further study. Extracellular heme containing DyP
peroxidise I of M. scorodonius, MsP1, was selected from the literature which is reported
to degrade β-carotene (structure similar to A2E and cycloretinal). The MsP1 gene was
synthesized by denovo synthesis (with E. coli codon optimization) and was cloned and
expressed in the E. coli strain BL21 but failed to get soluble protein. The over expressed
MsP1 aggregated into the inclusion bodies. Then we expressed fungal peroxidase MsP1
along with Maltose Binding Protein (MBP) as a fusion protein with a TEV cleavage site
in between them, using the construct pMALc4x-MBP-MsP1 again in same E. coli strain.
Fusion protein (Molecular weight 100 kDa) was purified by passing through amylose
resin column. Tobacco etch virus (TEV) protease mediated cleavage of fusion protein
yielded the MsP1 (55kDa) in soluble form that was purified by passing through a nickelHis-trap column. For purified cleaved protein in-gel proteolytic (trypsin) digestion was
carried out with peptide mass mapping, which confirmed the purified protein as a heme
containing fungal peroxidise of M. scorodonius. Recombinant MsP1 expression under
standard expression conditions in LB medium was low with about 0.2 mg/Liter. I tried
expression in M9 medium with β-carotene as only carbon source with addion of hemin,
but found no improvement. Later I tried expression in LB with addition of hemin, and
used baffled flasks, it resulted in a considerable increase in the expression levels and I got
0.482 mg/L of MsP1.

xxiv

E. coli cells freshly transformed with pMALc4X-MBP-MsP1construct catabolised the
cycloretinal as well as A2E and I observed a complete disappearance of cycloretinal and
A2E color in M-9 medium (containing cycloretinal/A2E as an only carbon and energy
source) inoculated with E. coli carrying an MsP1 gene within 24 hours; while the medium
inoculated with E. coli cells that do not carry an MsP1 gene, remained colored.
We further evaluated the activity of the purified recombinant MsP1 directly towards A2E
and cycloretinal. MsP1 bleached/decolorized both cycloretinal and A2E visibly within
two hours suggesting significant breakdown of the molecule. HPLC and GCMS analysis
confirmed the degradation of both compounds. It is important to note that MsP1 as well
as all the environmental isolates generated the same set of reaction products.
We determined key enzyme-kinetic parameters for MsP1 (KM/kcat). I found Kcat/Km as
263.8 M-1s-1 and Kcat as 0.280 s-1 for MsP1.
Standard curves for β-Ionone and 2, 4-dimethyl benazldehyde, two major degradation
product of cycloretinal were recorded by HPLC. The concentration of β-ionone declined
considerably over the period of time, and reached 0 within 12 hours. On the other hand
the concentration of 2, 4-dimethyl benzaldehyde showed a little decline. It was found
remarkable that a single enzyme, MsP1 accepted both A2E and cycloretinal as a
substrate. MsP1showed a good activity in both acidic as well as basic pH range. Thus,
lipofuscins might be degraded at any stage of the progressing AMD. Highest activity of
MsP1 is observed at pH 5.5 towards both compounds.
Later site directed mutagenesis was carried out for two amino acid residues i.e. Aspartic
acid at residue 336 and Histidine at residue 221. After confirmation of mutant sequences,
the mutant protein expression was carried out in E. coli BL21 strain using pMALc4xMBP-MsP1-H221A and pMALc4x-MBP-MsP1-D336A constructs. Kinetic study was
done for both mutants. Kcat/Km value was calculated as 237.62 for H221A mutant and
251.47 for D336A mutant. Kinetics result show that Histidine residue at position 221 is
important for the catalytic activity of peroxidase MsP1. Further some crystallization trials
for MsP1 were carried out by using sit drop and hanging drop methods and found a
condition that gave good crystals.
xxv

For stable transfection of ARPE-19 cell line with MsP1, I cloned MsP1 (with human
codon optimization) in to pTRE3G vector. Preliminary toxicity experiments with ARPE19 cell lines, suggested that the aldehydic degradation products are non-toxic, and
support the efficacy of a medical bioremediation strategy to address the lipofuscin
accumulation problem in AMD and Stargradt’s disease.
To best of my knowledge this is very first report of the biodegradation of cycloretinal by
a microbial enzyme.
7-Ketocholesterol (7-KC) is a major atherogenic compound causing atherosclerosis
which is major contributors towards heart attack and stroke. Four bacterial isolates,
showing good catabolic activity towards 7-KC, were isolated using enrichment technique.
They were identified as Alcanivorax jadensis IP4, Serratia marcescens IP3, Streptomyces
auratus IP2 and Thermobifida fusca IP1. The most rapid degradation was observed with
Alcanivorax jadensis IP4 followed by Thermobifida fusca IP1. The degradation was
followed and analysed by HPLC, Alcanivorax jadensis IP4, removed the 7-KC below
detection levels within 08 days.
This research work provides the key initial findings that can pave the way towards
execution of the aspiring proposal called enzymatic degradation of lipofuscins (A2E and
cycloretinal) and oxysterol (7-KC), a new strategy for the treatment of Age Related
Maccular Degeneration (AMD) and atherosclerosis. So far, no acute toxicity has been
found in preliminary cell culture studies performed on ARPE-19 cell lines. These
encouraging results suggest the need for further work to design a drug delivery system
targeted at lysosomal compartments that can work in vivo. This would make possible
future studies to ascertain the toxicity of the candidate peroxidase in vivo. This enzyme
may become future first choice biotechnology therapeutics for this currently untreatable
disease.
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INTRODUCTION
Nature has been catering humans throughout the eras for a plethora of their basic needs,
an important one of which is the cure for the treatment of an ample sweep of diseases
(Cragg et al., 2014). A prodigious chemical diversity is hidden in species of plants,
animals, marine organisms and microorganisms. Despite of major progress in
combinatorial chemistry and high-throughput synthesis, natural products still contribute
enormously to the pool of drug discovery (Amedei and D'Elios, 2012).
Therapeutic enzymes of microbial origin find a wide variety of applications
encompassing removal of cytotoxic substances within the blood circulation, and specific
uses for the treatment of life threatening disorders such as oncolytics, thrombolytics, or
anticoagulants and as substitutes for metabolic deficiencies. In contrary to industrial
enzymes, therapeutic enzymes are needed in a very small quantity but at the same time a
high speed and specificity is a requisite along with high purity so as to get maximum
efficiency even at low concentration of enzyme and substrate (Gurung et al., 2013, Kaur
and Sekhon, 2012).
The proper functioning and survival of mammalian cells require the continuous renewal
of biological components. Although various means exist for removal of damaged celluar
component in the body but insufficiencies of these catabolic processes lead to the
progressive accumulation of resistant compounds. This accumulation may worsen with
increasing age and results in the pathogenesis of several major age-related diseases. A
major input for aging comes from catabolic insufficiency alone that is a leading cause of
“Age-Related Storage Diseases” (Mathieu et al., 2009). Our indigenous lysosomal
enzymes are unable to break down certain recalcitrant compounds generated as a result of
normal body processes. These compounds tend to build up with the time and cross a
threshold level when one gets old and disease condition results (de Grey et al., 2005).
The big examples are macular degeneration and atherosclerosis. Atherosclerosis is
affiliated with the build-up of cholesterol and its oxidation products (markedly 7ketocholesterol) in the arterial linings (Rao et al., 2014). Age related macular
1
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degeneration is caused due to the aggregation of fluorescent lipofuscin materials, mainly
the pyridinium bisretinoid A2E and cycloretinal (Schloendorn et al., 2009).
Removal of recalcitrant compounds that build up intracellularly would improve
symptoms of certain currently untreatable aging diseases or aging in general (de Grey et
al., 2005). Medical bioremediation is the strategy based on targeting these recalcitrant
compounds with an exogenous enzyme of microbial origin. The target to be achieved is
to degrade the compounds into harmless substances that result in the relief of disease
condition. Medical bioremediation can be considered as an extension of environmental
bioremediation, which is "a managed or spontaneous process of removal of pollutant
compounds from environment, by making use of microorganisms or their enzymes."
(Wojcik and DeMartino, 2003). The age related storage disorders can be treated by the
use of exogenous enzymes from environmental isolates to clear up the accumulated junk
(Schloendorn et al., 2009).
Age related molecular degeneration (AMD) is the most prevalent cause of vision
impairment in the adults. The most characteristic symptoms of AMD are the
inflammation, gradual apoptosis of retinal pigment epithelial (RPE) cells, abnormal
changes in extracellular matrix, and abnormal tissue vascularization (Zarbin, 2004). The
AMD results due to the build-up of recalcitrant substances, including drusen, that
deposits extracellularly and lipofuscin, that builds up intracellularly within the lysosomal
compartments, with increasing age gradually over the period of time. Drusen aggregate at
the lining of the retinal pigment epithelium and Bruch's membrane. In macular
degeneration, drusen become larger and disseminated. Drusen contain several entities that
contribute to macular degeneration such as microglial cells, cell debris, inflammatory
signalling molecules, components of the complement system, vascular endothelial growth
factor (VEGF), lipids and cholesterol (Hageman and Mullins, 1999).
Lipofuscin is a diversified blend of recalcitrant moieties that tend to build-up in postmitotic cells and are refractory to lysosomal enzyme degradation (Terman and Brunk,
2006). It is mainly composed of fluorescent material, such as the pyridinium bisretinoid
A2E (Parish et al., 1998) and cycloretinal (Sparrow et al., 2012). An intermediate of
2
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visual cycle, all-trans retinal, serves as a precursor of both A2E and cycloretinal (Fig. 1.1
and 1.2). A2E has numerous proven pathogenic effects. The A2E molecule is
amphiphilic, with hydrophobic side-chains and a charged central moiety, thus A2E exerts
a detergent like effect on cellular membranes (Sparrow et al., 1999). Furthermore, the
A2E inhibits lysosomal ATPase, the key enzyme involved in the maintenance of an
acidic environment, thus shifting the pH towards higher side leading to lysosomal
enzyme inactivation (Bergmann et al., 2004). Third, A2E gives rise to highly reactive
species (in-vivo), by two mechanisms i.e. light and dark mechanism. Dark mechanisms
proceed through auto-oxidation and produce carbonyls (Wang et al., 2006). Light
mechanisms (phototoxicity) generate oxiranes (Sparrow et al., 2000). Both sets of
products further react promiscuously with cellular nucleophiles, including DNA (Mathieu
et al., 2009).
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Figure 1.1 Structure of pyridinium-bis-retinoid (A2E) (M/Z=592)

Figure1.2 Structure of cycloretinal (all-trans retinal dimer) (M/Z=550.42)
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The unwanted lipofuscin build up not only affects the people in old age but also affects
the children. Stargardt disease is the most recurrent type of inherited juvenile macular
degeneration and is featured by the accelerated build-up of bisretinoids in the RPE,
neuro-retinal degeneration, and vision impairment. No approved treatment exists (Issa et
al., 2015).
The unwanted piling up of biological garbage leads to a number of disease conditions; the
major factor contributing to this situation is the lysosomal enzyme insufficiency to clear
these aggregates. One possible way to alleviate the problem could be the use of
engineered human enzymes or antibodies to remove the accumulated junk, but at the
same time these may disturb the homeostatic balance by targeting the non-intended
substrates that are vital to body or their products are important parts of regulatory
networks. This situation can be overcome with the use of non-human enzymes, may be
the enzymes of microbial origin. The high levels of diversity of microbial communities
can serve as an excellent tool for the bioprospecting of catabolic enzymes efficient at
degrading energy-rich compound. The prokaryotic cell diversity is estimated to be 4–6 ×
1030 (Whitman et al., 1998), representing about 106 to 108 different taxonomic groups
(Amann et al., 1995). There is an extensive pool of greatly unexplored biological wealth.
Various techniques such as gene enrichment, whole-cell, genomics and proteomics, and
are all efficient at increasing screening hit rates, leading to improved discovery of
catabolic genes and their correspondent enzymes (Cowan et al., 2005).
Atherosclerosis is a condition affecting the arteries and paves to the cerebral and
myocardial infarction. Atherosclerosis is the major cause of all deaths in the United
States, Europe, and Japan. Atherosclerosis starts developing slowly and without
pronounced symptoms over the life period until damage of strident arterial plaques occur
leading to a heart attack or stroke occurs (Singh et al., 2002). The major contributors to
atherosclerosis are cholesterol and its oxidation products, such as 7-ketocholesterol (7KC), getting deposited in the arterial wall. Macrophages and endothelial cells attack to
remove these clumps, but fail to achieve the target. Thus, they become stuffed with lipid
material and are transformed into malfunctional foam cells that experience death.
Following inflammation and fibrosis, and further immune cells attack, all fail to clear the
5
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piled junk but instead add to it. Atherosclerotic plaques are comprised of foam cell:
macrophages or smooth muscle cells harbouring elevated levels of oxidized derivatives of
low-density lipoprotein (OxLDL) which is now extensively deemed as a key contributor
to the onset of atherosclerosis (Schrijvers et al., 2007). One of the most pathogenic
OxLDL is 7-ketocholesterol (7-KC) (Indaram et al., 2015) (Figure 1.3).

CH3
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CH3
CH3
CH3

H

H
HO

H
O

Figure 1.3 Chemical structure of 7-ketocholesterol (7-KC)

7-Ketocholesterol causes damage to cellular membranes and is implicated in
pathogenesis of atherosclerosis as well as Alzheimer's disease. Owing to its large
accumulation in atherosclerotic plaques, pro-atherogenic properties and cytotoxicity, 7KC is an eminent target for medical bioremediation (Mathieu et al., 2009).
Next comes the question of delivery of exogenous enzyme to lysosomal compartments.
The enzyme delivery to loaded lysosomes can be made by simply mimicking currently
available "Enzyme Replacement Therapy" (ERT) drug-delivery mechanisms for heritable
lysosomal storage diseases (de Grey et al., 2005; Brady, 2006). For a targeted delivery of
therapeutic enzyme to the lysosome, ERT requires placement of specific affinity tags on
therapeutic enzymes that interact with a specific receptor on the surface of endocytes, this
interaction leads to the internalization of enzyme via endocytosis with the generation of
an endosome that later fuses with lysosomes.
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Enzyme replacement therapy involves two major receptors, the mannose receptor,
localized on macrophages, and the other cation-dependent mannose-6-phosphate
(M6P)/Insulin-Like Growth Factor 2 receptor (IGF2R), which is found on most cell types
(Sly et al., 2006).
The goal of this study was to isolate the microorganisms from diverse environmental
samples (sea water/sediment, soil, manure piles and ponds/lakes/fountains water) capable
of catabolizing the main age related disease causing compounds like, A2E, cycloretinal
and 7-KC.
Aims and Objectives
Aim
Medical bioremediation of compounds involved in the pathogenesis of age related
diseases.
Objectives
The main objectives of the whole project include;
•

Isolation of micro-organisms from environmental samples capable of degrading
compounds causing AMD ie. Cycloretinal and A2E.

•

Selection of a key catabolic enzyme from best degrader ie. Marasmius
scorodonius.

•

Cloning and heterologous expression of DyP peroxidase MsP1 in E. coli.

•

Direct use of recombinant MsP1 for in-vitro degradation experiments and
characterisation of degradation products.

•

Cytotoxicity assays in ARPE-19 cell lines for degradation products and starting
materials.

•

Cloning of MsP1 gene in pTREG vector for stable transfection in ARPE-19 cells

•

Isolation of microorganisms capable of degrading 7-KC.

•

Degradation studies by using isolated bacterial strains.

7
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Review of literature
2.1 ENZYMES IN THERAPEUTIC USE
Applications of enzymes in medicine are as extensive as for industrial applications.
There is a considerable variety of enzymes and their therapeutic potential. Enzymes could
be the most desirable therapeutic agents but there are a number of factors that reduce their
use in this sector. One factor includes their size, which is usually large enough to simply
reach to body cells. Secondly the immune response of body taking them as antigens and
their life time within the circulation system. In contrast to the industrial use of enzymes,
therapeutic enzymes are required in relatively less amounts but their high degree of purity
and specificity is required. The costs of such enzymes may be quite high but still
comparable to those of competing therapeutic agents or treatments.
The concept of the therapeutic enzyme is not new, de Duve in 1960 described a
therapeutic enzyme as part of replacement therapies for genetic deficiencies (Vellard,
2003). The first recombinant enzyme drug, Activase1, was approved by the Food and
Drug Administration (FDA) in 1987. This enzyme is used for the treatment of heart
attacks caused by the blockage of a coronary artery by a clot. The first successful
application of an enzyme therapy for an inherited disease was the use of Adagen1
(Pegadamase bovine), used for the treatment of severe combined immunodeficiency
disease (SCID) (Aiuti, 2002).
There is also a major potential therapeutic application of enzymes of microbial origin in
the treatment of cancer. Asparaginase results for the treatment of acute lymphocytic
leukaemia are highly promising. Its activity is based on the fact that tumor cells lack
aspartate-ammonia ligase activity, which is required for the synthesis of L-aspargine, a
non-essential aminoacid. Therefore tumor cells lack the ability to synthesize the Lasparagine. For acute lymphocytic leukaemia, asparaginase enzyme has been shown to be
auspicious antineoplastic agent and has been an integral part of combination therapy
protocols of acute lymphoblastic leukemia (ALL). This asparagine aminohydrolase
selectively kills the tumour cells by reducing the levels of L-asparagine, because the
8
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tumour cells are metabolically deficient in synthesizing this nonessential amino acid
(Gurung et al., 2013, El-Naggar et al., 2014). Pegylated-arginine-degrading enzymes are
shown efficient at causing the inhibition of human melanoma and hepatocellular
carcinomas (Phillips et al., 2013). Several proteolytic enzymes of both bacterial and plant
source have been reported effective in clearing the skin burns from denatured proteins
and debris (Motyan, 2013).
A few enzyme candidates are under clinical trials. Chondroitinases can remove the glial
scars and also improve the regeneration of damaged spinal cord (Sarveazad et al., 2016).
Hyaluronidase has also been found effective in the regeneration of damaged nerve tissue
(Preston and Sherman, 2011). Lysozyme, a muramidase produces antibacterial effects by
cleaving the β 1-4 glycosidic bond between N-acetylmuramate and N-acetylglycosamine
in the cell wall of Gram-positive bacteria. Further, lysozymes also show antitumor and
antiviral activities, and also boost the immunity status (Parisien et al., 2008).
Chitin is a major component of cell wall of some pathogens, such as fungi, protozoa and
helminths and can be targeted by chitinases (Rathore and Gupta, 2015).
Lysins from bacteriophage are used to control bacterial pathogens, especially those
residing on the human mucosal surface without interfering the surrounding normal flora
(Fischetti, 2008; Fenton et al., 2010). Lipases are the activators of tumour necrosis factor
and thus can be effectively used to target malignant tumours. Lipases are employed as
digestive aids and are employed to treat various gastrointestinal problems including
gastrointestinal disturbances, dyspepsias and cutaneous phenomenon of digestive
allergies (Gurung et al., 2013). Streptokinase is used as a thrombolytic agent in the
treatment of acute myocardial infarction. The enzyme is also used to treat fibrinous
pleural exudates, hemothorax, and tuberculous meningitis. (Basheer et al., 2015).
The major therapeutic enzyme applications for the treatment of various diseases are
summarized in Figure 2.1.
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Figure 2.1 Enzyme therapy for different human diseases and disorders
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2.2 AGE RELATED DISEASES
There is a long list of age-related diseases, including atherosclerosis, cancer, obesity,
vascular diseases, diabetes, dementia, Age related macular degeneration (AMD), arthritis,
osteoporosis, neurodegenerative diseases and metabolic syndrome (Yu and Chung, 2006).
Alzheimer's disease (AD) is a disruptive neurodegenerative disorder of slow progression
with worsen dementia symptoms, over the period of time that increasingly affects
millions of people worldwide. The hallmark of AD is senile plaques composed of two
main components, extracellular amyloid beta (Aβ) aggregates and neurofibrillary tangles
(NFT) generated from intra-neuronal build-up of anomalous tau protein (Simic et al.,
2016).
Advanced glycation end-products (AGEs) are generated by Maillard reactions between
free amines and aldehydic sugars such as glucose. This can lead to irretrievable glycation
and cross-linking of native intracellular as well as extracellular proteins (Ott et al., 2014).
With increasing age, over the period of time, the extracellular matrix (ECM) experiences
continuous stiffening and failure of proteolytic removal owing to high concentration
build-up of AGEs. Carboxymethyl lysine and glucosepane are the two most abundant
AGEs. Glucosepane, builds-up in collagen, with concentrations reaching as high as over
100 times greater than all other AGEs. The undesirable collagen hardening leads to
several age-related diseases such as cardiovascular disease and osteoporosis (Yamagishi
et al., 2015). Glucosepane being the most abundant known AGE crosslink (Collier et al.,
2015) is considered as an important target and its cleavage is thought to be vital in AGE
remediation (Furber, 2006). Carboxymethyl lysine (CML) contributes not only to
extracellular matrix dysfunction (Nowotny et al., 2015), but also negatively effects
intracellular proteins, mainly as a result of 26S proteasome glycation with increasing age
(Singh et al., 2014).
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AGE modification of certain proteins cause the damage to the extracellular matrix, thus
leading to diabetes and several age related conditions such as atherosclerosis, neuropathy
amyloidosis, retinopathy, cataracts, nephropathy, and impaired wound healing (Mathieu
et al., 2009).
A diverse variety of principal diseases of old age, such as atherosclerosis, macular
degeneration and neurodegenerative diseases are caused due to the huge build-up of
compounds within the cells that hinder cellular activity and survival. Furthermore, the
aggregation of lipofuscin, a material that produces pronounced detrimental effects, is one
of the most ubiquitous markers of aging in post mitotic cells. Enzymatic breakdown of
these accumulated compounds may thus be valuable, but poses some challenges, certainly
because these substances are refractory to indigenous lysosomal enzyme catabolism and
are intrinsically resistant to catabolism. A totally unique perspective is based on the
concept of supplementing human’s indigenous enzyme system with exogenous enzymes
of microbial origin. Many degradation resistant molecules are routinely catabolized in the
environment (soil and water) by microbes. Graveyard soil is loaded with dead remains
but does not build-up these compounds, it carries microorganisms that mineralize these
compounds efficiently. The enzymes actively participating in the removal of these
compounds could be identified and further evolved to transform these compounds in vivo.
2.3 AGE RELATED MACULAR DEGENERATION (AMD) AND STARGRADT
DISEASE
Age-related macular degeneration is a multi-cause disease that is characterized by vision
impairment due to damage caused to the macula of the retina. Age-related macular
degeneration, the major reason of blindness in old people, exists in two forms, nonneovascular (atrophic, dry) (Danis et al., 2015) and neovascular (exudative, wet)
(Cummings and Cunha-Vaz, 2008) forms. Non-neovascular AMD is caused by the
extracellular aggregation of drusen adjacent to the RPE, by abrupt alterations in the
dissemination of melanin, and by the progressive deterioration of RPE cells. Atrophy of
the macular photoreceptors leading to the loss of vision may also occur in dry AMD.
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The emergence of new blood vessels beneath RPE triggers the onset of wet form of
AMD, and may lead to the hemorrhage in the sub-retinal region, RPE detachment, and
the inward growth of scar tissue. Wet AMD is an advance-stage disease and causes a
great loss of central vision due to macular edema and scarring (Cuenca et al., 2014). The
extreme consequences of AMD include the impairment of high acuity and central vision
due to the death of photoreceptor cells and RPE (Fritsche et al., 2014). Age related
macular degeneration is the major cause of vision impairment in elderly. Wong et al.,
(2014) projected a global prevalence of AMD and disease burden for the years 2020 and
2040. The projected number of people with AMD in 2020 is 196 million, increasing to
288 million in 2040.
Oxidative stress, especially photo-oxidative devastation caused by lipofuscin, adds much
to the progression of AMD (Jarrett and Boulton, 2012). In AMD, damage to the macular
photoreceptors, choroid, RPE and Bruch’s membrane serve as the major factors to affect
the central vision drastically (Justilien et al., 2007).
Currently there is no treatment available for the most prevalent dry form of AMD. Dry
AMD onset is linked with abnormal functioning of RPE. Experimental, pathophysiologic
and clinical imaging data prove that increased concentration of lipofuscin causes damage
to RPE and the surrounding photoreceptors in atrophic retinas. In addition to dry AMD,
accelerated aggregation of lipofuscin is the key contributor to the Stargardt disease, a
juvenile form of AMD. Well-known components of RPE lipofuscin are pyridinium
bisretinoid (A2E) and cycloretinal (Wu et al., 2009).
Retinal pigment epithelial cells (RPE) contribute to the materials accumulating
extracellular at the junction of the RPE and Bruch’s membrane, these extracellular junky
deposits are named drusen (Fernandez-Godino et al., 2016). An Increase in the drusen
surface area also adds to the progression of age-related macular degeneration (Yonekawa
et al., 2015).
Several genes related to increased risk for AMD and reticular macular diseases are also
associated with cardiovascular disease. (Rastogi and Theodore, 2016).
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Stargardt disease (STGD1) is an autosomal recessive juvenile macular dystrophy, that
affects about 1 in 8000 to 1 in 10,000 people worldwide (Burke and Tsang, 2011;
Michaelides et al., 2003).
It is caused by mutations in the ABCA4 gene, which encodes for the photoreceptorspecific ATP-binding cassette transporter (Tsybovsky et al., 2010). A mutated ABCA4
protein results in inappropriate processing of all-trans retinal in outer segments of
photoreceptor cells thus leading to the build-up of lipofuscin bisretinoids like A2E in
large quantities (Quazi and Molday., 2014). The normal function of ABCA4 protein is
the removal of N-retinylidene-phosphatidylethanolamine (NRPE), generated by the
binding of all-trans retinal to the phospholipid phosphatidylethanolamine (PE), from the
outer segment disc membranes (Quazi et al., 2012). ABCA4 inactivity, as encountered in
STGD1, accelerates the accumulation of NRPE and thus provides an opportunity for
binding of a second molecule of all-trans retinal to NRPE, that results in accelerated
formation of A2E and other fluorophores (Quazi et al., 2012), which are the major known
constituents of lipofuscin. Lipofuscin later tends to accumulate in the RPE as a result of
outer segment disc detachment and engulfment of the outer segments by RPE cells and
are damaging to the RPE through a number of mechanisms (Sparrow et al., 2012).
2.3.1 Visual cycle and its by-products
The visual cycle is a light driven process comprising of a series of biochemical reactions
resulting in continuous regeneration of visual pigment, that is vital for normal vision, but
at the same time A2E and cycloretinal are continuously generated as side products
(Fig.2.1).
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Figure 2.2 The visual cycle and formation of the lipofuscin fluorophores A2E and
cycloretinal (all-trans-retinal dimer) as by-products.
Initial steps involve the liberation of all-trans retinal and its subsequent reduction to alltrans retinol by retinol dehydrogenase (RDH). These steps are carried out in
photoreceptors (Kiser et al., 2014). The visual cycle utilizes a series of enzymes and
carrier proteins, which act together to facilitate regeneration of the 11-cis chromophore of
rhodopsin (Tang et al., 2013).
Most of the lipofuscin that builds up in RPE cells over the period of time with age is an
accumulation of byproducts of the visual cycle or their derivatives. Most of the
characterized RPE lipofuscin fluorophores till date, with inclusion of A2E, iso-A2E,
minor cis-isomers of A2E, and cycloretinal (Mata et al., 2000, Eldred and Lasky 1993,
Ben-Shabat et al., 2002), are formed by reaction of phosphatidylethanolamine with two
molecules of atRAL. The all-trans-retinal molecules are produced by the light induced
isomerization of 11-cis-retinal and further serves as a precursor in the A2E biosynthetic
pathway. In the photoreceptor cells, a dehydrogenase enzyme reduces most of the alltrans-retinal to all-trans-retinol, still some of atRAL that escapes enzymatic reduction
gives rise to lipofuscin fluorophores (Kim et al., 2004).
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2.3.2 Lysosomal function impairment in AMD
Lysosomes serve as the major catabolic machinery of cells with over 50 acid-dependent
hydrolases (Deduve, 1964). Mutations in normal lysosomal proteins along with normal
human aging process in connection with decreased lysosomal activity leads to the buildup
of recalcitrant junk in several tissues (Kornfeld, 1986). Retinal pigment epithelial (RPE)
cells are active phagocytes, clearing bulks of photoreceptor outer segment (OS) disk
membranes in routine (Kevany and Palczewski, 2010). Retinal pigment epithelial cells
face a great challenge of phagocytic activity on daily basis that results in high catabolic
load, over the long term postmitotic RPE cells which experience a great stress.
Degradation resistant fluorescent deposits, known as lipofuscin, tend to pile up within the
lysosomal compartments (Sparrow and Boulton, 2005).
The lipofuscin pile up in lysosomes and subsequent dysfunction in RPE serve as the
major cause of AMD (Chen et al., 2011). The high concentrations of N-retinylidene-Nretinylethanolamine (A2E), a prominent constituent of lipofuscin, causes inhibition of
lysosomal ATPase proton pumps, inhibits important lysosomal enzymes and causes
leakage of lysosomal material into RPE cytoplasm (Bergmann et al., 2004).

2.3.3 Pathogenesis of Age Related Macular Degeneration

Oxidative stress in the form of cellular damage triggered by reactive oxygen species
contributes largely to the onset and advancement of several diseases of old age, including
AMD, atherosclerosis, arthritis and cancer (Chung et al., 2006). In addition to oxidative
stress, inflammatory reactions also promote the progression of these diseases of old age.
Retina being a site of highest oxygen consumption and metabolic rate in the body faces
an immense load of reactive oxygen species. Light exposure also triggers the accelerated
generation of reactive oxygen species in retina (Nita and Grzybowski, 2016). Therefore,
RPE is under great oxidative stress all the time. Aging driven build-up of RPE lipofuscin
serves as another potential cause of oxidative stress. A2E a chief bisretinoid component
of lipofuscin serves as a photosensitizer to give rise to reactive oxygen species inside the
cells when exposed to blue light (Sparrow and Boulton, 2005). There are piles of reports
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nominating that oxidative stress and RPE dysfunction as the major contributors to the
progression of AMD (Jarrett and Boulton, 2012; Marazita et al., 2016; Fang et al., 2016),
the major cause of blindness in developed countries.

2.3.4 Lipofuscins

Lipofuscin is a heterogeneous, fluorescent waste material that tends to accumulate with
age in functional post-mitotic cells including cardiac myocytes, neurons, and the RPE
RPE lipofuscin, are found associated with a number of retinal degenerative diseases such
as Best macular dystrophy, AMD and Stargardt disease. RPE lipofuscin granules are
actually membrane-bounded residual bodies of the lysosomes of the cell (Sparrow and
Boulton, 2005). Several fluorophores have been reported in RPE lipofuscin such as A2E
and isoA2E (Eldred and Lasky,1993; Sakai et al., 1996), oxidative versions of A2E, and
conjugates such as all-trans-retinal dimer-phosphatidylethanolamine (Kim et al., 2007).
It is a well established fact that RPE cell death occurs on exposure of lipofuscin or A2E
laden RPE to blue light in wavelength range of 390-550 nm (Arnault et al., 2013).
Aldehyde-carrying photo-degradation products of bisretinoid combine with unbroken
bisretinoid moities to give rise to the high molecular weight adducts (Murdaugh et al.,
2011). Most of the bisretinoid constituents of RPE lipofuscin share some common
structural attributes (Figure 2). They possess two polyene arms arising from a central sixcarbon ring and terminating in β-ionone rings. Each of these arms is a derivative of a
molecule of atRAL and makes a separate light-absorbing chromophore, one arm absorbs
in the ultraviolet range and the other in the visible (Ach et al., 2014). The two properties
of lipofuscin bisretinoids contribute largely to their pathogenesis: amphiphilic nature that
give them a detergent like effects and triggers photo-oxidation by these compounds
(Sparrow et al., 2010).
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2.3.4.1 A2E and cycloretinal (al-trans retinal dimer)

A2E is the first reported vitamin A derivative in RPE lipofuscin (Sakai et al., 1996),
followed by a C13–C14 Z-isomer of A2E (isoA2E) and other minor isomers (Ben-Shabat
et al., 2002). A2E is produced by a multistep biosynthetic pathway with the participation
of phosphatidyl ethanolamine and all-trans-retinal at initial steps and the formation of the
precursors dihydro-A2PE (Kim et al., 2007) and A2PE (Liu et al., 2000).
The atRAL dimer, A2E, when loaded within the lysosomal vesicles of cultured RPE,
induces a blue-light-interceded death, being directly proportional to the levels of A2E
supplied to cells and not observed in the cells lacking A2E. Amphiphilic nature of A2E
molecule gives it detergent like properties that affect cell membranes (Sparrow et al.,
1999), its higher concentrations also cause alkalinization of lysosomes thus making most
of its pH dependent enzymes inactive (Holz et al., 1999) and its accumulation causes
shedding of pro-apoptotic proteins from mitochondria (Suter et al., 2000) and triggers
blue-light damage (Suter et al., 2000, Sparrow et al., 2000).
Photo-excitation of A2E leads to the liberation of reactive oxygen species that play a
major role in cell death. Furthermore, A2E itself experiences photo-xidation on exposure
to blue light that results in production of a series of epoxides (A2E-epoxides) (Sparrow et
al., 2002). A2E epoxides include furanoid oxide and cyclic peroxides that are highly
reactive and contribute to cellular damage (Kim et al., 2008).
Nuclear magnetic resonance (NMR) as well as total chemical synthesis have shown A2E
to comprise of a central pyridinium positively charged head group and a pair of
hydrophobic side chains (Sakai et al., 1996). Synthetically, condensation of two
molecules of atRAL with one molecule of ethanolamine yields one molecule of A2E,
hence it’s given the name A2E (Wielgus et al., 2010).

Another bisretinoid compound, all-trans retinal dimer (cycloretinal) of RPE lipofuscin
also absorbs in the short wavelength region of the visible spectrum (Kim et al., 2007).
This flourophore, all-trans retinal dimer (atRAL dimer; λ max, 432 and 290 nm) forms
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by the condensation of two atRAL and is present in RPE lipofuscin as Schiff base
conjugates with either PE or ethanolamine (atRAL dimer-PE and atRAL dimer-E,
respectively) or as unconjugated atRAL dimer. The pigments atRAL dimer-PE and
atRAL dimer-E absorb in the visible range at about λ 510 nm, a “red” shift relative to
atRAL dimer that is in accordance with the protonation of the Schiff base linkage.
Categorically, A2E and cycloretinal act as photosensitizers for the liberation of singlet
oxygen; in comparison cycloretinal is more efficient at this (Kim et al., 2007; Ben-Shabat
et al., 2002). In addition both of these compounds can react chemically with the singlet
oxygen to give rise to poly-oxidized versions of these compounds. The involvement of
singlet oxygen in the light mediated oxidation of A2E and cycloretinal becomes clear
with the finding that the A2E when exposed to singlet oxygen generator gives rise to
same set of oxidized A2E products as already seen with exposure to short wavelength of
visible spectrum. Furthermore when the half-life of singlet oxygen is prolonged with the
addition of deuterium oxide, photo-oxidation gets accelerated (Ben-Shabat et al., 2002).
Further supportive evidence comes from the fact that inhibition of photo-oxidation occurs
on addition of quenchers/scavengers of singlet oxygen (Sparrow et al., 2002). Oxidized
versions of A2E and cycloretinal have been reported in human and mouse RPE cells
(Kim et al., 2007).

2.3.5 Degradation of lipofuscin

In an initial study on biodegradation of A2E, soil samples were used. Researcher did
screening for more than 250 assorted soil samples from diverse habitats all around the
world but didn’t encounter a single potential degrader of A2E. Then different enzyme
preparations were directly employed to achieve A2E degradation. Two sets of enzymes,
the carotenoid cleavage oxygenases (CCO’s) and peroxidases were used and degradation
of A2E was achieved (Schloendorn et al., 2009).
Later same research group reported enzymatic degradation of A2E, where horseradish
peroxidase (HRP) is shown to degrade the RPE lipofuscin, A2E, in both cell free and cell
based assays. Horseradish is a perennial plant of the Brassicaceae family and HRP is
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obtained from roots of this plant. A 40% reduction in A2E levels was observed on day 3rd
of introduction of HRP to ARPE-19 cells however, on follow up for longer time periods
comprising of 7 days and 14 days no further decline was recorded (Wu et al., 2011).

2.3.5.1 Extracellular heme-containing fungal peroxidases

Peroxidases (EC1.11.1.x) constitute a big group of enzymes comprising of
oxidoreductases that oxidize the substrates and use hydrogen peroxide as an electron
acceptor. The heme group serves as a cofactor for majority of peroxidases (Banci, 1997).
As the name indicates dye-decolorizing (DyP-type) peroxidases are a class of peroxidases
that can degrade a variety of dyes and were first reported in fungi (Kim and Shoda,
1999). Later on several representatives of this group have been reported in proteomes of
both fungi and bacteria (Sugano, 2009). DyP peroxidases are multifunctional enzymes
that exhibit oxidative as well as hydrolytic activity (Scheibner et al., 2008; Sugano,
2009). DyP peroxidases are considerably robust (Liers et al., 2011, Puhse et al., 2009;
van Bloois et al., 2010). This potential makes them a good candidate for use in
biotechnology.

2.3.5.1.1 Broad pH specificity

Normally lysosomes possess an acidic environment with pH 5.2. Loading of RPE
lysosomes with A2E compromises their function and also neutralizes them. Therefore the
enzymes active over a broad range of pH can serve the purpose in a better way as they
could clear A2E from highly loaded, non-functional lysosomal compartments with
neutral or slightly alkaline pH as well as from less affected lysosomes that still exhibit an
acidic pH. Most of DyP type fungal peroxidases are reported to have a low optimal pH as
well as high stability towards acidic pH (Salvachua et al., 2013).

20

Literature Review

Chapter 2

2.3.5.1.2 Stability
Peroxidases are very stable. Studies have shown that peroxidases retain their activity for
several days without any noticeable change under physiological conditions as well as
under acidic pH (Wang and Wen, 2009). It has been well established that Horseradish
peroxidase (HRP) retains its activity within the lysosomes of human dendritic cells for
one day, even during proteolytic activation (Trombetta et al., 2003).
The persistence of peroxidases can be prolonged in A2E-loaded RPE lysosomes prevalent
in AMD by injecting the enzyme preparation directly into the vitreous humor of the eye,
from where release to RPE lysosomes will commence slowly over the period of time, in
fact the vitreous humor of the eye can serve the purpose of a reservoir for
macromolecular drugs, causing a prolonged slow release of macromolecular drug to the
retina over the period of time (Durairaj et al., 2009). The techniques like intermolecular
cross-linking and micro-encapsulation can be employed to further enhance the stability of
peroxidases (Gao et al., 2002; Yaghoubi et al., 2007). If exogenous enzymes for A2E and
cycloretinal catabolism could be delivered to the lysosomes of the affected RPE cells by
making use of technique mimicking enzyme replacement therapy, a new horizon of AMD
treatment could be opened successfully.

2.4 ATHEROSCLEROSIS

Despite some medical progress, atherosclerosis is still the largest killer of men and
women in developed nations (Watkins et al., 2005). Oxysterols, mainly 7-KC triggers
foam cell formation (Hayden et al., 2002). It has been shown both In vitro and in vivo
that foam cells are loaded with cholesterol, cholesteryl esters, 7-KC, and 7ketocholesteryl esters (Brown et al., 2000; Yancey and Jerome, 2001). Foam cell death
results in the formation of a necrotic core. Statin therapy, can suppress the disease
progression due to its broad range of biological effects, including lowering of lipids more
specifically the low density lipoprotein-cholesterol, an elevation in the level of high
density lipoprotein-cholesterol (Ridker et al., 2009), plaque-stabilizing, anti-thrombotic,
anti-inflammatory, and cytoprotective effects (Calabro and Yeh, 2005). Statin treatment
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serves as the method of choice for patients of coronary heart disease (CHD) due to its
pronounced effect of stabilization of atherosclerotic plaques (Collins et al., 2003; Cannon
et al., 2004).
2.4.1 7-ketocholesterol mediated formation of foam cells
It is well established that monocytes contribute towards the onset as well as advancement
of atherosclerosis (Randolph, 2014). During plaque formation monocytes are among the
first cells to invade the area and tend to gather there. A variety of regulatory signals
stimulate the accumulated monocytes to transform in to tissue macrophages in the
vascular intima. These activated, monocyte derived macrophages release several
cytokines and free radicals that in turn trigger inflammation and atherosclerosis (Sprague
and Khalil, 2009). Macrophages display multiple scavenger receptors that mediate the
incorporation of altered lipoproteins as a consequence these macrophages get transformed
into cholesterol hampered foam cells and formation of arterial plaques (Greaves and
Gordon, 2009), but resident dendritic cells have also been shown to accumulate lipid
materials and get transformed to foam cells (Paulson et al., 2010).

Oxidized phospholipids are pro-inflammatory in nature, and also contribute towards the
monocyte differentiation (Sprague and Khalil, 2009). Oxysterols constitute a major
portion of oxidized LDL (OxLDL) and are pro-atherogenic in nature. 7-Ketocholesterol
(7-KC) is the most abundant oxysterol found in OxLDL in vitro, as well as in
atherosclerotic plaque and foam cells in vivo (Hayden et al., 2002).

Furthermore, 7-KC induces apoptosis in vascular cells (He et al., 2013), stimulates
adhesion of monocytes to endothelial cells (Yamagata et al., 2013) and causes inhibition
of cholesterol efflux in macrophages (Gaus et al., 2004). In vitro studies have shown that
7-KC mediates differentiation of THP-1 cells and human monocytes, and accelerates
formation of foam cells (Hayden et al., 2002). Increased adherence of THP-1 cells to
culture plates is shown on treatment with 7-KC, in-vitro. Furthermore THP-1 cells on
exposure to 7-KC, undergo morphological changes and express cellular markers that are
characteristic of mature macrophages (Hayden et al., 2002). In vitro, 7-KC treated THP-1
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cells, showed active phagocytosis and internalization of modified lipoproteins through
scavenger receptors, resulting in the generation of foam cells (Hayden et al., 2002).

2.4.2 7-Ketocholesterol

No doubt, cholesterol is an important isoprenoid in human body, being a structural
component of cellular membranes (Krause and Regen, 2014) and a precursor of steroid
hormones and bile salts (Berg et al., 2002), but on oxidation it transforms to yield
oxidation products that exert negative effects on the normal physiology and have been
studied in detail (Grandgirard et al., 2002). Their cytotoxic effects on the cells are proven
and are also implicated in the pathogenesis of various diseases, including atherosclerosis
(Colles et al., 2001), Alzheimer's disease (Björkhem et al., 2006, Vaya and Schipper,
2007), and Parkinson's disease (Rantham et al., 2008), as well as age-related diseases
such as age-related macular degeneration (Rodríguez and Larrayoz, 2010) and cataract
(Girao et al., 1998).

7-Ketocholesterol is an oxysterol localized to the outer retina with prominent proinflammatory effects. Indaram et al., (2015) studied the interaction of retinal microglia
with 7-KC in the aged retina, that showed outer retinal lipid accumulation in intermediate
AMD results in neuro-inflammation that ultimately drives progression towards advanced
AMD. The results indicated that initial 7-KC accumulation in drusen and other retinal
lipid-containing extracellular deposits may induce microglial translocation into the outer
retina. Uptake of 7-KC by microglia in turn results in activation and physiological
changes in microglia that alters the immune environment favoring AMD progression. In
this light, the molecular mechanisms underlying 7-KC-mediated effects on retinal
microglia may constitute potential therapeutic targets for the treatment and prevention of
AMD.

7-Ketocholesterol, one of the most prominent oxysterol in human body, can induce
apoptosis (Vejux et al., 2005, Freeman et al., 2005) and necrosis (Lizard et al., 1999) in a
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number of cell types including macrophages. The 7-KC induced inflammation also
involes a robust endoplasmic reticulum (ER) stress response (Huang et al., 2014).

7-Ketocholesterol (7-KC) is the most abundant oxide of cholesterol generated via the
auto-oxidation of cholesterol and its fatty acid esters (Dzeletovic et al., 1995). Its high
concentrations are found in oxidized lipoprotein aggregates associated with atheromatous
plaques (Garcia-Cruset et al., 2001, Ohtsuka et al., 2006, Van Reyk et al., 2006) and in
lipoprotein aggregates in Bruch’s membrane and choriocapillaris located posterior to
retina (Moreira et al., 2009). Studies have shown that 7-Ketocholesterol is more
atherogenic in comparison to cholesterol (Leonarduzzi et al., 2002). 7-KC has been
nominated as major cytotoxic agent in oxidized LDL (Rodriguez et al., 2004). Cellular
exposure to 7-KC triggers a number of defence responses, namely apoptosis,
inflammation, and the activation of vascular endothelial growth factor (Vejux et al.,
2008). The property of 7-KC to distort cellular Ca2+ homeostasis is the key contributor to
its toxicity (Rimner et al., 2005; Berthier et al., 2004; Spyridopoulos et al., 2001).

7-Ketocholesterol is a major intracellular oxysterol component. Sterols, with inclusion of
oxysterols, get entry into the cell through receptor mediated endocytosis and transit to the
lysosomal compartments, where most of the non-enzymatic oxysterol formation takes
place. As a result, 7-KC concentration is the maximum in the endosomes and lysosomes
(Brown et al., 2000). 7-KC is shown to exert an inhibitory effect on sphingomyelinase
(Maor et al., 1995) and enhance the build-up of sphingomyelin and cholesterol within the
lysosomal compartments, thus accelerating the formation of foam cells. Furthermore
cholesterol build up within lysosomes causes a pH shift thus making conditions non
acidic within the compartment (Cox et al., 2007), inhibit organelle trafficking (Fraldi et
al., 2010), and blocks chaperone mediated autophagy (Kaushik et al., 2006). 7Ketocholesterol in minute concentrations causes lysosomal membrane permeabilization
(LMP). The degree of permeabilization, determines the intensity of cellular response,
with mild LMP leading to apoptosis or apoptosis-like cell death and persistent LMP
typically leading to necrosis (Mathieu et al., 2012).
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2.4.3 7-Ketocholesterol degradation

In 2008 one study reported isolation of several bacterial species from soil and activated
sludge capable of degrading the 7-KC, with Nocardia nova as the fastest degrading
isolate (Mathieu et al., 2008).
The same research group later directly employed commercially available cholesterol
oxidases to target 7-KC and detected diketone degradation products by LC/MS
(Schloendorn et al., 2009). One year later same research group reported 7-KC catabolism
by Rhodococcus josti RHA1 specie and employed microarrays to study the mineralization
of 7-KC. They found that all key genes involved in 7-KC and cholesterol degradation are
same, predicting a common catabolic route (Mathieu et al., 2010).
In a recent study, P. aeruginosa PseA is shown to degrade 88% of starting material (7KC) under optimized experimental conditions. They found presence of surfactants, pH
and inoculum size as major factors playing a significant role in 7-KC degradation. They
identified 4-cholesten-3, 7-dione as an abundant intermediate. They also reported
cholesterol oxidase as one of the enzymes participating in the 7-KC catabolism (Ghosh
and Khare, 2016).

2.5 MEDICAL BIOREMEDIATION

The renewal of biological components on continuous basis is essential for the proper
functioning and survival of mammalian cells. While numerous innate means exist for the
removal of damaged intra- and extra-cellular components, inherent imperfections of these
processes inevitably lead to the progressive accumulation of recalcitrant compounds that
are refractory to indigenous catabolic enzymes. While less of a problem in short-lived or
dividing cells, detrimental accumulations may cross the threshold levels with increasing
age and contribute to the pathogenesis of several major age-related diseases. In fact, it has
been proposed that this catabolic insufficiency is one of the major causes of aging
(Terman, 2006). Accordingly, it has been proposed that removal of accumulated
recalcitrant compounds that accumulate intracellularly would ameliorate symptoms of
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certain diseases or aging in general (de Grey, 2002; de Grey et al., 2005). One suggested
treatment strategy, termed "medical bioremediation," is based on the targeted use of
exogenous enzymes (or the genes that encode them) to supply missing or enhance
insufficient catabolic functions (de Grey et al., 2005). Medical bioremediation can be
regarded as an extension of environmental bioremediation, which is "a managed or
spontaneous process in which biological, especially microbiological, catalysis acts on
recalcitrant compounds, thereby remedying or eliminating environmental contamination
present in water, wastewater, soil, sludge, aquifer material, or gas streams" (Dixit et al.,
2015).
Normal turnover of biological components takes place through numerous pathways.
Cytosolic proteins are typically degraded either by the proteosome (Wojcik and
DeMartino, 2003) or a group of calcium-dependent proteases, calpains (Ono and
Sorimachi, 2012). Mitochondria utilize Lon matrix proteases (Kataoka et al., 2016) and
membrane-embedded AAA proteases (Lee et al., 2011). Lysosomes, contain a plethora of
hydrolytic enzymes, that can degrade an immense variety of macromolecules. A
prominent feature of senile cells is a reduction in their catabolic efficiency (Settembre et
al., 2013). This results in accumulation of abnormal proteins based junk within cytosol
(Cook et al., 2012). The modification of these proteins is thought to be mostly a
consequence of post-translational damage that takes place through exposure to reactive
oxygen species (ROS) or excess glucose (Giacco and Brownlee, 2010). Misfolding and
aggregation of certain specific proteins are involved in age related neurodegenerative
diseases (Eftekharzadeh, et al., 2016).
Lipofuscin constitute another major component of aged cells. This intra-lysosomal
polymeric material comprising of oxidized proteins and lipids is highly resistant to
degradation and exocytosis (Zhang et al., 2015). Oxidative processes within the
lysosomes result in the generation of oxysterols, that may also accumulate intracellularly.
Though these oxidized derivatives of cholesterol are present only in micromolar
quantities but exhibit a broad and potent biological activity. (Wielkoszynski et al., 2006).
Although widely diverse in structure and function, each of these compounds disrupts
cellular homeostasis, impairs cellular function and accelerates pathogenesis.
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The feasibility of medical bioremediation is supported by research showing that
proliferating cells may escape accumulation-related senescence through continual
dilution, while post-mitotic cells do not (Stroikin et al., 2005). Additional rationale for
medical bioremediation comes from the success of enzyme replacement therapy (ERT) in
treating lysosomal storage diseases (LSD), a group of inherited disorders resulting from
enzymatic deficiency (Ratko et al., 2013).
ERT utilizes intravenous injections of exogenous enzyme to replace the deficient
endogenous enzyme. This illustrates the possible therapeutic value of removing
pathogenic intracellular aggregates.
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ENZYMATIC

CATABOLISM

OF

LIPOFUSCINS

(A2E

AND

CYCLORETINAL) A NEW STRATEGY FOR THE TREATMENT OF AGE
RELATED MACULAR DEGENERATION (AMD).
3.1 INTRODUCTION
Several major diseases of old age, including atherosclerosis, macular degeneration and
neurodegenerative diseases are associated with the intracellular build up of compounds
that disrupt cellular homeostasis and impair cellular function and viability. Moreover, the
accumulation of lipofuscin, a fluorescent material that may have similarly detrimental
effects, is one of the most universal markers of aging in senescent cells. Removal of these
accumulated compounds may thus be valuable, but has proven challenging, doubtless
because substances are resistant to cellular catabolism are inherently hard to degrade (de
Grey et al., 2005).
Age-related macular degeneration (AMD) is a common cause of vision impairment in the
elderly, with increasing prevalence due to increasing life expectancy (Holz et al.,
2014). More than 8 million Americans have AMD and the overall prevalence of
advanced AMD is projected to increase by more than 50% by the year 2020 (Friedman et
al., 2004). With increasing age, lipofuscin build up in the lysosomal compartment of
post-mitotic RPE cells due to the incomplete breakdown of the photoreceptor outer
segments (Lueck et al., 2012). Lipofuscin consists of a multitude of molecules, including
the dominant bisretinoid (A2E), a by-product of the visual cycle (Suter et al., 2000;
Palczewska et al., 2010) and cycloretinal (Kim et al., 2007). Although the retinoid cycle
is essential for vision, but the by products of this cycle, A2E and cycloretinal are toxic
and accumulation of both of these products is associated with human macular
degeneration (Maeda et al., 2009).
A number of molecular mechanisms have been described by which these catabolism
resistant components may interfere with normal cellular function, including detergent and
phototoxic effects as well as impairment of autophagy. Clinical findings using fundus
auto-fluorescence imaging have indicated that the accumulation of fluorophores,
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including A2E in the RPE, precedes the development of outer retinal atrophy (SchmitzValckenberg et al., 2009).
Both A2E and cycloretinal are toxic pigments that accumulate in the aging eye and are
thought to cause or contribute to Stargardt's disease, dry and wet macular degeneration. A
major goal of this study was to investigate the potential of naturally occurring microbes
and their enzymes to degrade RPE lysosomal A2E and cycloretinal, as a strategy to treat
AMD.
The selection of a microbial enzyme is based on the purpose of not disturbing the cellular
homeostasis. Initially screening of environmental isolates and some ATCC strains was
done for their ability to biodegrade both the compounds. On the basis of the
biodegradation potential of basidiomycete, an edible mushroom, Marasmius scorodonius
3975 (ATCC 76439) was selected for further study. The extracellular heme containing
DyP peroxidase of M. scorodonius was cloned and over expressed in the E. coli and the
recombinant MsP1 was used directly to catabolize both compounds, degradation products
were characterized through GC-MS, ESI-MS and MS/MS. Further investigations were
planned to be conducted on human cell lines to evaluate the cytotoxicity of target
compounds (A2E and cycloretinal) as well as their corresponding degradation products.
The degradation of two major lipofuscins, A2E and cycloretinal is reported here by a
single extracellular heme containing peroxidase of Marasmius scorodonius. To best of
our knowledge, this is the very first report of enzymatic biodegradation of cycloretinal by
a fungal peroxidase. Furthermore, two bacterial and one fungal strain from environmental
samples, showed a successful degradation of both the compounds.
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3.2 MATERIALS AND METHODS
3.2.1 Chemicals
All-trans retinal and L-proline were purchased from Sigma-Aldrich. The silica,
SiliaFlash® F60 (Particle size: 40-63 µm, 230-400 mesh) was obtained from Silicycle Inc,
Canada. The resin, Amberlite® weakly acidic cation exchanger, hydrogen form, CG50
was also obtained from Sigma-Aldrich. The chemical compounds and media were
acquired from the DIFCO laboratories (Detroit, Michigan, USA), Fluka (Germany), MP
Biomedicals, LLC (France) Sigma-Aldrich and Merck (Darmstadt, Germany).
3.2.2 ATCC microbial strains
Three bacterial strains Alcanivorax borkumensis (ATCC Number 700651), Cycloclasticus
pugetii (ATCC Number 51542), and Pseudomonas putida (ATCC Number 700412) and
one fungal strain Marasmius scorodonius 3975 (ATCC Number 76439) were obtained
from American Type Culture Collection Center (ATCC).
3.2.3 Synthesis of A2E
The biomimetic synthesis of A2E was performed according to the original method
(Parish et al., 1998). A mixture of all-trans retinal (100 mg, 352 µmol) and ethanolamine
(9.5 mg, 155 µmol) in ethanol (3.0 mL) was stirred in the presence of acetic acid (9.3µL,
155 µmol) at room temperature with a sealed cap in the dark for 2 days. After the mixture
was concentrated in a rotary evaporator, the residue was purified by making use of cation
exchange resin.
3.2.3.1 Purification of A2E (Cation exchange resin)
The purification of A2E was done according to a published method (Jee et al., 2012) with
little modifications. Amberlite® CG-50 weakly acidic cation exchange resin (mesh
size=100-200) was used for the isolation of A2E and iso-A2E from the reaction mixture.
After the reaction, the mixture was concentrated in a rotary evaporator, the residue was
re-dissolved in 2 mL (2000µL) of methanol. 5-10 g of the resin (H+ form) was placed in
250 mL separating funnel and converted into Na+ form by treating it with NaOH solution
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(pH 12.0) and loaded with 2 mL of crude A2E. The CG-50-A2E complex formed was
extracted in three steps. In first step the CG-50-A2E complex was extracted with 100 mL
of 80% methanol containing NaOH of pH 12 (fraction 1). In the second step the CG-50A2E complex was extracted with 100 mL of 100% methanol (fraction 2). In third and the
last step CG-50-A2E complex was extracted with 100 mL of 100% methanol containing
0.1% trifluoroacetic acid (TFA) of pH 1.0 (fraction 3). Fraction 3 was concentrated in a
rotary evaporator and re-suspended in a mixture of methylene chloride and distilled water
to recover retinoid compounds including A2E and iso-A2E. Methylene chloride fraction
was concentrated in a rotary evaporator.
All the experiments were carried out under dim light in order to minimize photooxidation
and isomerization of A2E and iso-A2E.
3.2.3.2 Purification of A2E by HPLC
3.2.3.2.1 Sample preparation
A2E (5 mg) was added to 0.5 mL of DCM, filtered through syringe filter, about 30 µL of
sample was injected in to the system.
3.2.3.2.2 HPLC method
HPLC run was carried out on Varian Prostar system equipped with a Phenomenex 5
µ(2)100 A, normal phase column (250 x 10 mm x 5 micron) with detector set at 430 nm
wavelength at 2 mL / min flow rate. To remove contaminants from the column, it was
flushed with 100% DCM and then 100% methanol after each run.
The purified product was characterized by mass spectrometry (ESI-MS) and NMR as
described below.
3.2.3.3 ESI-MS of A2E
Sample was submitted to the Laboratory for Biological Mass Spectrometry (LBMS) at
Texas A & M University (TAMU), where mass spectrophotometry was performed using
a PE SCIEX QSTAR instrument (Applied Biosystems) ion spray mass spectrometer in
positive mode using the solvents acetonitrile: DCM.
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3.2.3.4 Proton NMR of A2E
1

H-NMR spectroscopy was done at Mercury 300 MHz routine walkup H/C system. A2E

sample was dissolved in deuterated chloroform 0.02 g/2mL (w/v). The solution was filled
up to 5 cm in NMR tubes (Wilmad Labglass, Sigma Aldrich, 5mm thin wall, 8//length)
and placed in the rack for spectroscopy.
3.2.4 Synthesis of cycloretinal
Cycloretinal was synthesized according to a published method (Bench et al., 2006). In
brief, all-trans retinal (300 mg, 1.056 mmol) was dissolved in 108 mL of ethanol. Than
12 mL aliquot of a stock solution of proline (1.632g in 120 mL of ethanol) was added to
the reaction mixture in addition to 2.4 mL of triethylamine and the mixture was stirred
overnight in the dark at room temperature.120 mL of distilled de-ionized water was used
to quench it. Then extraction was performed in a separating funnel with hexane. For
approximately 250 mL of reaction mixture (120 mL water + 120 mL ethanol) 250 mL of
hexane was used. Extraction was performed three times and hexane layer was pooled up.
Solvent was removed under reduced pressure by making use of a rotary evaporator at 30
°C and cycloretinal was purified by flash chromatography. Glass column was filled with
flash silica F 60. Column was run by using 5% ethyl acetate-hexane (5 mL ethyl acetate +
95 mL hexane) as a mobile phase.
The purified product was characterized by NMR as described above.
3.2.5 Degradation Experiment (ATCC strains)
3.2.5.1 Preparation of stock solution of cycloretinal and A2E
A stock solution was prepared by dissolving 5 mg of cycloretinal in 10 µL of
ethanol/Tween 80. A stock solution was prepared by dissolving 50 mg of A2E in 100 µL
of ethanol. Due to the heat and light sensitivity of both compounds, the solutions were
prepared freshly before use in a vial wrapped with aluminum foil.
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3.2.5.2 Microorganisms Used
Four organisms were selected and purchased from ATCC, based on their reported good
biodegradation potential for aromatic compounds and oils. The strains include
Alcanivorax borkumensis ATCC 700651, Psudomonas putida ATCC 700412,
Cycloclasticus pugetti ATCC 51542, and Marasmius scorodonius 3975 ATCC 76439.
3.2.5.3 Culture medium
Initially ATCC specified culture mediums were used for all ATCC test organisms.
Marine Broth with 10g/L Pyruvate (ATCC® medium 2698) for the growth of Alcanivorax
borkumensis ATCC 700651, Bacterium broth medium (ATCC® medium 30) for the
growth of Pseudomonas putida ATCC 700412, YM agar and YM broth (ATCC® medium
200) for the growth of Marasmius scorodonius 3975 ATCC 76439 and Marine Agar or
Marine Broth with biphenyl (ATCC® medium 1919) for the growth of Cycloclasticus
pugetti ATCC 51542 were used. All media were purchased from DifcoTM and prepared
according to manufacturer instructions.
3.2.5.4 Biodegradation experiment for screening of the strains
M-9 medium (5 mL each) was inoculated with the selected strains with cycloretinal/A2E
(1µg/mL) as the only carbon and energy source and incubated them with shaking at 250
rpm, at 30 °C for 24 hours. Controls were also run, in which the specific mediums were
incubated with cycloretinal/A2E only without any organisms, under the same conditions
of temperature and shaking.
M9 Medium was prepared by adding Na2HP04-7H2O, 64 g; KH2P04, 15 g; NaCl, 2.5 g
and NH4CI, 5 g in 1000 mL of distilled de-ionized H2O and sterilized by autoclaving at
121 °C. 700 mL of distilled water (sterile) was taken and 200 mL of M9 salts, 2 mL of 1
M MgSO4 (sterile) and 100 µL of 1 M CaCl2 (sterile) were added to it. Final volume was
adjusted to 1000 mL with distilled de-ionized water.
Cultures grown in M9 broth were streaked on the M9 agar plates with cycloretinal/A2E
(10 µL of cycloretinal stock solution) applied on the surface as the only carbon and
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energy source. Plates were incubated for 5 days at 30 °C. All experiments were run in
triplicate.
3.2.6 Analysis of Biodegradation
Biodegradation of cycloretinal and A2E was studied by the following analytical
techniques.
3.2.6.1 Extraction of broths
After 24 hours of incubation, broth cultures were transferred to sterile eppendorfs and
cycloretinal/A2E/biodegradation products were extracted from the reactions with equal
volume of DCM through vigorous vortexing. Extracts were separated by centrifugation at
13,000 rpm for 20 minutes, the organic layer carrying cycloretinal/A2E/biodegradation
products was retrieved with a needle from the bottom of the tube. Dichloromethane layer
was separated and concentrated by blowing down the nitrogen gas, solubilized it in a little
of DCM and run on HPLC.
Pellet was extracted separately of the broth (supernatant). The cellular pellets were flash
frozen in liquid nitrogen, than 50 µL of DCM was added and left in refrigerator
overnight. Next day, samples were vortexed and than centrifuged at 13,000 rpm for 20
minutes and DCM layer was separated and concentrated by blowing down the nitrogen
gas, it was run on HPLC after solubilization in DCM.
3.2.6.2 HPLC Analysis
The cycloretinal and A2E contents were determined by HPLC. Sample was dissolved in
20 µL DCM and injected in Varian Prostar system equipped with a Phenomenex 5
µ(2)100 A normal phase column (250 x 10 mm x 5 micron) with UV detector set at 320
nm wavelength and mobile phase used comprised of 97% DCM and 3% methanol with
flow rate of 2 mL/min.
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3.2.7 Isolation of microorganism for the degradation of cycloretinal and A2E
3.2.7.1 Environmental sampling
Environmental samples were collected from different locations of College Station and
Bryan, Texas, USA. Four Samples were collected in total, two samples were collected
from Bryan Lake (BL1 and BL2) comprising of water and sediments. One water sample
was collected from Creek Meadows fountain and one water sample from Dog Park Pool
(Figure 3.1). Samples were collected in sterile tubes and put at 4°C before processing.
3.2.7.2 Inoculation of environmental samples in M9 medium
M-9 medium containing cycloretinal or A2E as sole source of carbon and energy was
inoculated with 10 mL of environmental samples (water along with sediment wherever
available) and incubated with shaking at 250 rpm, at 30°C. Aliquots (100 µL) were
collected over time and analyzed to determine the concentration of target compound by
HPLC.
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a

b

c

Figure 3.1 Sampling sites. Bryan Lake: popular with boating enthusiasts (a), Creek
Meadow Pond: Fish pond. (b) and Dog Park: Bathing and activity place for dogs (c) in
Texas USA.
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3.2.8 Analysis of biodegradation
Biodegradation of cycloretinal and A2E was studied by HPLC. Samples were extracted
and analyzed as described previously. The cycloretinal and A2E degradation products
were collected in clean glass vials on elution from HPLC and concentrated by blowing
down the nitrogen gas. Products eluted were further analyzed by GC-MS, ESI-MS,
APCI-MS and MS-MS from the Laboratory for Biological Mass Spectrometry (LBMS)
at Texas A& M University (TAMU).
3.2.9 Isolation of bacteria from environmental samples positive for A2E and
cycloretinal degradation
All the environmental M9 broth samples positive for growth were streaked on the M9
agar with cycloretinal or A2E applied on the surface dissolved in DMSO as the only
carbon and energy source. Plates were incubated at 30 °C. From M9 agar surface
morphologically different colonies were picked and streaked on the nutrient agar plates in
order to get pure cultures. Sub-culturing was done several times to separate mixtures of
microorganisms and to get pure cultures. Pure cultures were further confirmed for
cycloretinal and A2E biodegradation potential by inoculating in 5 mL of M9 liquid
medium containing cycloretinal or A2E as the only carbon and energy source. Four Pure
colonies giving positive results for cycloretinal and A2E degradation from the
environmental samples were selected for the molecular identification.
3.2.10 Molecular identification of bacterial isolates
3.2.10.1 Genomic (bacterial) DNA extraction
Method of Mateles and Adye (1964) was used for genomic DNA isolation. Bacteria were
grown in nutrient broth (2L) for 48-72 hour. Cells were harvested by centrifugation at
7000 rpm for 15 minutes. The cells were flash frozen in liquid Nitrogen. The frozen
pellets were ground with a morter and pestle. The powder was suspended in Sodium
Chloride-Tris-EDTA buffer (STE) buffer (100 mM Tris-Cl, pH = 8.0, 150 mM NaCl and
100 mM EDTA) and incubated with 1% SDS at 37 °C for 3 hours. The centrifugation
was done at this step to remove any cell debris.
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The resulting solution was then extracted thrice with a mixture of phenol: chloroform:
Isoamyl alcohol (25:24:1) saturated with 10 mM Tris, pH 8.0, 1mM EDTA. The genomic
DNA was recovered by slowly adding cold ethanol to the aqueous solution such that the
ethanol remained on top of the aqueous layer. At the interface a small glass rod was
inserted and twirled around to spool the DNA onto the rod. This process reduces the
amount of contaminating RNA and small pieces of DNA which had been sheared. The
recovered DNA was re-dissolved in 1x, TE (pH = 7.6) (1mL-1M Tris-HCl, 0.2 mL-0.5M
EDTA at pH 8.0, 988 mL-ddH2O).
The genomic DNA was run on an agarose gel at 100 volts for 90 minutes on a 1% (w/v)
agarose gel in 1x TAE (Tris Acetate EDTA) buffer containing 5 µL ethidium bromide
solution (10 mg/mL) to determine its relative size and concentration.
3.2.10.2 Genomic (fungal) DNA extraction
Fungal isolate was grown in potato dextrose broth (PDB). The fungal mycelia were
freeze-dried

and

the

genomic

DNA

was

extracted

by

the

CTAB

(Cetyl

trimethylammonium bromide) method (Ausubel et al., 1994). Briefly, 500 mg of fungal
mycelia was vigorously crushed in liquid nitrogen to make a fine powder. The cells were
lysed in 10 mL of extraction buffer (50 mM Tris–HCl pH 8.0, 50 mM EDTA, 0.7 M
NaCl, 2% cetrimide, 1% SDS and 50 μL β-mercaptoethanol), mixed thoroughly and
incubated at 65°C for 30 min with continuous shaking. The lysate was extracted with an
equal volume of chloroform/isoamyl alcohol (24:1) and centrifuged at 10,000 × g for
10 min at 4°C. The aqueous phase was transferred to a sterile tube; the genomic DNA
was precipitated in a 2× volume of chilled isopropanol and centrifuged at 4°C for 10 min
at 10,000 × g. The resulting pellet was washed twice with 70% ethanol, air dried and
dissolved in 20 μL of sterile distilled de-ionized water.
The genomic DNA was run on an agarose gel to determine its relative size and
concentration by using the same method as already described in section 3.2.10.1.
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3.2.10.3 PCR amplification of the 16S and 18S ribosomal DNA

The extracted DNA was subjected to PCR (Gradient Cycler, MJ Research, PTC-200,
Peltier Thermal Cycler) to amplify the 16S ribosomal DNA segments in case of bacterial
strains and 18S ribosomal DNA segments in case of fungal strains.
One Taq®2X master mix with GC buffer (New England BioLabs®Inc.) was used. It’s an
optimized blend of Taq and Deep VentTM DNA polymerases. Master mix formulation
contained NTPs, MgSO4 and other buffer components. Primers 16S-27F (Tm=53.2 °C)
and 16S-1492R (Tm=54.6 °C) (Integrated DNA Technologies, Inc.) were used. Primers
sequences used were 16S-27F (5'-AGAGTTTGATCMTGGCTCAG-3') and 16S-1492R
(5'-TACGGYTACCTTGTTACGACTT-3'). The respective ITS regions of the 28S and
18S ribosomal gene were amplified through PCR using purified fungal genomic DNA
samples (QIAquick PCR clean up kit, Qiagen), specific universal primers 18S (ITS1
5′TCC GTA GGT GAA CCT GCG G 3′ and ITS4 5′TCC TCC GCT TAT TGA TAT GC
3′) were used.
The PCR mixture used are listed in Table 3.1 and experimental conditions used are
shown in Table 3.2.
3.2.10.4 PCR product purification
The amplified DNA was run on an agarose gel by using the same method as already
described in section 3.2.10.1. The DNA fragment was excised from the agarose gel with a
clean, sharp scalpel. The size of the gel slice was minimized by removing extra agarose
carefully.
PCR product was purified by QIAquick® Gel Extraction Kit (250) (Qiagen Sciences
Maryland, USA) according to the standard protocol recommended by the manufacturer.
After purification DNA was run on agarose gel with the 1kb DNA ladder (New England
BioLabs®Inc) to determine the size of amplified DNA segment.
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3.2.10.5 DNA sequencing (BigDye terminator chemistry)
Automated sequencing reactions was performed with Perkin Elmer ABI Big Dye
Reaction Mix.
Pre mix used was obtained from Gene Technology Lab (GTL) of Texas A & M
University, USA. The reaction mixture used as listed in Table 3.3 and the experimental
conditions for sequencing reaction are described in Table 3.4.
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Table 3.1 PCR mixture for bacterial 16S and fungal 18S ribosomal DNA amplification.
Content
DNA sample
16S-27F/ITS1
16S-1492R/ITS4
One Taq 2X Master Mix with GC Buffer
H2O
Total PCR reaction volume

Quantity (µL)
1
1
1
25
22
50

Table 3.2 Experimental conditions for bacterial 16S or fungal 18S ribosomal DNA
amplification.
Initial denaturation
30 cycles
Final extension
Hold

94 °C
94 °C
48 °C
68 °C
68 °C
4 °C

30 seconds
30 seconds
60 seconds
2 min
5 min
Forever
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Table 3.3 Reaction mixture for BigDye terminator chemistry.

Content
Purified DNA sample (Template)
16S-27F / 16S-1492R (Primer) or ITS1/ITS4
Pre mix (contains 5X Buffer, dNTP mix, ddNTPs and
Amplitaq FS enzyme)
Total reaction volume

Quantity
(µL)
2
2
2
6

Table 3.4 Experimental conditions for BigDye terminator chemistry

Content
Purified DNA sample (Template)
16S-27F / 16S-1492R (Primer) or ITS1/ITS4
Pre mix (contains 5X buffer, dNTP mix, ddNTPs and
Amplitaq FS enzyme)
Total reaction volume

Quantity
(µL)
2
2
2
6

.
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For further purification of extension products the excess dye-terminators were removed
by using Bio-Rad Micro Bio-Spin P-30 spin columns obtained from GTL TAMU, Texas,
USA. A suspension was prepared as 1g Sepahadex per 15 mL distilled deionized water
(SephadexTM G-50 fine GE Healthcare Sweden). 500 µL of suspension was dispensed per
column and centrifugation was done at 3300 rpm for four minutes. To 6 µL of purified
DNA sample 6 µL of water was added than this 12 µL sample was loaded on column and
centrifugation was done at 3300 rpm for four minutes.
In the last step the purified DNA was sequenced from the sequencing facility at Gene
Technology Lab (GTL), Institute of Developmental and Molecular Biology, Texas A &
M University, USA, on the ABI 3100 Automated Sequencer (ABI PRISM® 3100
Genetic Analyzer).
3.2.10.6 Phylogenetic analyses
The sequencing results were subjected to Blast search at National Centre for
Biotechnology Information (NCBI) nucleotide collection database to identify the
bacterial strain and study the closely related species. The Sequence Files were converted
to Fast alignment sequence tool (FASTA) files, annotated in sequin software and
submitted to NCBI Gene Bank to obtain the accession numbers.
3.2.11 MsP1 gene amplification from genomic DNA of Marasmius scorodonius

The genomic DNA of Marasmius scorodonius 3975 ATCC 76439 was extracted using
the method already described under the section 3.2.10.2. MsP1gene was PCR amplified
from genomic DNA of Marasmius scorodonius by using following primers and method
and conditions already detailed in section 3.2.11.3. Primers used are MsP1-F (5′ ATG
AAG CTT TTT TCT GCC TCC 3′) and MsP1-R (5′ CTA GAC TGA AAG CAC AGT
CCT GAT CG 3′).
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3.2.12 Cloning and over expression of MsP1 in Escherichia coli

The gene encoding Marasmius scorodonius extracellular peroxidase MsP1 was
chemically synthesized with codon optimization for E. coli, having an optimized
sequence length 1539 bp cloned into Puc57 vector with a GC content of 54.67%
(GenScript USA Inc., Piscataway, NJ).
3.2.13 Cloning of MsP1 in pET24b

MsP1 was PCR amplified from Puc57 vector using the primers BamHI-MsP1-F (5′
GCGGATCCGATGAAACTGTTCTCCGCATCGGTCT3′)

and

XhoI-MsP1-R

(5′

GCCTCGAGAACGGACAGGACGGTACGGATAGCC3′). Nucleotides for restriction
sites of BamHI and XhoI are underlined and bold. PCR Reaction Mixture contained 36.5
µL of nuclease free water, 10 µL of 5 x Phusion HF Buffer, 1 µL of dNTP’s mixture (10
mM), 0.5 µL of Forward primer (10 µM), 0.5 µL of reverse primer (10 µM), 1 µL of
template genomic DNA and 0.5 µL of phusion DNA Polymerase.
Primer annealing was carried out at 72 ºC for 30 seconds followed by polymerization step
carried out at 72 ºC for 30 seconds. A total of 35 cycles were used. PCR amplified
product was run on 1% agarose gel, at 100 Volts for 20 minutes, 1.5kb MsP1 band was
excised out of gel, and gel extraction was performed by using QIA QIAquick® Gel
Extraction Kit (250) (Qiagen Sciences Maryland, USA).
The MsP1 amplicon obtained by PCR amplification was digested with BamHI and XhoI.
Taq polymerase catalysed addition of Adenine nucleotides was carried out at 3′ end of
gene MsP1 using a 50 µL reaction comprised of 10 µL of double digested MsP1 insert, 1
µL of Taq polymerase, 5 µL of Taq buffer, 0.5 µL of DATP’s (15mM) and 33.5 µL of
distilled de-ionized water. MsP1 amplicon with 3′ A overhangs was than ligated with
pGEM-T easy vector (Promga) by using a ligation reaction of 10 µL, comprised of 5 µL
2x rapid ligation buffer, 1 µL pGEM-T easy vector (50 ng), 3 µL MsP1 amplicon with A
overhangs at 3′ end, 1 µL T4 DNA ligase (3 weiss units/ µL). The reaction mixture was
incubated overnight at 4 ºC.
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After

nucleotide

removal

pGEM-T

easy-MsP1costruct

was

transformed

in

electrocompetent E. coli DH10b cells by electroporation. Transformed E. coli cells were
than plated on LB-ampicillin plates, with X-Gal and IPTG applied to their surfaces.
Plates were incubated overnight at 37 °C. 10 white colonies were selected from LBampicillin plates and inoculated each in 5 ml of LB-ampicillin in test tubes. Plasmid
DNA was minipreped from all 10 samples by using Qiagen Miniprep kit . pGEM-T easyMsP1 construct was verified by double digestion with XhoI and BamHI, followed by an
agarose gel run. Further MsP1 sequence was also verified by amplifying MsP1 and
sequencing for five colonies. Sequencing PCR was done as described earlier and gene
sequence verified through sequencing of whole gene.

Following are the primers used to do sequencing of whole gene.
BamHI-MsP1-F (5′GCGGATCCGATGAAACTGTTCTCCGCATCGGTCT3′)
XhoI-MsP1-R (5′GCCTCGAGAACGGACAGGACGGTACGGATAGCC3′)
MsP1-Ends-F (5′GGAACGCGGTCTGGCATTTGTCGCT 3′)
MsP1-Ends-R (5′CAGCTGATTGGTGCTGGTAATCAGT 3′).

Gel purified MsP1was further ligated with pET24b vector (Novagen / New England
Biolabs, UK) between XhoI and BamHI restriction sites. pET24b-MsP1 construct was
verified by double digestion with XhoI and BamHI. Further MsP1 sequence was also
verified by amplifying MsP1 and sequencing. pET24b-MsP1construct was transformed in
to electrocompetent E. coli DH10b cells, by electropration. Transformed E. coli cells
were than plated on LB-kanamycin plates. Ten colonies were selected, colony PCR was
done for all ten colonies, using the same reaction composition and conditions as used for
PCR amplification of MsP1 gene from PUC57 vector, except that in this case a single
colony picked from LB-kanamycin plate, was microwaved and served as DNA template.
Ten selected colonies were also further inoculated in 5 ml of LB-kanamycin in test tubes.
Plasmid DNA was minipreped from all 10 samples. pET24b-MsP1 construct was verified
by double digestion of construct followed by agarose gel run (1.5%).
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3.2.14 MsP1 expression and purification
MsP1 was expressed in E. coli BL21 (λDE3, Novagen) cells transformed with Pet24bMsP1 construct, grown in Luria-Bertani (LB) medium supplemented with kanamycin (50
μg mL-1) at 37 °C. Growth was followed up to an OD600 of 0.7 and at that point 100 μM
isopropyl-β-D-thiogalactopyranoside (IPTG) and 15 μM hemin (Sigma-Aldrich) were
added to the culture medium. The culture was then incubated at 16°C for further 24 h
before being harvested by centrifugation (6500 × g for 15 min). Harvested cells were
suspended in 20 mM sodium phosphate buffer (pH 6.8 containing 300 mM NaCl, 1mM
EDTA, 10% Glycerol, 1mM PMSF, 1mM DDT) at a ratio of 5 mL of buffer per gram of
cells and lysed using an ultrasonic homogenizer (Q500 Sonicator, QSonica,LLC). For
Sonication of cell pellet out of 1L LB culture total 6 rounds of sonication were used, with
15 cycles each, 3 min gap was given in between each round and everything was kept on
ice throughout the sonication process. Cell debris was removed by centrifugation
(12500 × g for 90 min, 4 °C), and the supernatant was recovered.
The recombinant MsP1 protein with an N-terminal hexa-Histidine tag was purified at 4°C
by passing through a HisTrap FF crude column, 5x1mL (GE Healthcare) that provides,
one-step purification of histidine-tagged protein directly from homogenized, unclarified
cell lysate by immobilized metal ion affinity chromatography (IMAC). Washing was
done with 20 mM imidazole (500 mL), than 100 mM imidazole (50 mL) and finally
elution was carried out with 250 mM imidazole (30 mL). Protein concentration was
determined according to the method of Bradford (1976), using bovine serum albumin as a
standard.

3.2.15 Cloning of MsP1along with MBP in pMALc4x

The cloning was done using the same method and conditions as already described for the
cloning of MsP1 gene in vector PET24b.
MsP1 was PCR amplified from Puc57 vector using the primers BamHI-MsP1-F
(5′GGATCCCACCACCACCACCACCACAAACTGTTCTCCGCAT3′) and HindIII46
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MsP1-R (5′AAGCTTTTAAACGGACAGGACGGTACGGATAGCC3′). Nucleotides for
restriction sites of BamHI and HindIII are underlined, hexahistidine tag on forward
primer and the stop codon on reverse primer are in bold. The PCR reaction mixture
composition and PCR conditions used were same as already described in section 3.2.13.
The MsP1 amplicon was digested with BamHI and HindIII and cloned into the BamHI
and HindIII restriction sites of vector pMALc4x (Novagen / New England Biolabs (UK)).
The final construct comprised of two genes cloned i.e. genes encoding for Maltose
Binding Protein (MBP) and MsP1 separated by a cleavage site for TEV protease in
between them. Results were verified by double digestion of construct followed by
agarose gel run (1.5%).
A sequencing PCR was also done and gene sequence verified through sequencing of
whole gene.
Following are the primers used to do sequencing of whole gene.
BamHI-MsP1-F
(5′GGATCCCACCACCACCACCACCACAAACTGTTCTCCGCAT3′)
HindIII-MsP1-R (5′AAGCTTTTAAACGGACAGGACGGTACGGATAGCC3′)
MsP1-Ends-F (5′GGAACGCGGTCTGGCATTTGTCGCT 3′)
MsP1-Ends-R (5′CAGCTGATTGGTGCTGGTAATCAGT 3′).

3.2.16 Fusion Protein (MBP-MsP1) expression and purification
Fusion protein (MBP-MsP1) was expressed in E. coli BL21 (λDE3, Novagen)
transformed with pMALc4x-MBP-MsP1 construct, grown in Luria-Bertani (LB) medium
supplemented with ampicillin (100 μg/mL) at 37 °C. Growth was followed up to an
OD600 of 0.7 and at that point 100 μM IPTG and 15 μM hemin (Sigma-Aldrich) were
added to the to the culture medium. The culture was then incubated at 16 °C for a further
24 h before being harvested by centrifugation (6500 × g for 15 min). Harvested cells were
suspended in 20 mM sodium phosphate buffer (pH 6.8 containing 300mM NaCl, 1mM
EDTA, 10% Glycerol, 1mM PMSF, 1mM DDT) at a ratio of 5 mL of buffer per gram of
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cells and lysed using an ultrasonic homogeniser (Q500 Sonicator, QSonica,LLC). For
Sonication of cell pellet out of 1L LB culture total 6 rounds of sonication were used, with
15 cycles each, 3 min gap was given in between each round and everything was kept on
ice throughout the sonication process. Cell debris were removed by centrifugation
(12500 × g for 90 min, 4 °C), and the supernatant was recovered.
The recombinant fusion protein (MBP-MsP1) was purified at 4°C by passing through an
amylose resin (NEB) column. 15 mL resin was used, after slow loading of protein
containing supernatant, washing was done with 3 column volume buffer (same buffer as
described before), Afterwards elution was carried out with 50 mL of elution buffer
(Methyl-D-Glucopyranoside 19.4 g/100 mL of Tris column buffer). Protein concentration
was determined according to the method of Bradford (1976), using bovine serum albumin
as a standard.
3.2.17 Fusion Protein (MBP-TEV protease) expression and purification
Cloned TEV protease (pMALc4x-MBP-TEV construct) was obtained from Dr.
Watanabe’s Lab.
Fusion protein (MBP-TEV protease) was expressed in E. coli BL21 cells (λDE3,
Novagen) transformed with pMALc4x-MBP-TEV protease construct. For expression and
purification, essentially same method was followed as already described for expression
and purification of MBP-MsP1 fusion protein.
3.2.18 Cleavage reaction

Elution buffer (Methyl-D-glucopyranoside10%) was exchanged with 50 mMtris-HCl
buffer containing 200 mM NaCl by using centrifugal units (Pall Corporation) prior to
setting up the cleavage reaction. A cleavage reaction was carried out in 50 mL total
volume containing equal concentration of both proteins (5 mg of each protein) i.e. MBPMsP1 and MBP-TEV protease in 50 mM tris-HCL buffer containing 200 mM NaCl, and
1 mL of 1 M Dithiothreitol (DTT) at 4°C for 5 days.
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3.2.19 His Trap purification of cleaved MsP1
The cleaved, recombinant MsP1 protein with an N-terminal hexa-Histidine tag was
purified at 4°C by passing through a HisTrap FF crude column, 5x1mL (GE Healthcare)
that provides, one-step purification of histidine-tagged protein directly from
homogenized, unclarified cell lysate by immobilized metal ion affinity chromatography
(IMAC). Washing was done with 20 mM imidazole (500 mL), than 100 mM imidazole
(50 mL) and finally elution was carried out with 250 mM imidazole (30 mL). Histrap
purified protein was passed through amylose resin column once more to get rid of any
MBP-TEV remnants.
3.2.20 Gel electrophoresis
SDS-PAGE analysis was performed according to the method of Laemmli (1970). The
protein purity was monitored using 10% polyacrylamide gel and stained with a 0.1%
(w v−1) solution of Coomassie stain (Sigma). Broad range protein marker (2-212 kDa)
(NEB) were used as protein standards for determination of molecular masses.
3.2.21

Protein

mass

/
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sequence
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through

Mass
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Both the fusion protein (MBP-MsP1) as well as cleaved MsP1 protein samples in SDSPAGE gel were submitted to the Laboratory for Biological Mass Spectrometry (LBMS)
at Texas A&M University (TAMU), where in gel proteolytic (trypsin) digestion was
carried out with peptide mass mapping.
3.2.22 Transformation of cycloretinal and A2E by E. coli (BL21) transformed with
pMALc4X-MBP-MsP1
E. coli (BL21) cells were freshly transformed with construct pMALc4X-MBP-MsP1. A
single colony from LB-AMP plate was picked and transferred to 5 ml of LB-ampicillin
medium, cultured overnight at 37 °C and 250 rpm. 200 µL from overnight culture was
transferred to 5mL fresh LB medium and incubated at 37°C and 250 rpm. When OD600
reached 0.7 than culture was induced with 1 mM final IPTG concentration (i.e. 5 µL from
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1M stock solution). In 5 test tubes, out of 5 mL induced culture, 1mL was transferred in
different tubes and cycloretinal was added in different concentrations (0, 200, 400, 500
and 1000 µg/mL). Control tubes contained all the same components, but were inoculated
with untransformed BL21 cells. Both samples and controls were incubated at 37 °C and
250 rpm for 24 hours. After 24 hours all samples and controls were centrifuged in
eppendorf tubes at 13,000 rpm for 1 min. Supernatant from all samples and controls was
transferred to 96 well plates and an absorption reading was taken at 430nm
(i.e.wavelength specific for cycloretinal).
Same experiment was also performed by using M9 medium instead of LB, keeping all
other conditions same.
Data obtained was analyzed by using ANOVA followed by Duncan’s test to estimate the
significant difference between the catabolic activity of transformed and untransformed E.
coli towards cycloretinal and A2E.
3.2.23 MsP1 catalyzed degradation of cycloretinal and A2E
3.2.23.1 MsP1 catalyzed biotransformation reactions
Substrate emulsions (0.01%) were prepared and Tween 40 was used to enhance
solubilization of compounds, or otherwise dissolved in ethanol or DMSO. The MsP1
catalyzed transformation was performed with 1mg of substrate in a total volume of 3 mL
of phosphate buffer saline (PBS) (0.01M phosphate buffer with 0.0027M KCl, 0.137M
NaCl, and pH 7.4) at 37 °C, 250 rpm for 60 min. 15mU of recombinant MsP1 and 2 μL
of 20 mM H2O2 were added to carry out transformation. Controls were run with all
samples, without the addition of enzyme.
3.2.23.2 Extraction of degradation products from reaction mixture
Ethyl acetate and dichloromethane (DCM) were used to extract degradation products
from reaction mixture and the products were identified by GC-MS.
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3.2.24 Enzyme kinetics
For the enzyme kinetics measurements, MsP1 catalyzed biotransformation of cycloretinal
was determined by a decrease in absorbance recorded at 430 nm due to the disappearance
of cycloretinal over the period of time. Measurements were conducted in triplicate with a
UV-Vis spectrophotometer (GenesysTM2, ThermoSpectronic) at 430 nm over a period of
500 seconds.
The reaction mixture contained 823 μL PBS (0.01M phosphate buffer with 0.0027M KCl,
0.137M NaCl, and pH 7.4), 50 μL cycloretinal solution prepared in DMSO, 125 μL
MsP1-solution (0.05 mg/mL in PBS i.e 0.909 μM) and 2 μL 20 mM H2O2. Different
substrate concentrations used were, 0.2 mg/mL (90.83972 μM), 0.175 mg/mL (136.2596
μM), 0.15 mg/mL (181.6794 μM), 0.125 mg/mL (227.0993 μM), 0.1mg/mL (272.5192
μM), 0.075mg/mL (317.939 μM) and 0.05mg/mL (363.3589 μM). 5% total DMSO
concentration was used to solubilize the cycloretinal.
One unit of enzyme activity was defined as the amount of enzyme oxidizing 1 μ mol of
substrate per minute. The initial velocities plotted according to Lineweaver and Burk
(Lineweaver, 1934) gave the Michaelis-Menten parameters Vmax, KM and Kcat.
3.2.25 Time Course of cycloretinal degradation with MsP1
3.2.25.1 Standard curve for degradation products
To generate a standard curve for the degradation products, different concentrations of 2,
4-dimethyl benzaldehyde (2, 4, 6, 8, 10 µg/20µL) and β-ionone (1, 2, 3, 4 µg/20µL) were
injected in to HPLC system and data was acquired. Mobile phase used comprised of 97%
DCM and 3% methanol. Detector was set at 280 nm and a flow rate of 2mL/min was
used.
3.2.25.2 Degradation reaction and sampling at different time points
The degradation reactions were set in a total volume of 5 mL of Phosphate Buffer Saline
(PBS) containing 1 mg of substrate, cycloretinal, 0.1 mg of MsP1 and 5 μL of 20 mM
H2O2. Reactions were incubated at 250 rpm at 37 °C. Samples were withdrawn at five
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different time points i.e. 1 min, 5 min, 20 min, 2 hours and 12 hours. Samples were
extracted with equal volumes of ethyl acetate, and dried by blowing nitrogen gas and resuspended in 30 μL of methanol and analyzed by HPLC.
3.2.26 Activity of MsP1 at different pH values
To determine the optimum pH for MsP1 activity, cycloretinal degradation reactions were
carried out in PBS buffer as described before at different pH values i.e. 5.5, 6.4, 7.0, 7.5.
Samples OD was regularly monitored using a UV-Vis spectrophotometer (GenesysTM2,
ThermoSpectronic) at 430 nm over a period of 300 seconds.
3.2.27 Site directed mutagenesis
MsP1 variants were produced by PCR using the pMALc4x-MBP-MsPI vector harboring
the mature protein-coding sequence of Marasmius scorodonius DyP as a template. For
each mutation, forward and reverse primers were designed. The pMALc4x-MBP-MsPI
plasmids containing the mutations were digested with endonuclease DpnI and
transformed into E. coli DH10b cells for propagation.
The primer sets used for site directed mutagenesis of MsP1 were as follows. Mutations
are shown in bold and are underlined.
1-Histidine 221 to Alanine mutation:
H221A MsP1-F (5′TCCGGGTGATCAGCAAGGTGCAGAACACTTTGGCTTCATGG-3′)
H221A MsP1-R (5′CCATGAAGCCAAAGTGTTCTGCACCTTGCTGATCACCCGGA-3′)
2-Aspartic acid 336 to Alanine mutation:
D336A MsP1-F (5′-CCCGCTGGTTGATGCACCGGTCCTGGCAGC-3′)
D336A MsP1-R (5′-GCTGCCAGGACCGGTGCATCAACCAGCGGG-3′)
Agilent kit was used (Catalog number: 200523 Quick change II site directed mutagenesis
kit). The reaction mixture (25 µL) comprised of 2.5 µL of reaction buffer, 1 µL of DNA
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Template (50ng), 1 µL of Forward primer, 1 µL of Reverse primer, 1 µL of dNTP mix,
17.5 µL of DDI water, 1 µL of pfu polymerase. The primer annealing was carried out at
55 °C for 60 sec followed by a polymerization step carried out at 68 °C for 5 minutes. A
total of 16 cycles were carried out. After PCR amplification DPNI was performed. 1.5 µL
DpnI was added to PCR amplification mixture and was incubated for 4 hours at 37 °C.
Purification was done using clean resin and protocol provided by Agilent before doing
transformation into E. coli DH10b cells for propagation.
Both point mutations were confirmed by sequencing the mutant genes. A sequencing
PCR was done for both mutants by the same method as described earlier in the section
3.2.10.5.
3.2.27.1 Expression of mutant proteins in E. coli
Both mutant proteins were expressed in E. coli (BL21) by the same method used for the
expression of wild type MsP1. Further both mutant proteins were purified again by the
same method used for the purification of wild type MsP1 (detailed in the section 3.2.16).
3.2.27.2 Enzyme kinetics for MsP1 mutants
For

the

enzyme

kinetics

measurements,

different

MsP1

mutant

catalyzed

biotransformation of cycloretinal was determined by a decrease in absorbance recorded at
430 nm due to the disappearance of cycloretinal over the period of time. Measurements
were conducted in triplicate with a UV-Vis spectrophotometer (GenesysTM2,
ThermoSpectronic) at 430 nm over a period of 500 seconds.
The reaction mixture contained 823 μL PBS (0.01M phosphate buffer with 0.0027M KCl,
0.137M NaCl, and pH 7.4), 50 μL cycloretinal solution prepared in DMSO, 125 μL
mutant-MsP1-solution (0.05 mg/mL in PBS i.e 0.909 μM) and 2 μL 20 mM H2O2.
Different substrate concentrations used were, 0.2 mg/mL (90.83972 μM), 0.175 mg/mL
(136.2596 μM), 0.15 mg/mL (181.6794 μM), 0.125 mg/mL (227.0993 μM), 0.1 mg/mL
(272.5192 μM), 0.075 mg/mL (317.939 μM) and 0.05 mg/mL (363.3589 μM), 5% total
DMSO concentration was used to solubilize the cycloretinal.
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3.2.28 Crystallization of MsP1
Protein crystallization trials were carried out in a collaboration lab of Dr. Sacchettini's in
Centre for Structural Biology, TAMU. Crystallization trials were carried out with 5, 10,
15 mg/mL protein using Hampton Crystal Screen using 1:1 ratio (0.5 µL protein: 0.5 µL
mother liquor (ML)), 50 µL mother liquor, sitting drop vapor diffusion method as well as
hanging drop diffusion method. I tested 480 diverse crystallization conditions (96 x 5
plates), incubated at 18°C temperature.
3.2.29 Cloning of MsP1 in pTRE3G vector
The gene encoding Marasmius scorodonius extracellular peroxidase MsP1 was
chemically synthesized with human codon optimization, with a C-terminal hexa-Histidine
tag, and restriction sites for SalI and BamH1, having an optimized sequence length 1542
bp cloned into Puc57 vector with a GC content of 54.66% (GenScript USA Inc.,
Piscataway, NJ).
Puc57-MsP1 construct was transformed in to E. coli by electroporation, after miniprep,
double digestion was carried out with SalI and BamH1, and sample was run on 1.5 %
agarose gel. Msp1 band corresponding to 1.5 kb was cut out of agarose gel, purified and
then ligated into pTRE3G vector (Clontech Laboratories, Inc.). pTRE3G-MsP1 construct
was further verified by a double digestion and agarose gel run. Gene sequencing was also
done by the method described earlier in the section 3.2.10.5.
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3.3 RESULTS
3.3.1 Compound synthesis (A2E)
After chemical synthesis, and purification steps, A2E purity was confirmed through ESIMS (Figure 3.2) and NMR (Figure 3.3). The NMR spectra of synthesized compound was
compared with the one reported by Parish et al (1998).
ESI-MS showed a single peak with molecular weight of 592.55, which corresponds to the
molecular weight of A2E.
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Figure 3.2 ESI-MS for A2E (Pyridinium bis Retinoid).

Figure 3.3 Proton-NMR-A2E.
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3.3.2 Compound synthesis (cycloretinal)
With a starting material of 300 mg all-trans retinal 50 mg of cycloretinal was obtained.
After chemical synthesis, and purification steps, cycloretinal was subjected to NMR,
which revealed purity of compound (Figure 3.4). The NMR spectra of synthesized
compound was compared with the one reported by Verdegem et al (1997).

57

Chapter 3

Figure 3.4 Proton-NMR-Cycloretinal
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3.3.3 A2E and cycloretinal degradation by ATCC strains
In total four ATCC strains, Alkanivorax borkumensis (ATCC Number 700651),
Pseudomonas putida (ATCC Number 700412), Cycloclasticus pugetti (ATCC Number
51542) and Marasmius scorodonius 3975 (ATCC Number 76439) were assessed for their
potential to degrade the cycloretinal and A2E as sole carbon and energy source. The M9
liquid media as well as M9 agar plates (supplemented with cycloretinal/A2E as the only
carbon and energy source) were used for this purpose. Growth of Pseudomonas putida
ATCC 700412 and Marasmius scorodonius 3975 ATCC 76439 was observed in both
liquid as well as solid medium, however results were totally negative for Alkanivorax
borkumensis ATCC 700651 and Cycloclasticus pugetti ATCC 51542.
3.3.4 Isolation of A2E and cycloretinal-degrading species from environmental
samples
From the environmental samples (water and sediment) collected from two different
locations of College Station and one of Bryan, Texas, USA, cultures growing on M9liquid medium supplemented with A2E and cycloretinal as the only source of carbon and
energy were further purified using enrichment culture technique.
When individual colonies were assessed for their growth on M9 media supplemented
with A2E and cycloretinal, cell viability (assessed by colony forming units) was high but
the types of colonies seen remained limited. Interestingly all the strains positive for A2E
degradation were also found positive for cycloretinal degradation. Some colonies having
different morphological appearance were selected and checked for their growth in liquid
media with the test compound. The increase in turbidity was taken as positive result for
the growth.
Two purified bacterial isolate were selected on the basis of their best growth and were
named as IP7 (isolated from Bryan Lake water and sediment sample 1) and IP6 (isolated
from Bryan Lake water and sediment sample 2). One fungal strain was also selected and
named as fungal isolate IP5 (isolated from Bryan Lake water and sediment sample 2).
Genomic DNA was extracted and 1.5 kb 16S rDNA region was amplified for bacterial
isolates, and 0.5 kb 18S rDNA region was amplified for fungal isolate, by using specific
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primers (Figure 3.6) and sequenced, sequences were analysed by NCBI BLAST and
phylogenetic trees were constructed. When an NCBI blast was done, strain IP7 showed
99% identity with Pseudomonas stutzeri strain GN31b, strain IP6 showed 99% identity
with Delftia acidovorans strain QS1 and strain IP5 showed 99% identity with Aspergillus
niger strain ISSFR-019. On the basis of sequences obtained for 16S rDNA, the bacterial
isolate IP7 was identified as Pseudomonas stutzeri (Figure 3.7) and bacterial isolate IP6
was identified as Delftia acidovorans (Figure 3.8). Fungal isolate IP5 was identified as
Aspergillus niger on the basis of sequence obtained for 18S rDNA (Figure 3.9).
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Figure 3.5 Bacterial isolate IP7 (later identified as Pseudomonas stutzeri) showing
growth in M9-liquid medium with cycloretinal as only carbon and energy source (centre),
control (right).

A

B

(A) PCR amplification of 16S ribosomal DNA for bacterial isolate. Lane 1 and 2
represent 1.5 kb 16S rDNA PCR product of bacterial isolates IP6 and IP7 respectively
(B) 18S ribosomal DNA for fungal isolate. Lane 1 represent 0.5 kb 18s rDNA PCR
product of fungal isolate IP5.
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Figure 3.7 Phylogenetic tree of Pseudomonas stutzeri IP7 (accession number KU376502)
isolated from Bryan Lake water and sediment samples.

Figure 3.8 Phylogenetic tree of Delftia acidovorans IP6 (accession number KU376501)
isolated from Bryan Lake water and sediment samples.
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Figure 3.9 Phylogenetic tree of Aspergillus niger IP5 (accession number KU376500)
isolated from Bryan Lake water and sediment samples.
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3.3.5 Growth of selected bacteria on test compounds
The two bacterial isolates and three strains from ATTC collection selected for their
ability to degrade cycloretinal and A2E were grown in M9 broth with the test compound
and growth was monitored by OD 600. An increase in OD600 over a period of 4 days
was observed and the maximum increase in OD600 was observed for the isolate IP7,
followed by isolate IP6 and ATCC strain P. putida (ATCC 700412). While the two
ATCC strains, C. pugetti (ATCC 51542) and A. borkumensis (ATCC 700651) didn’t
show considerable increase in OD600 (Figure 3.10).
3.3.6 HPLC confirmation of degradation
Broth cultures of all the isolates were extracted and biodegradation was confirmed by
running samples on HPLC. In all the cases, cycloretinal peaks disappeared completely
with the appearance of two new peaks at retention time 9 and 11 minute which were
further identified as 2, 4-dimethyl benzaldehyde and β-ionone respectively. Standards
(obtained from Sigma) for 2, 4-dimethyl benzaldehyde and β-ionone were also run.
(Figure 3.11).
Biodegradation of A2E was also confirmed by running broth culture extracts for all the
isolates on HPLC. In all the cases, A2E peaks disappeared completely with the
appearance of two new peaks corresponding to an aldehyde and β-ionone (Figure 3.12).
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Figure 3.10 Growth of bacteria on M9 broth with cycloretinal as sole carbon source.
Strain 1 is D. acidovorans IP6, strain 2 is A. borkumensis ATCC 700651, strain 3 is P.
stutzeri IP7, strain 4 is P. putida ATCC 700412 and strain 5 is C. pugetti ATCC 51542.
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Figure 3.11 HPLC chromatogram of broth cultures extracts of all the three environmental
isolates, D. acidovorans IP6, P. stutzeri IP7 and Aspergillus niger IP5. Degradation
experiment was conducted in M-9 medium with cycloretinal as the only carbon source at
temperature, 25 °C and 250 rpm for 48 hours. Standards (obtained from Sigma) for 2, 4dimethyl benzaldehyde and β-ionone were also run.
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Figure 3.12 HPLC chromatogram of broth cultures extracts of all three environmental
isolates, D. acidovorans IP6, P. stutzeri IP7 and Aspergillus niger IP5. Degradation
experiment was conducted in, M-9 medium with A2E as only carbon source at
temperature, 25 °C and 250 rpm for 48 hours.
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3.3.7 MsP1 gene amplification from genomic DNA of Marasmius scorodonius 3975
ATCC 76439
From one of the strain Marasmius scorodonius 3975 (ATTC 76439), showing best
degradation of both the compounds (cycloretinal and A2E) a segment of 2.0 kb (to be
exact 2093 bp) long stretch corresponding to MsP1 gene out of genomic DNA was
amplified and sequenced (Figure 3.13).
3.3.8 Cloning and over expression of MsP1 in E. coli
Based on initial biodegradation studies with different environmental isolates and ATCC
strains, Marasmius scorodonius 3975 ATCC 76439 was found excellent at clearing both
compounds.
The extracellular peroxidase MsP1of Marasmius scorodonius was cloned and over
expressed in E. coli and further purified recombinant enzyme was used to carry out the
biotransformation of both the compounds.
3.3.9 Optimization of MsP1 gene for expression in E. coli
Different parameters were optimized for the expression of gene in E.coli which include,
Codon usage bias, GC contents, CpG dinucleotides content, mRNA secondary structure,
Cryptic splicing sites, Premature PolyA sites, Internal chi sites and ribosomal binding
sites, Negative CpG islands, RNA instability motif (ARE), Repeat sequences (direct
repeat, reverse repeat, and Dyad repeat) and Restriction sites that may interfere with
cloning. For increased efficiency of translational initiation and translational termination
additional sequences of Kozak sequence, Shine-Dalgarno Sequence and Stop codon were
also optimized.
E. coli codon usage bias adjustment was carried out. Codon Adaptation Index (CAI) is
shown in Figure 3.14. CAI was optimized to 0.87 from 0.63. A CAI of 1.0 is considered
to be perfect in the desired expression organism i.e. E. coli, and a CAI of >0.8 is regarded
as good, in terms of high gene expression level. The Frequency of Optimal Codons (FOP)
is shown in Figure 3.15 which was optimized to have maximum number of codons in the
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codon quality group of 91-100. Ideally the GC content should be between 30-70%. GC
content adjustment for MsP1 is shown in Figure 3.16. Average GC content was improved
from 50.94 to 54.67 after optimization.
Originally MsP1 gene contained 3 enzyme restriction sites for BamHI, 2 for HindIII and
1 for EcoRI, which were removed during optimization. Among the cis-acting elements
MsP1 harboured one E. coli RBS (AGGAGG) one Poly T and two SD like (GGRGGT)
regions, which were removed during optimization. Results are summarized in Figure
3.17. Maximum direct repeats of 12 bp and start position distance of 1266 with frequency
of 2 was recorded after optimization, which was of size 11 bp, with start position distance
of 840 and frequency 2 before optimization. After optimization for expression in E. coli,
the MsP1 gene length was 1539 bp with a GC content of 54.67%. Optimized MsP1
sequence is shown in Figure 3.18.
A wide variety of factors regulate and influence gene expression levels. In this case, the
native gene employs tandem rare codons that can reduce the efficiency of translation or
even disengage the translational machinery. The codon usage bias was changed in E. coli
by upgrading the CAI from 0.63 to 0.87. GC content and unfavourable peaks have been
optimized to prolong the half-life of the mRNA. The Stem-Loop structures, which impact
ribosomal binding and stability of mRNA, were broken. In addition, optimization process
has screened and successfully modified negative cis-acting sites.
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Figure 3.13 Electrophoresis of MsP1 gene amplified out of genomic DNA of
basidiomycete Marasmius scorodonius 3975 ATCC 76439. Lane 1, 2 and 3 all represent
2.0kb MsP1gene amplified out of genomic DNA of M. scorodonius run in triplicate.

Figure 3.14 The distribution of codon usage frequency along the length of the MsP1 gene
sequence.
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Figure 3.15 The percentage distribution of codons in computed codon quality groups. The
value of 100 is set for the codon with the highest usage frequency for a given amino acid
in the desired expression organism i.e. E. coli.

Figure 3.16 GC content adjustment for MsP1 for expression in E. coli. Peaks of %GC
content in a 60 bp window have been removed.
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Figure 3.17 Restriction enzymes and cis-acting elements for MsP1 (E. coli codon
optimisation).
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Figure 3.18 Optimized MsP1 sequence (1539 bp, GC%: 54.67) for expression in E. coli.
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3.3.10 MsP1 cloning in pET24b
In initial degradation studies carried out with bacterial and fungal strains, Marasmius
scorodonius 3975 ATCC 76439 was found very efficient at degrading both of
compounds. NCBI data search revealed the presence of an extracellular peroxidase
encoding gene (MsP1) in the genome of this basidiomycete. So the cloning of the MsP1
gene and its heterologous expression in E. coli was planned and then to use the
recombinant enzyme directly to catabolize both target compounds.
1.5 kb MsP1 gene was PCR amplified from PUC57 vector by making use of primers with
restriction sites for BamH1 and Xho1 on them. Figure 3.19 shows an agarose gel run, 1.5
kb band corresponding to MsP1. 1.5 kb MsP1 band was excised out of agarose gel and
was purified by QIAquick® Gel Extraction Kit (250) (Qiagen Sciences Maryland, USA).
Later Adenine nucleotides were added at 3′ end of gene MsP1prior to ligation with
pGEM-T easy vector. After nucleotide removal pGEM-T easy-MsP1costruct was
transformed in electrocompetent E. coli DH10b cells by electroporation. Transformed E.
coli cells were than plated on LB-ampicillin plates, with X-Gal and IPTG applied to their
surfaces. A large number of blue as well as white colonies were obtained on LBampicillin plates. 10 white colonies were selected from LB-ampicillin plates and the 10
colonies were further inoculated each in 5 ml of LB-ampicillin in test tubes. Plasmid
DNA was minipreped from all 10 samples. pGEM-T easy-MsP1 construct was verified
by double digestion with XhoI and BamHI which gave two bands, a 1.5 kb band
corresponding to MsP1 gene and 3.0 kb band corresponds to pGEM-T easy vector.
Further MsP1 sequence was also verified by amplifying MsP1 and sequencing for five
colonies.
Gel purified MsP1was further ligated with pET24b vector between XhoI and BamHI
restriction sites (Figure 3.20) pET24b-MsP1 construct was verified by double digestion
with XhoI and BamHI which gave two bands, a 1.5 kb band corresponds to MsP1 gene
and 5.3 kb band corresponds to pET24b (Figure 3.21). Further MsP1 sequence was also
verified by amplifying MsP1 and sequencing. pET24b-MsP1construct was transformed in
to electrocompetent E. coli DH10b cells, by electropration. Transformed E. coli cells
were than plated on LB-kanamycin plates. Ten colonies were selected, colony PCR was
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done for all ten colonies and were also further inoculated in 5 ml of LB-kanamycin in test
tubes.
Plasmid DNA was minipreped from all 10 samples. pET24b-MsP1 construct was also
verified by double digestion with XhoI and BamHI which gave two bands, a 1.5 kb band
corresponding to MsP1 gene and 5.3 kb band corresponds to pET24b vector.
3.3.11 MsP1 expression and purification
pET24b-MsP1construct was transformed in to electrocompetent E. coli strain BL21 for
expression. MsP1 was expressed in E. coli cells grown in Luria-Bertani (LB) medium
supplemented with kanamycin (50 μg mL−1) at a reduced temperature of 16 °C to
maximize the protein solubilty. Culture was induced with 100 Μm IPTG when OD600
reached a value of 0.7 and at that point 15 μM hemin was added to the to the culture
medium. After induction culture was incubated at 16 °C for a further 24 h and than
harvested by centrifugation (6500 × g for 15 min) and than lysed by using an ultrasonic
homogenizer and further tried to purify the His-tagged MsP1 by passing through NickelHistrap column at 4°C, but failed to get soluble protein. Expressed protein aggregated in
to the inclusion bodies (Figure 3.22).

3.3.12 Cloning of MsP1along with MBP in pMALc4x
Later MsP1 was cloned and expressed as a fusion protein along with Maltose Binding
Protein (MBP) with a TEV cleavage site in between them and then TEV protease
mediated cleavage was carried out. The summary of whole process is shown in Figure
3.23.
MsP1 gene (1.5kb) was cloned in pMALc4x vector between BamHI and Hind III
restriction sites (Figure 3.24). 1.5 kb MsP1 gene was PCR amplified from PUC57 vector
by making use of primers with restriction sites for BamHI and HindIII on them. An
agarose gel run showed 1.5 kb band corresponding to MsP1. 1.5 kb MsP1 band was
excised out of agarose gel and was purified by QIAquick® Gel Extraction Kit (250)
(Qiagen Sciences Maryland, USA). Later Adenine nucleotides were added at 3′ end of
gene MsP1prior to ligation with pGEM-T easy vector. After nucleotide removal pGEM-T
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easy-MsP1costruct was transformed in electrocompetent E. coli DH10b cells by
electroporation. Transformed E. coli cells wer than plated on LB-ampicillin plates, with
X-Gal and IPTG applied to their surfaces. I selected 10 white colonies from LBampicillin plates and inoculated each in 5 ml of LB-ampicillin in test tubes. Plasmid
DNA was minipreped from all 10 samples. pGEM-T easy-MsP1 construct was verified
by double digestion with XhoI and HindIII which gave two bands, a 1.5 kb band
corresponding to MsP1 gene and 3.0 kb band corresponds to pGEM-T easy vector.
Further MsP1 sequence was also verified by amplifying MsP1 and sequencing was done
for five colonies.
Gel purified MsP1was further ligated with pMALc4x vector between XhoI and HindIII
restriction sites. pMALc4x-MBP-MsP1 construct was verified by double digestion with
XhoI and HindIII which gave two bands, a 1.5 kb band corresponds to MsP1 gene and
7.0 kb band corresponds to pMALc4x-MBP (Figure 3.25). Further MsP1 sequence was
also verified by amplifying MsP1 and sequencing. pMALc4x-MBP-MsP1construct was
transformed in to electrocompetent E. coli DH10b cells, by electropration. Transformed
E. coli cells were than plated on LB-ampicillin plates. Ten colonies were selected, colony
PCR was done for all ten colonies and were also further inoculated in 5 ml of LBampicillin in test tubes.
Plasmid DNA was minipreped from all 10 samples. pMALc4x-MBP-MsP1 construct was
also verified by double digestion with XhoI and HindIII which gave two bands, a 1.5 kb
band corresponding to MsP1 gene and 7.0 kb band corresponds to pMALc4x-MBP
vector.
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Figure 3.19 Agarose gel run for PCR amplified MsP1 gene

Figure 3.20 Plasmid pET24 B-MsP1 construct.
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Figure 3.21 Gel electrophoresis after double digestion of minipreped plasmid pET24bMsP1 for 7 colonies (line C1-C7). 1.5 kb band corresponds to MsP1 gene and 5.3 kb
band corresponds to pET24b.

Figure 3.22 SDS-PAGE for MsP1 protein. Lane 1, Protein Ladder; Lane 2, cell lysate,
Lane 3, His-trap purified protein.
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Figure 3.23 Schematic diagram showing expression and subsequent cleavage of fusion
protein by TEV protease.
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Figure 3.24 Plasmid pMALc4X-MBP-MsP1 construct with a TEV site

Figure 3.25 Gel electrophoresis after double digestion of miniprep plasmid pMALc4XMBP-MsP1 for 5 colonies (C1-C5). A1.5 kb band corresponds to MsP1 gene and 7.0 kb
band corresponds to pMALc4X-MBP.
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3.3.13 Fusion Protein (MBP-MsP1) expression and purification
pMALc4x-MBP-MsP1construct was transformed in to electrocompetent E. coli strain
BL21 for expression. Fusion protein (MBP-TEV cleavage site-MsP1) was expressed
in E. coli cells grown in Luria-Bertani (LB) medium supplemented with Ampicillin at a
reduced temperature of 16 °C to maximize the protein solubilty. Culture was induced
with 100 μM IPTG when OD600 reached a value of 0.7 and at that point 15 μM hemin
was added to the to the culture medium. After induction culture was incubated at 16 °C
for a further 24 h and than harvested by centrifugation (6500 × g for 15 min) and than
lysed by using an ultrasonic homogenizer and fusion protein (MBP-MsP1) was purified
by passing through Amylose resin column. SDS-PAGE was run and a single protein band
of about 100 kDa corresponding to fusion protein was seen (Figure 3.26).
For purified fusion protein (MBP-MsP1) in gel proteolytic (trypsin) digestion was carried
out with peptide mass mapping, which confirmed the purified protein as our desired
protein (Figure 3.27). The recombinant MsP1molecular weight was found to be 54.937
kDa that matches exactly with the calculated molecular weight of MsP1 on basis of
amino acid sequence. Furthermore peptide mass mapping also confirmed that the
recombinant protein is the desired MsP1 protein, a DyP peroxidase. The molecular
weight of MBP was found to be 43.36 kDa that matches exactly with the calculated
molecular weight of MBP on basis of amino acid sequence, furthermore peptide mass
mapping also confirmed that the recombinant protein is the MBP protein.
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Figure 3.26 Fusion protein confirmation through SDS-PAGE, NEB protein marker on
right. MsP1 molecular weight=55kDa, MBP molecular weight=44kDa, Fusion protein
molecular weight=55+44=99kDa.
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Figure 3.27 Peptide mass mapping for purified fusion protein (MBP-MsP1)
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3.3.14 Fusion Protein (MBP-TEV protease) expression and purification
Fusion protein (MBP-TEV) was expressed in E. coli strain BL21 and purified by passing
through Amylose resin column. SDS-PAGE was run and a single protein band of about
71 kDa (MBP molecular weight=44kDa, TEV protease molecular weight=27kDa, Fusion
protein molecular weight=71kDa) corresponding to fusion protein was seen.
Purified, recombinant TEV protease expressed in E. coli was used to cleave the MBPMsP1 fusion protein to yield the desired MsP1.
After cleavage reaction, His-tagged MsP1was further purified by passing through NickelHistrap column, followed by an amlose resin column to get clean cleaved 57 kDa MsP1
(Figure 3.28). Peptide mass mapping for purified cleaved protein (MsP1) was done,
which confirmed the purified protein as a fungal peroxidase of Marasmius scorodonius
with a molecular weight of 54.93kDa (Figure 3.29).
Bradford Coomassie brilliant blue assay was done to estimate the recombinant protein
concentration. Recombinant MsP1 expression under standard expression conditions in
LB medium was low with about 0.2 mg/Liter. The expression was tried in M9 medium
with β-carotene as only carbon source with the addition of hemin, but found no
improvement. Later expression was carried out in LB with the addition of hemin, and
used baffled flasks; it resulted in a considerable increase in the expression levels and
produced 0.482 mg/Litre of MsP1.
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Figure 3.28 SDS-PAGE after cleavage and His-trap purification-NEB protein marker on
right

86

Chapter 3

Figure 3.29 Peptide mass mapping for purified cleaved protein (MsP1), which confirmed
the purified protein as a fungal peroxidase of Marasmius scorodonius.
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3.3.15 Digestion of cycloretinal and A2E by E. coli (BL21) transformed with
pMALc4X-MBP-MsP1
An experiment was designed where the ability of E. coli cells (freshly transformed with
pMALc4X-MBP-MsP1) to catabolize the cycloretinal/A2E was evaluated. It was
observed that there was a complete disappearance of cycloretinal color (yellow) in M-9
medium (containing cycloretinal as the only carbon and energy source) inoculated with E.
coli carrying an MsP1 gene within 24 hours; while the medium inoculated with E. coli
cells that do not carry an MsP1 gene, remained colored. The experiment showed a
complete color removal of cycloretinal within 24 hours (OD430 0.072, after 24 hours) in
test tube 1 that was inoculated with E. coli cells harboring an MsP1 gene, while test tube
2 inoculated with untransformed cells, showed no color change (OD430 0.662, after 24
hours) (Figure 3.30).
The catabolic activity of E. coli cells carrying an MsP1 gene was checked in 96-well
plates over a period of 24 hours by taking UV OD at 430 nm which is a characteristic
λmax of cycloretinal and at 440 nm which is a characteristic λmax of A2E. A reduced
OD430 in comparison with the controls clearly demonstrates the biodegradation of
cycloretinal by transformed bacteria. The A430 for test sample was 0.269, 0.270, 0.285
and 0.304 after 24 hours when cycloretinal was used in concentration of 200, 400, 500
and 1000 μg/mL respectively while corresponding OD in control samples were 0.271,
0.367, 0. 538 and 0.821. Statistical analysis was performed by applying Duncan’s test and
analysis of the differences between multiple readings of the categories was done with a
confidence interval of 95%. For all concentrations P-value was found to be <0.05 which
shws the significant difference (Table 3.5).
Similarly when A2E was used as a substrate reduction in OD 440 in the test sample as
compared to control was observed showing degradation of A2E by transformed cells in
LB media. Statistically significant difference was observed between control and
transformed cells (Table 3.6).
Another experiment was carried out where degradation of both the compounds was tested
in M9-liquid medium with either cycloretinal or A2E as only carbon and energy source.
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The results indicated cycloretinal and A2E catabolism by E.coli (BL21) cells carrying an
MsP1 gene in M9 medium. Statistical analysis (Duncan’s test) showed a significant
difference and a P value <0.05 (Table 3.7 and 3.38). A reduced OD430 in comparison
with the controls clearly demonstrates that the transformed bacteria can grow in M-9
medium by utilizing cycloretinal as sole carbon and energy source. There was more
efficient degradation in M9 medium as compared to that of LB medium as with
cycloretinal concentration of 1000 µg/mL, OD at 430 nm was reduced to 0.304 in case of
LB medium while it was reduced to 0.072 in M9 medium within 24 hours. Similarly with
A2E concentration of 1000 µg/mL, OD at 440 nm was reduced to 0.289 in case of LB
medium while it was reduced to 0.074 in M9 medium. These results clearly demonstrate
that the transformed bacteria can grow in M-9 medium by utilizing cycloretinal or A2E as
sole carbon and energy source.
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Figure 3.30 M9 medium 1mL containing, cycloretinal 1mg, IPTG 1mM final
concentration, test tube 1 inoculated with E. coli (BL21) cells freshly transformed with
pMALc4X-MBP-MsP1construct while tube 2 represent the control.

Table 3.5 Catabolic activity of E.coli (BL21) cells harboring MBP-His-MsP1 construct
towards cycloretinal in LB medium.

Concentration of
cycloretinal
(µg/mL)
0
200
400
500
1000

OD 430 nm (Cycloretinal)
Control (BL21 BL21 cells
cells without
carrying
transformation)
construct
MBP-HisMsP1
0.194
0.246
0.271
0.269
0.367
0.270
0.538
0.285
0.821
0.304

P value

Significant

0.0837
<0.0001
<0.0001
<0.0001

No
Yes
Yes
Yes
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Table 3.6 Catabolic activity of E.coli (BL21) cells harboring MBP-His-MsP1 construct
towards A2E in LB medium.

Concentration of
A2E (µg/mL)

0
200
400
500
1000

OD 440 nm (A2E)
Control (BL21 BL21 cells
cells without
carrying
transformation)
construct
MBP-HisMsP1
0.214
0.251
0.292
0.271
0.385
0.273
0.553
0.278
0.841
0.289

P value

Significant

0.0275
<0.0001
<0.0001
<0.0001

Yes
Yes
Yes
Yes

Table 3.7 Catabolic activity of E.coli (BL21) cells harboring MBP-His-MsP1 construct
towards cycloretinal in M9 medium containing cycloretinal as only carbon source.

Concentration of
cycloretinal
(µg/mL)
0
1000

OD 430 nm (cycloretinal)
Control (BL21
BL21 cells
cells without
carrying construct
transformation) MBP-His-MsP1
0.058
0.821

0.051
0.072

P value
<0.0001

Significant
Yes

Table 3.8 Catabolic activity of E.coli (BL21) cells harboring MBP-His-MsP1 construct
towards cycloretinal in M9 medium containing cycloretinal as only carbon source.

Concentration of
A2E (µg/mL)
0
1000

OD 440 nm (A2E)
Control (BL21
BL21 cells
cells without
carrying construct
transformation) MBP-His-MsP1
0.068
0.732

0.071
0.074

P value
<0.0001

Significant
Yes
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3.3.16 MsP1 catalyzed degradation of A2E and cycloretinal
When degradation of the test compounds was carried out with the purified recombinant
MsP1 protein expressed in E. coli, a complete decolorization was observed within 2 hours
for both A2E and cycloretinal (Figure 3.31).
To confirm the degradation of the test compounds reaction mixture was extracted with
DCM and analyzed by HPLC. The HPLC results showed a complete disappearance of the
starting material peak i.e cycloretinal and appearance of two new peaks corresponding
to degradation products formed, 2, 4-dimethyl benzaldehyde and β-ionone.
It is remarkable that a single enzyme, MsP1 accepted both A2E and cycloretinal as a
substrate. Furthermore, analysis of the sample by GC/MS (Figure 3.32) revealed the
production of two major degradation products i.e. β-ionone, retention time 14 minutes
and 2, 4-dimethyl benzaldehde, retention time 12.12 minutes, in case of cycloretinal
(Figure 3.32). 2, 4-dimethyl benzaldehyde is the degradation product seen in highest
concentration both by HPLC as well as GCMS. β-ionone was further confirmed on the
basis of fragmentation pattern seen through GCMS. The major fragment masses of 177,
135, 123 and 43 seen through GCMS for our sample are the characteristic fragment
masses for β-ionone (Figure 3.33). Similarly 2, 4-dimethyl benzaldehyde was further
confirmed on the basis of fragmentation pattern seen through GCMS. The major fragment
masses of 105 and 77 seen through GCMS for our sample are the characteristic fragment
masses for 2, 4-dimethyl benzaldehyde (Figure 3.34).
To confirm the degradation of A2E by MsP1, Extracted products were also analyzed by
HPLC. The HPLC results showed a complete disappearance of the starting material peak,
with the appearance of two new peaks. Furthermore, GCMS analysis revealed the
production of two major degradation products i.e. β-ionone (Figure 3.35) and an aldehyde
with molecular weight 432 (Figure 3.36 and 3.37). Further the fragmentation pattern of
aldehyde with molecular weight of 432 was determined and the major fragment masses
seen were 415, 305 and 224 (Figure 3.36).

92

Chapter 3
b

a

Figure 3.31 Bleaching of cycloretinal (a) and A2E (b) by purified recombinant protein
MsP1expressed in E.coli.
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Figure 3.32 GCMS for degradation products of cycloretinal
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07151304 #2276-2282 RT: 14.02-14.04 AV: 7 SB: 9 13.98-14.01 NL: 1.66E6
T: + c Full ms [30.00-500.00]
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Figure 3.33 GCMS spectra of β-ionone
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Figure 3.34 GCMS Spectra of 2, 4-dimethyl benzaldehyde
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Relative Abundance

01061402 #1938-1944 RT: 13.13-13.15 AV: 7 SB: 10 12.91-12.92 , 12.98-12.99 NL: 6.70E7
T: + c Full ms [30.00-500.00]
177.0
100
80
93.0

60
40

90.9
79.0

42.9

121.0

76.9

20

159.0

0
50

β-ionone, MW=192

O

149.0

107.0

100

192.0
193.0 221.0

150

252.9 266.9

200

297.9

250

328.9

300

354.9 373.8 404.3 414.7 433.8
350

400

465.9
450

500

m/z

Figure 3.35 GCMS spectra of degradation product, β-ionone.
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Figure 3.36 GCMS spectra of degradation product of A2E-An aldehyde with molecular
weight 432.
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Figure 3.37 Reaction showing the degradation of A2E catalyzed by MsP1.
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3.3.17 Kinetic study of MsP1
Evaluation of the key enzyme-kinetic parameters for MsP1 (KM/kcat) was tried but
hampered by the low solubility of A2E and cycloretinal. Dissolving cycloretinal or A2E
at a concentration approaching the KM of the enzyme required such high amounts of
ethanol or surfactant that most of the enzyme was inactivated. Interestingly the enzyme
worked on un-dissolved A2E and cycloretinal clumps in a detergent-free system as well.
Enzyme kinetic studies were performed in seven samples, employing a range of substrate
concentration (90 µM to 272 µM) with constant enzyme level (0.05 mg/mL) in a final
volume of 5 mL. All reactions were carried out at a fixed (optimum) pH i.e. pH 6.0.
Controls in which PBS replaced the enzyme for each substrate concentration were run in
parallel and marked as blank. All the reaction mixtures were monitored at a wavelength
of 430 nm.
The data was collected on a UV-Vis spectrophotometer for decrease in absorbance at 430
nm, which is a characteristic λmax of cycloretinal for different substrate concentrations
ranging from 0.05 mg/mL to 0.2 mg/mL and a constant enzyme concentration of 0.05
mg/mL there was a linear decrease in concentration of substrate with all different initial
substrate concentrations used (Figure 3.38). Molar absorptivity coefficient of cycloretinal
was determined by taking the OD430 for different concentrations of cycloretinal (Figure
3.39). The molar absorptivity coefficient of cycloretinal was calculated to be 0.0066.
Kcat/km was 2.2e-4 /micromole/s and Kcat/Km calculated was 220 M-1s-1. The apparent
Km and Vmax were determined from the Lineweaver-Burk plot 1/V versus 1/S by
following the optimum pH and temperature conditions. The value for Kcat/Km obtained
was 263.8 M-1s-1 and Kcat was as 0.280 s-1 for MsP1 (Figure 3.40, and 3.41).

97

Chapter 3
1.4
1.2

y = -0.0002x + 0.5523
y = -0.0001x + 0.3398

y = -0.0005x + 1.1211
y = -0.0004x + 1.0259

y = -0.0002x + 0.4794

y = -0.0003x + 0.8863
y = -0.0003x + 0.6808

1
0.8
0.6
0.4
0.2
0
0

100

200

300

400

500

600

Figure 3.38 Decrease in OD430 over period of 600 seconds for different substrate
concentrations (0.2, 0.175, 0.15, 0.125, 0.1, 0.075, 0.05 mg/mL) and a constant enzyme
concentration of 0.05 mg/mL.
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Figure 3.39 A plot of OD430 for different concentrations of cycloretinal
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Figure 3.40 Plot of rate of reaction against substrate concentration where Slope/E (total)
= kcat/km
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Figure 3.41 Lineweaver-Burk plot of MsP1 action on cycloretinal in the presence of
hydrogen peroxide at 25°C, pH 7.0. Slope=km/Vmax, Intercept=1/Vmax; Kcat=Vmax/E
(total ).
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3.3.18 Time course analysis of cycloretinal degradation products
A standard curve was generated for 2, 4-dimethyl benazldehyde, one of the major
degradation product of cycloretinal by injecting different concentrations of it in to HPLC.
Then peak area (counts-second) were plotted against concentration (µg) of 2, 4-dimethyl
benzaldehyde injected (Figure 3.42). A straight-line curve was obtained and the
concentration of the products were calculated from the standard curves. Similarly
standard curve was generated for β-ionone, one of the major degradation products of
cycloretinal by injecting different concentrations of it in to HPLC (Figure 3.43).
Concentration of the product was determined from the straight line plots of peak area
(counts-second) against concentration (µg).
The concentration of degradation products, 2, 4-dimethyl benzaldehyde and β-ionone
were determined at 5 different time points (1 min, 5 min, 20 min, 2 hours, 12 hours)
during the reaction of cycloretinal with MsP1.
First sampling was done at 1 minute time point. Samples were run in triplicate on HPLC.
There was a considerable reduction in the cycloretinal peak with the appearance of two
new peaks of degradation products. Peak areas at 1 minute time interval for both
degradation products were noted. Further calculations were made on basis of standard
curve of 2, 4-dimethyl benzaldehyde and β-ionone. After 1 minute, samples contained
6.74 µg of 2, 4-dimethyl benzaldehyde and 4.685 µg of β-ionone (Table 3.7). The
reaction was conducted with starting material of 1mg in total volume of reaction mixture
of 5 mL. Whole reaction mixture was extracted, dried and redissolved in 20 µL solvent
and injected in the HPLC. So the product concentrations are from the whole 5 mL
samples.
In another reaction the time given for the reaction of cycloretinal with MsP1 was 5
minutes, when reaction products were run on HPLC the concentration of the products
were 6.63 and 4.38 µg for 2, 4-dimethyl benzaldehyde and β-ionone respectively (Table
3.7). Similarly when the reaction was run for 20 minutes the product concentrations were
6.463 µg for 2, 4-dimethyl benzaldehyde and 4.3269 µg for β-ionone. Fourth sampling
was done at 2 hours time point. After 2 hours, samples contained 5.496 µg of 2, 4100
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dimethyl benzaldehyde and 4.3269 µg of β-ionone. After 12 hours, samples contained
4.660 µg of 2, 4-dimethyl benzaldehyde while β-ionone peak was completely vanished
(Table 3.7).
The concentrations of two biodegradation products of cycloretinal at different time points
(5 min, 20 min, 2 hours and 12 hours) are summarized in figures 3.44 and 3.45, the
concentration of β-ionone declined considerably over the period of time, and reached 0
within 12 hours. It indicates enzyme MsP1 is also degrading β-ionone, on the other hand
the concentration of 2, 4-dimethyl benzaldehyde showed a little decline but was not fully
removed by MsP1. Therefore we planed to check the cytotoxicity of 2, 4dimethylbenzaldehyde in cell cultures of ARPE-19.
3.3.19 Effect of pH on activity of MsP1 to degrade cycloretinal
The catalytic activity of fungal peroxidase MsP1 was tested with cycloretinal as substrate
at different pH values to determine whether the given peroxidase can be active under
lysosomal conditions (Figure 3.46). pH Values used in experiment were 5.5, 6.4, 7.0, 7.5.
Highest activity of MsP1 was observed at pH 5.5 towards both compounds.
The peroxidase MsP1 was able to degrade cycloretinal and A2E under lysosomal
conditions (pH 5.2) as well as at neutral pH.
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Figure 3.42 Standard curve for cycloretinal degradation product (2, 4-dimethyl
benzaldehyde).

Figure 3.43 Standard curve for cycloretinal degradation product (β-ionone).
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Table 3.9 Concentration of degradation products of cycloretinal ie. β-ionone and 2, 4dimethyl benzaldehyde at different time during the reaction of cycloretinal with MsP1
under standard reaction conditions.

Degradation product concentration in µg/5mL
Time points

1 min time point
5 min time point
20 min time point
2 hours time point
12 hours time point

2,4-dimethyl
benzaldehyde
6.74
6.63
6.463
5.496
4.6608

β-ionone
4.685
4.382
4.3269
1.558
0
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Figure 3.44 HPLC chromatogram showing cycloretinal degradation products at different
time points.
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Figure 3.45 Time course degradation of cycloretinal when treated with MsP1 under
standard reaction conditions.

Figure 3.46 Cycloretinal degradation measured by decrease in A430 nm by MsP1 at
different pH.
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3.3.20 Site directed mutagenesis of MsP1
CLUSTALW software was used to align the gene sequences of already known fungal
DyP peroxidases with the MsP1 gene sequence to find out the regions of consensus
sequences (Figure 3.47).
We selected two amino acid residues for site directed mutagenesis i.e. Aspartic acid at
residue 336 and Histidine at residue 221. Mutant sequences were generated and
confirmed by gene sequencing, results are shown in Figures 3.48 and 3.49. Aspartic acid
(GAC) at residue 336 was mutated to Alanine (GCA) and Histidine (CAT) at residue 221
was also mutated to Alanine (GCA).
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Figure 3.47 Alignment of the gene sequences of already known five fungal DyP
peroxidases with the MsP1 gene sequence to find out the regions of consensus sequences.
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Figure 3.48 Aspartic acid to Alanine (GAC to GCA) mutation at residue 336
(sequenced from pMalc4x vector).
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Figure 3.49 Histidine to Alanine (CAT to GCA) mutation at residue 221
(sequenced from pMalc4x vector).
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3.3.21 Kinetic studies for mutant strain (MsP1-H221A)
After confirmation of mutant sequences, the mutant protein expression was carried out in
E. coli BL21 strain using pMALc4x-MBP-MsP1-H221A and pMALc4x-MBP-MsP1D336A constructs under the same conditions as described earlier for wild type MsP1.
Kinetic study was done for both mutants. Michaelis Menten and Line Weaver burke plot
for MsP1 mutant H221A are shown in Figures 3.50 and 3.51. For MsP1 mutant H221A
Vmax value was calculated to be 1.577 µM/s and Km was found 7656.62 µM. The value
for Kcat/Km obtained was 226.33 M-1s-1 and Kcat was as 1.732 s-1 .
3.3.22 Kinetic studies for mutant strain (MsP1-D336A)
Michaelis Menten and Line Weaver burke plot for MsP1 mutant D336A are shown in
figures 3.52 and 3.53. For MsP1 mutant D336A Vmax value was calculated to be 2.2222
µM/s and Km was found 9731.55 µM. The value for Kcat/Km obtained was 250.93 M-1s-1
and Kcat was as 2.44 s-1 .
Kcat/Km value was calculated as 237.62 for H221A mutant and 251.47 for D336A
mutant while for wild type MsP1 the value of Kcat/Km was calculated 265.87. Results
are summarized in Figure 3.54. So both mutants show a reduced Kcat/Km value in
comparison to the wild type MsP1. However the decrease in Kcat/Km value is more
pronounced in H221A mutants. Kinetics result show that Histidine residue at position
221 is important for the catalytic activity of peroxidase MsP1.
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Figure 3.50 Plot of rate of reaction against substrate concentration for MsP1 mutant
H221A.

Figure 3.51 Lineweaver-Burk plot for MsP1 mutant H221A.
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Figure 3.52 Plot of rate of reaction against substrate concentration for MsP1 mutant
D336A.

Figure 3.53 Lineweaver-Burk plot for MsP1 mutant D336A.
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Figure 3.54 Comparison of Kcat/Km of MsP1wild type, H221A and D336A mutants.
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3.3.23 MsP1 crystallization trials
In 96 well plates (96 x 3=288) crystallization conditions were screened by sit drop and
hanging drop methods. Following crystallization condition resulted in the generation of
few crystals, which were further taken to X-Ray photography. Hampton Crystal Screen
A10: 0.2M Ammonium acetate, 0.1M sodium acetate, pH 4.6, and 30% PEG 4000 was
used. Protein concentration was 15mg/mL. The protein:mother liquor ratio was 1:1
(0.5µL:0.5µL). However sufficient information couldn’t be acquired to elucidate
complete protein structure, so further optimization to get better crystals is needed.
3.3.24 Stable transfection of ARPE-19 cell line with MsP1
MsP1 gene with human codon optimization was obtained from GenScript and was further
cloned in pTRE3G vector (4931bp). Optimization was done for codon usage bias, GC
content, CpG dinucleotides content, mRNA secondary structure, cryptic splicing sites,
premature PolyA sites, internal chi sites and ribosomal binding sites, negative CpG
islands, RNA instability motif (ARE), Repeat sequences (direct repeat, reverse repeat,
and Dyad repeat) and restriction sites that may interfere with cloning.
Codon Adaptation Index (CAI) was optimized and increased from 0.7-0.87, while
Frequency of Optimal Codons (FOP) was improved to 56 % in the codon quality group
of 91-100 (Figure 3.55 and 3.56). A CAI of 1.0 is considered to be perfect in the desired
expression organism i.e. human, and a CAI of >0.8 is regarded as good, in terms of high
gene expression level. The ideal percentage range of GC content is between 30-70%. GC
content adjustment for MsP1 is shown in Figure 3.57. Average GC content was recorded
54.66 after optimization. Originally MsP1 gene contained 3 enzyme restriction sites for
BamHI, 2 for HindIII and 1 for EcoRI. Among the cis-acting elements MsP1 harboured
two splice sites (GGTGAT), one Poly A, one Poly T and one destabilizing (ATTA)
region, which were removed during optimization. Results are summarized in Figure 3.58.
Removed repeat sequences sizes and start positions, before and after optimization, are
summarized in Figure 3.59. Maximum direct repeats were of size 10 bp and at distance of
1125 with average frequency of 2 and maximum inverted repeats were of 13 bp with Tm
of 47.2 and start position of 420 and 523 after optimization. While Maximum dyad
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repeats were added after optimization of 10 bp, Tm 42 and start position of 266 and 1386
(Figure 3.59).
To increase the efficiency of translational initiation, Kozak sequence and Shine-Dalgarno
Sequence was added. To increase the efficiency of translational termination stop codon
(TGA) was added at the end of the optimized MsP1 gene sequence.

118

Chapter 3

Figure 3.55 Distribution of codon usage frequency along the length of the MsP1 gene
sequence.

Figure 3.56 Percentage distribution of codons in computed codon quality groups. The
value of 100 is set for the codon with the highest usage frequency for a given amino acid
in the desired expression organism i.e. human.
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Figure 3.57 GC content adjustment for MsP1 for expression in human cells. Peaks of
%GC content in a 60 bp window have been removed.

Figure 3.58 Restriction enzymes and cis-acting elements for MsP1 (human codon
optimization).
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Figure 3.59 Removed repeat sequences, before and after optimization for MsP1 (for
expression in human).
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3.3.25 Optimization of MsP1 gene for expression in human
After optimization for expression in human, the MsP1 gene length was 1542 bp with a
GC content of 54.66%. Optimized MsP1 sequence is shown in Figure 3.60.
A wide variety of factors regulate and influence gene expression levels. In this case, the
native gene employs tandem rare codons that can reduce the efficiency of translation or
even disengage the translational machinery. We changed the codon usage bias in Human
by upgrading the CAI from 0.70 to 0.87. GC content and unfavorable peaks were
optimized to prolong the half-life of the mRNA. The Stem-Loop structures, which impact
ribosomal binding and stability of mRNA, were broken. In addition, our optimization
process has screened and successfully modified negative cis-acting sites.
3.3.26 Cloning of MsP1 in pTRE3G vector
MsP1 gene with human codon optimization was further cloned in pTRE3G vector
(4931bp) between SalI and BamHI restriction sites. pTRE3G-MsP1 constuct is shown in
Figure 3.61.
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Figure 3.60 Optimized MsP1 sequence (1542 bp, GC%: 54.66) for expression in human.

Figure 3.61 pTRE3G-MsP1 constuct.
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4. MICROBIAL DEGRADATION OF 7-KETOCHOLESTEROL (7-KC), A
MAJOR CAUSE OF ATHEROSCLEROSIS.
4.1 INTRODUCTION
Intrinsic insufficiencies in cellular catabolism and transport, particularly in post-mitotic
and senile cells, lead to the build up of certain recalcitrant compounds that exert
deleterious effects on to cellular function and viability. One example of accumulation of
pathogenic compounds is the formation of transformed oxysterols that exhibit
cytotoxicity towards mammalian cells and are shown to bestow towards the pathogenesis
of several age-related diseases (Lemaire-Ewing et al., 2005). The major intracellular
cholesterol oxide, 7-ketocholesterol has been involved in pathogenesis of several agerelated diseases such as atherosclerosis, age-related macular degeneration Alzheimer's
disease, Parkinson's disease and cancer (Huang et al., 2014).
Atherosclerosis is the major source of ischaemic heart disease, cerebrovascular disease,
and peripheral vascular disease, and thus is a leading cause of morbidity and mortality
around the globe. The entrapment and oxidation of low-density lipoprotein (LDL)
cholesterol in the endothelium of arteries sets the starting point for the onset of
atherosclerosis. As a defensive response, the endothelium recruits monocytes from blood
into the arterial wall, which differentiate and on maturation transform into active
macrophages and swamp toxic oxysterols including 7-ketocholesterol (7-KC). This
protective response actually results in the formation of an atherosclerotic plaque.
Oxysterols concentrate in the lysosomal compartments of macrophages, and effect the
processing and trafficking of indigenous cholesterol and other materials, as a
consequence macrophages become dysfunctional and immobilized in the arterial intima
and give rise to the “foam cells”. With more and more entrapment of oxidized LDL in the
tunica intima, more and more of foam cells are produced and tend to accumulate in the
arterial wall, giving rise to the fatty streaks that form the foundation of the atherosclerotic
lesion. (Weber and Noels, 2011; Jerome et al., 2008; Jerome 2006).
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In plaques, oxysterols, especially 7-KC, triggers apoptosis of smooth muscle cells that
results in the thinning of the fibrotic cap. Studies also suggest that oxysterols cause the
activation of intracellular cAMP signalling that in turn causes the mitochondrial apoptosis
(Myoishi et al., 2007). Some studies also suggest role of oxysterols in the development of
cataract and AMD (Indaram et al., 2015; Vejux et al., 2011). Its levels are found to be
elevated in Niemann-Pick disease (Zhang et al., 2014).
Therefore, the delivery of microbial sterol-catabolizing enzymes into affected cell types
may be advantageous for controlling elevated 7-KC levels, and consequently help to
reduce the severity of the diseases associated with the accumulation of 7-KC. Several
human enzymes are capable of metabolizing 7-KC, but the main limitation is their
localization into cellular compartments other than the lysosomes and are not very
efficient at preventing LMP as well as resulting death-signalling cascade. The goal of this
study, therefore, was to establish the feasibility of introducing an exogenous catalytic
function into the lysosome as a tool to reduce oxysterol levels and its associated cellular
toxicity.
This age related diseases can be targeted through the identification and targeted delivery
of microbial catabolic enzymes capable of degrading oxidized cholesterol products to the
arterial macrophage. The first step is identification and characterization of candidate
enzymes followed by targeted delivery.
This radical approach actually targets the damage at molecular level that determines the
disease, instead of attempting to alter metabolism or to reverse the pathological basis of
the disease. When combined with other rejuvenation biotechnologies such as
the immunotherapeutic clearance of arterial lipoprotein amyloid and the restoration of
arterial elasticity, this approach can maximize the potential to restore the normal
functioning as well as the elasticity of aging arteries.
The present study aims to degrade 7-KC, a major oxysterol implicated in many age
related disorders, through microbial means and find candidate enzymes involved for
further application as a therapeutic. During initial screening of bacteria from
environmental samples, four strains were found to efficiently degrade 7-KC.
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Preliminary in vitro experiments conducted with extra-cellular extract of Alcanivorax
jadensis IP4 also showed degradation of the 7-KC, thus emphasizing the involvement of
suitable extracellular enzymes in the catabolic process.
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4.2 MATERIALS AND METHODS
4.2.1 Media and substrate
7-Ketocholesterol was obtained from Sigma (97.1% pure as determined by gas
chromatography). M9 medium was used in all experiments.
4.2.2 Degradation experiments using environmental isolates
4.2.2.1 Enrichment of bacteria from environmental samples
Soil and manure pile samples were collected from different locations of Rawalpindi and
seawater sediment samples were collected from Karachi. Two soil samples were
collected from Rawalpindi and one seawater and sediment sample from Karachi and one
sample from manure pile was collected from Rawat. Samples were kept at 4 °C till the
processing.
Sample (10g) of soil as well as manure pile were added to 100 mL of distilled water
(sterile), this suspension was further used for inoculation purpose. M9 media (10 mL
each) with final concentration of 7-KC of 1mg L-1 or 0.0025 M as sole carbon and energy
source was prepared and inoculated with 10 mL of soil suspension and incubated in a
shaking incubator at 30°C and 250 rpm. Aliquots (100 µL) were sampled at different time
intervals and analyzed to determine the concentration of target compound by HPLC.
4.2.2.2 Isolation of pure colonies from environmental samples positive for 7-KC
degradation
All positive environmental M9 broth samples were streaked on the M9 agar plated with
7-KC (dissolved in DMSO) applied on the surface as the only carbon and energy source.
Plates were incubated at 30 °C for 72 hours. Morphologically distinct colonies were
picked from the surface of M9 agar plates and were streaked on the nutrient agar plates.
Sub-culturing was done several times to separate mixtures of microorganisms and to get
pure cultures. 7-Ketocholesterol biodegradation potential of the pure cultures was further
confirmed by inoculating in 5mL of M9 medium containing 7-KC as the only carbon and
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energy source. Four Pure colonies giving good results for 7-KC degradation were
selected for the molecular identification.
4.2.2.3 Degradation of 7-KC by bacterial isolates
Pure cultures of all the four isolates were grown in M9 broth (10 mL) with 1mg L -1 and
7-KC as sole carbon and energy source and incubated for 30 hours at 30 °C and 150 rpm.
Samples were collected at different time intervals and analyzed for growth of bacteria and
degradation of 7-KC. All the experiments were run in triplicates.
4.2.3 Analysis of Biodegradation
Culture broth from the transformation experiments were transferred to sterile eppendorfs
and 7-KC biodegradation products were extracted from the reactions with a mixture of
hexane/isopropanol (3:2), through vigorous vortexing. The two phases were separated by
centrifugation at 13000 rpm for 20 minutes, the samples were concentrated by
evaporation, using a rotary evaporator (BÜCHI rotavapor R-200), samples were
redissolved in methanol and run on HPLC.
4.2.3.1 HPLC detection method
The 7-KC content was determined by HPLC. Sample was dissolved in 60 µL of
methanol, filtered and 30 µL was analyzed by reverse phase HPLC (0.72 mL min-1,
85:10:5 methanol/water/acetonitrile) using a Waters Delta 600 Separation Module with a
Waters 2487 dual λ absorbance detector, photodiode array (235 nm) and a Phenomenex
LUNA C18 column (4.6 x 150 mm).
4.2.3.2 UV-VIS spectrophotometry
The growth of bacteria was monitored by increase in OD600 over a period of 30 hours. All
samples were run in triplicate. Samples OD was monitored using a UV-Vis
spectrophotometer (GenesysTM2, ThermoSpectronic) at 600 nm wavelength.
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4.2.4 Molecular identification of environmental isolates
4.2.4.1 Genomic DNA Extraction
Genomic DNA was extracted from four bacterial cultures using the same method as
already described in chapter 3 under the section 3.2.10.1.
4.2.4.2 PCR Amplification of the 16S Ribosomal DNA
The 16S ribosomal DNA segments of bacterial isolates were amplified by PCR (Gradient
Cycler, MJ Research, PTC-200, Peltier Thermal Cycler) out of the extracted genomic
DNA.
Primers 16S-27F (Tm=53.2 °C) and 16S-1492R (Tm=54.6 °C) (Integrated DNA
Technologies, Inc.) were used. Primers sequences used were 16S-27F (5'AGAGTTTGATCMTGGCTCAG-3')

and

16S-1492R

(5'-

TACGGYTACCTTGTTACGACTT-3').
The same PCR mixture composition and experimental conditions were used as already
described in section 3.2.10.3.
4.2.4.3 PCR product purification
PCR product was purified using the same method already described in section 3.2.10.4.
4.2.4.4 DNA sequencing (BigDye terminator chemistry)
DNA sequencing reaction was done using the same conditions as already described in
section 3.2.10.5.
4.2.4.5 BLAST search for sequence homology
The sequencing results were subjected to Blast search at National Centre for
Biotechnology Information (NCBI) nucleotide collection database to identify the
bacterial strain and study the closely related species. The Sequence Files were converted
to Fast alignment sequence tool (FASTA) files, annotated in sequin software and
submitted to NCBI Gene Bank to obtain the accession numbers.
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4.2.5 In-vitro degradation of 7-KC
One of the isolate giving good growth on media with 7-KC and identified as A. jadensis
IP4 was cultured in M9 medium with 7-KC (1 g/L) as the exclusive carbon source. The
culture was harvested on 8th day and extracellular fraction collected by centrifugation at
10,000 rpm for 5 min and 5 °C. The intracellular fraction was obtained by sonication, in
lysis buffer with protease inhibitor cocktail, followed by centrifugation. The extracellular
fraction was lyophilized to concentrate the protein. 1 mL of the each fraction
(extracellular or intracellular) was incubated with 0.5 mg 7-KC in phosphate buffer saline
at pH 7.5, in a final volume of 5 mL for varying periods of time at 30 °C. The control had
no extract in it. The reaction mixture was extracted as described above and residual 7-KC
levels were analyzed by HPLC.
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4.3 RESULTS
4.3.1 Isolation of 7-KC degraders from environmental samples
We got several positive hits for 7-KC biodegradation from the soil and the manure pile as
well as the sea water and sediment samples. All samples were screened for the ability to
grow on 7-KC as sole carbon and energy source in M9 liquid medium. All the positive
cultures were aliquoted on M9 agar plates with 7-KC as sole carbon source, numerous
colony forming units (CFU) appeared on the plates within 3-5 days, and morphologically
distinct colonies were streaked further to obtain pure cultures, which were further
confirmed for their catabolic activity by inoculating in M9 liquid medium with 7-KC as
only carbon source. Four of the strains with proven ability to degrade 7-KC (two isolated
from soil sample, one from manure piles and one from sea water and sediment) were
subjected to molecular identification.
4.3.2 Molecular identification of 7-KC degraders
16S rDNA gene was amplified and sequenced, sequences obtained were analysed by
NCBI BLAST and phylogenetic trees were constructed. When an NCBI blast was done
strain IP4 showed 99% identity with Alcanivorax jadensis strain T9,strain IP3 showed
99% identity with Serratia marcescens strain KRED, strain IP2 showed 99% identity
with Streptomyces auratus strain NRRL 8097 and strain IP1showed 99% identity with
Thermobifida fusca strain 190th.
One of gram negative isolate IP4 of sea water sediment showed a good growth potential
in M9 utilizing 7-KC as only carbon and energy source and was identified as Alcanivorax
jadensis IP4 on basis of 16SrDNA gene homology (Figure 4.1), two isolates of soil found
capable of degrading 7-KC were identified as Serratia marcescens IP3 (Figure 4.2) and
Streptomyces auratus IP2 (Figure 4.3), from manure pile samples Thermobifida fusca IP1
(Figure 4.4) was found efficient at degrading 7-KC.
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Figure 4.1 Phylogenetic tree of Alcanivorax jadensis IP4 (accession number KP309836),
isolated from sea water and sediment sample

Figure 4.2 Phylogenetic tree of Serratia marcescens IP3 (accession number KP309838)
isolated from soil sample.
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Figure 4.3 Phylogenetic tree of Streptomyces auratus IP2 (accession number KP309837),
isolated from soil sample.

Figure 4.4 Phylogenetic tree of Thermobifida fusca IP1 (accession number KM677184),
isolated from manure piles.
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4.3.3 Degradation of 7-KC by bacterial isolates
The growth of four different isolates in terms of increase in OD600 was also determined,
results are shown in Figure 4.5, A. Jadensis IP4 showed highest increase in OD600,
followed by T. fusca IP1, over a period of 30 hours. There was a lag period of 3-6 hours
after that gradual increase in growth (Absorption at 600 nm) was observed. The OD600
reached to a value of 1.0 in 30 hours for bacterial isolate A. jadensis IP4.
On the basis of initial degradation experiments, four isolates, were selected for further
HPLC confirmation. Within the set UV detection range of 190 to 400 nm, no
accumulation of degradation metabolites was revealed. The absorption maximum for 7KC is 233 nm, allowing accurate determination of 7-KC concentration.
On the basis of HPLC results, the most rapid degradation was observed with Alcanivorax
jadensis IP4 and Thermobifida fusca IP1, results are shown for all the four isolates in
Figure 4.6. Alcanivorax jadensis IP4 removed the 7-KC below detection levels within 08
days. On the basis of HPLC results, the isolate Thermobifida fusca IP1 cleared the 7-KC
20% in 3 days, 85% in 6 days, 94% in 9 days and below detection levels in 12 days.
There was gradual decrease in concentration of 7-KC from 1 g.L-1 (initial concentration
and reached to non detectable concentration in 12 days).
The results of the HPLC analysis for 7-KC degradation by Thermobifida fusca IP1, at
different time intervals are presented in Figure 4.7.
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Figure 4.5 Increase in OD600 of the four environmental isolates over a period of 30
hours. A negative control was run containing 7-KC and surfactant only without
inoculation. Strain 1 is A. jadensis IP4, strain 2 is T. fusca IP1, strain 3 is S. auratus IP2
and strain 4 is S. marcescens IP3.
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Figure 4.6 Degradation of 7-KC (experiment conducted at 30 °C, pH 7, 150 RPM) by
four environmental isolates, in the 12-days incubation period. Strain 1 is A. jadensis IP4,
strain 2 is T. fusca IP1, strain 3 is S. marcescens IP3 and strain 4 is S. auratus IP2.
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A
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Figure 4.7 HPLC chromatogram of 7-KC extracted from cultural medium of T. fusca
IP1on Day 3 (a) Day 6 (b), Day 9 (c) and and Day 12 (d).
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4.3.4 In-vitro degradation of 7-KC by crude extracts of A. jadensis IP4
When 7-KC was incubated with the crude intra- and extra-cellular extracts of the most
efficient 7-KC degradation strain A. jadensis IP4, growing in 7-KC for varying time
intervals, the extracellular extract exhibited 61% degradation of 7-KC while the
intracellular exhibited less than 11% degradation after 72 h of incubation, as shown
in Figure 4.8.
The control without extract of A. jadensis IP4 incubated under same conditions showed
no degradation of 7-KC. These results support the major involvement of extracellular
enzymes of the A. jadensis IP4 in the 7-KC catabolism, with possible contribution of
intracellular enzymes at subsequent stages.
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Figure 4.8 7-KC degradation by extracellular and intracellular extracts of A. jadensis IP4
environmental isolate growing in M9 medium with 7-KC as sole carbon source.
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Discussion
Bioremediation is a strategy based on use of plants and microorganisms or their catabolic
enzymes to remove recalcitrant compounds from a contaminated or polluted
environment. When same bioremediation technique is employed to clear the garbage
from aging human body cells, it is termed as “Medical bioremediation”. With increasing
age, an accumulation of degradation resistant compounds within the cellular
compartments occurs, that in turn, impairs the normal cellular activity. These recalcitrant
metabolic byproducts are refractory to the human catabolic enzymes and cannot be
removed (Schloendorn et al., 2009). Accumulation of these compounds in the body leads
to several age related metabolic diseases, including AMD, atherosclerosis and
neurodegenerative diseases (de Grey et al., 2005).
Cellular catabolic processes, include lysosomal autophagy, proteasomal catabolism, and
the catabolic activity of proteases (cytosolic and mitochondrial), altogether work to clear
the load of continuously generated byproducts and unwanted biomolecules and cellular
organelles to maintain the normal cellular functioning. At the same time the inherent
catabolic insufficiency of these catabolic processes lead to the progressive accumulation
of some recalcitrant compounds within aging postmitotic cells (Terman; 2006).
de Grey (2002) came up with a revolutionary therapeutic avenue to target the age-related
storage diseases, by identifying enzymes capable of catabolizing the disease causing
waste compounds accumulated in human body, engineering of the candidate enzyme for
appropriate internalization in to target cell types and function in human cells, and their
delivery by either gene therapy or enzyme replacement therapy as a means of clearing the
pathogenic compound (de Grey et al., 2005). Some of the most important diseases of the
old age caused due to compound accumulation include, atherosclerosis and AMD.
Atherosclerosis is directly linked with the accumulation of cholesterol and oxysterols
especially 7-ketocholesterol in the arterial walls. AMD is linked with the accumulation of
flourescent lipofuscin, mainly the pyridinium bisretinoid A2E and cycloretinal
(Schloendorn et al., 2009).
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Both A2E and cycloretinal are recalcitrant bisretinoids that are refractory to lysosomal
enzyme catabolism. So these compounds can be efficiently targeted through microbial
enzymes without disturbing the homeostasis. AMD is the leading cause of vision
perdition in the old people. Therefore, any treatment strategy aimed at the removal of
these accumulated compounds would serve as promising prospect for mollifying
disorders that account for a large proportion of global health burden. The social and
economic consequences of such an advance must have a good impact (de Grey et al.,
2005).
In the present study degradation of two target compounds A2E and cycloretinal,
implicated in the pathogenesis of AMD, was tried through enzymes of microbial origin.
The work comprised of isolation of microbes capable of degrading A2E and cycloretinal
from environmental samples (water and sediment), characterization of the enzyme
involved in the degradation of both bisretinoids, heterologous expression of the catabolic
fungal enzyme in E. coli, characterization of degradation products through GCMS and
stable transfection of catabolic microbial enzyme in to ARPE-19 cells.
Initially the screening of environmental samples and four ATCC strains for their ability to
biodegrade both bisretinoids was conducted. The selection of the four ATCC strains was
based on their reported good biodegradation potential for aromatic compounds and oils.
Out of the four ATCC strains tested, two strains ie. Pseudomonas putida (ATCC Number
700412) and Marasmius scorodonius 3975 (ATCC Number 76439) showed ability to
biodegrade both A2E and cycloretinal.
The genus Pseudomonas encompass an enormous diversity of species that are adapted to
very different environments. This capability to flourish and survive in various habitats
coincides with an enormous metabolic capacity of this genus which is reflected by the
ability to use recalcitrant compounds as carbon source (Rehm, 2010). They comprise a
taxon of metabolically versatile organisms which is capable of degrading a wide variety
of simple and complex organic compounds. They are reported to catabolize a number of
natural as well as man-made toxic organic compounds (Holloway, 1955; Sharma and
Pathak, 2014). Pseudomonas putida has also been reported efficient at biodegradation of
crude oil and petroleum products (Vinithini et al., 2015). Extracellular peroxidases of
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basidiomycete, Marasmius scorodonius has been shown to degrade β-carotene, a
naturally occurring carotenoid (Scheibner et al., 2008). The chemical structure of βcarotene is very similar to bisretinoids, A2E and cycloretinal.
Environmental samples from three different locations within the state of Texas, USA
were assessed for their ability to use the A2E and cycloretinal as sole carbon and energy
source. Two bacterial isolates IP6 and IP7 and one fungal isolate IP5 showed the ability
to degrade the cycloretinal as well as A2E. Degradation products were identified as βionone and 2, 4-dimethyl benzaldehyde for cycloretinal while β-ionone was identified as
a major degradation product of A2E. Later on the basis of 16S rDNA homolgy the
bacterial isolates were identified as Pseudomonas stutzeri IP7 and Delftia acidovorans IP
6. Fungal isolate IP5 was identified as Aspergillus niger on the basis of sequence obtained
for 18S rDNA. Delftia acidovorans strains have been reported previously to biodegrade
different aromatic compounds (Shetty et al., 2015; Yoon et al., 2014; Urata et al., 2004).
Aspergillus species has largely been shown to biodegrade organic wastes of different
origins including kerosene oil (Hasan, 2014; Saratale et al., 2007), petroleum
hydrocarbons (Lotfinasabasl et al., 2012; AI-Jawhari, 2014) and azo dyes (Sudha et al.,
2014). Crude oil biodegradation and production of rhamnolipids have been reported by
Pseudomonas stutzeri (Celik et al., 2008). Three positive strains for the biodegradation of
cycloretinal and A2E were isolated from Bryan Lake water and sediment samples and
there was no positive strain from other two locations ie. Dog Park and Creek Meadow
Pond. This is exactly what we expected.

Bryan Lake is a centre of attraction for

swimmers and boating enthusiastic, during these activities people put a lot of oil in to
water, so we can expect oil degrading micro-organisms in Bryan Lake that can also
efficiently biodegrade the bisretinoids through their enzymes.
The fungal strain, Marasmius scorodonius showing promising results for the
biodegradation of both A2E and cycloretinal was selected for further study. Two
extracellular heme containing peroxidases, MsP1 and MsP2 of the Marasmius
scorodonius were expected to be involved in the biodegradation of A2E and cycloretinal
as these enzymes has already been proved to biodegrade a very similar compound, βcarotene (Scheibner et al., 2008). MsP1 gene was successfully amplified from genomic
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DNA of the Marasmius scorodonius (Figure 3.13). But we planned to get the MsP1gene
denovo synthesized with E. coli codon usage for heterlogous expression in E. coli, and
with human codon optimization for stable transfection in ARPE-19 cell line.
Codon bias emerges when the interchangeable codons occur in the native gene with a
frequency significantly different from that of the expression organism. During process of
synthesis of recombinant protein, there occurs a depletion of low-abundance tRNAs, this
deficiency can result in the miss-incorporation of amino acid or even truncation of the
polypeptide, thus causing a reduction in protein expression levels and/or the activity of
the protein (Gustafsson et al., 2004). The codons used by E. coli at a frequency <1% are
categorized as rare codons (Kane, 1995). For example, the codon AGG encoding for
Arginine is a rare codon in E. coli with a usage frequency of <0.2%, but in plants its
usage frequency can attain a value of >1.5%, and is not a rare codon. The main purpose
of codon usage optimization is to replace the rare codons in the native gene with the high
frequency usage codons of the expression host (Burgess-Brown et al., 2008; Welch et al.,
2009; Menzella, 2011).
The solubility of fatty acid-binding protein 1 of the Echinococcus granulosus was
significantly enhanced on substitution of low-frequency codons in a linker region of the
gene with the synonymous higher frequency usage codons (Cortazzo et al., 2002). These
results suggest that the kinetics of translation as well as in vivo folding of recombinant
protein can be enhanced by codon optimization in a slower translation region.
Higher frequency usage codons, could provide a metabolic advantage by improving
translation efficiency and reducing the chances of protein misfolding. Thus, with a view
toward developing optimal strategies for synthetic gene design, increasing the relative
AU codon content (i.e., lowering mRNA hairpin structure stability) in the termini of an
oral reading frame (particularly the 5′-end) can lead to striking increase in expression
levels (Voges et al., 2004). The hurdles in heterologous protein expression can be
mollified by revising sequence GC content, and thus, codon bias relative to the host
expression system and the native gene sequence. Improvements can be boosted by
avoiding mRNA secondary structures particularly at the 5′-end of coding sequences,
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allowing for more stable translation initiation complexes and ensuring impediment-free
launches of ribosomes on mRNA required for efficient peptide translation and elongation
(Angov, 2011).
The gene MsP1 (E. coli codon optimized) of Marasmius scorodonius was cloned and
over expression in E.coli. Benefits of using E. coli as expression system is manifold. The
ease of manipulation and large-scale cultivations makes it an attractive and cost effective
host for overexpression of peroxidases. In terms of recombinant expression, E. coli has
always been the organism of choice. E. coli is a suitable host for expression of stably
folded, globular proteins of both prokaryotic as well as eukaryotic origin. Large-scale
protein expression trials have shown that <50% of bacterial proteins and <15% of nonbacterial proteins can be expressed in E. coli in a soluble form, which shows the
versatility of the system (Braun and LaBaer, 2003). E. coli use as a cell factory for
recombinant protein expression is well established and it has become the most popular
expression platform. For this reason, there are many molecular tools and protocols
available for over expression of heterologous proteins, such as a vast catalog of
expression plasmids, a great number of engineered strains and many cultivation strategies
(Rosano, and Ceccarelli, 2014). There are many advantages of using E. coli as the host
organism. It has unparalleled fast growth kinetics. In glucose-salts media and given the
optimal environmental conditions, its doubling time is about 20 min (Sezonov et al.,
2007). This means that a culture inoculated with a 1/100 dilution of a saturated starter
culture may reach stationary phase in a few hours. Furthermore high cell density cultures
are easily achieved with E. coli (Shiloach and Fass, 2005). For E. coli rich complex
media can be made from readily available and inexpensive components and
transformation with exogenous DNA is fast and easy. Plasmid transformation of E.
coli can be performed in as little as 5 min (Pope and Kent, 1996).
For gene cloning plasmid system used was pET 24b. The T7 promoter system present in
the pET vectors (pMB1 ori, medium copy number, Novagen) is extremely popular for
recombinant protein expression. This is not surprising as the target protein can represent
50% of the total cell protein in successful cases (Baneyx, 1999; Graumann and
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Premstaller, 2006). In this system, the gene of interest is cloned behind a promoter
recognized by the phage T7 RNA polymerase (T7 RNAP).
Further the E.coli BL21strain was used for expression studies. BL21 cells are deficient in
the Lon protease, which degrades many foreign proteins (Gottesman, 1996). The BL21
(DE3) and its derivatives are by far the most used strains for heterologous protein
expression. In all the experiments of cloning and expression Lauria broth (LB) media was
used. LB is the most commonly used medium for culturing E. coli. It is easy to make, it
has rich nutrient contents and its osmolarity is optimal for growth at early log phase. All
these features make it adequate for protein expression and compensate for the fact that it
is not the best option for achieving high cell density cultures. Despite being a rich broth,
cell growth stops at a relatively low density. This happens because LB contains sparse
amounts of carbohydrates (and other utilizable carbon sources) and divalent cations
(Sezonov et al., 2007).
We failed to get soluble protein when fungal enzyme MsP1 of M. scorodonius was over
expressed in the E. coli (with E. coli codon optimization). The overexpressed MsP1
aggregated into the inclusion bodies. In a previous study when an extracellular heme
containing peroxidase, MsP2, of the same strain i.e. M. scorodonius was overexpressed in
E. coli, the recombinant MsP2 was produced in high yield as insoluble inclusion bodies
(Zelena et al., 2009). In another study when dye-decolorizing peroxidase (DyP) of
Auricularia auricula-judae was expressed heterologously in E. coli, recombinant DyP
was produced in high quantity as inclusion bodies (Linde et al., 2014). Inclusion bodies
formation occurs due to an unbalanced equilibrium between protein aggregation and
solubilization. So, it is possible to obtain a soluble recombinant protein by employing the
strategies that ameliorate the factors leading to inclusion bodies formation (Carrio and
Villaverde, 2001, 2002). One of these strategies is to fuse the desired protein to a fusion
partner that acts as a solubility enhancer.
In the present study fungal peroxidase MsP1 (with E. coli codon optimization) was
cloned in pMALc4x vector along with Maltose Binding Protein (MBP) with a TEV
cleavage site in between them and was expressed in E. coli (BL21) as a fusion protein
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(MBP-TEV cleavage sit-MsP1). TEV protease mediated cleavage of fusion protein
yielded the MsP1 in soluble and active form. Adding MBP, one of the most popular
fusion tag, as a fusion partner has the extra advantage of working as solubility enhancer
(Hammarstrom et al., 2002). it has been shown that MBP possesses an intrinsic
chaperone activity (Kapust and Waugh, 1999; Raran-Kurussi and Waugh, 2012).
Furthermore MBP can be used to purify the fusion protein by affinity chromatography, as
MBP binds to amylase-agarose.
TEV protease mediated cleavage of fusion protein (MBP-TEV cleavage sit-MsP1) was
conducted to yield MsP1. In the previous studies tobacco etch virus (TEV) protease have
been successfully used for the cleavage of fusion proteins resulting in MBP removal
leaving behind protein of interest (Jenny et al., 2003; Blommel and Fox, 2007). Choice of
a protease is based on several factors such as specificity, cost, number of amino acids left
in the protein after cleavage and ease of removal after digestion (Waugh, 2011).
Enterokinases and thrombin were popular in the past but the use of His-tagged TEV has
been increased due to its high specificity (Parks et al., 1994), its ease of production in
large quantities (Tropea et al., 2009) and its minimal residue of only a serine or glycine
residue (or even the natural N-terminus) after cleavage (Kapust et al., 2002).
For MsP1 expression in E. coli BL21 (λDE3, Novagen) after induction cultures were
incubated at16 °C for a further 24 h before being harvested by centrifugation. Slower
rates of protein production at low temperatures give sufficient time to newly transcribed
recombinant proteins to fold properly. Moreover, the proper folding of protein is greatly
enhanced due to the reduction of cellular protein concentration. By far, the most
commonly used way to lower protein synthesis is reducing incubation temperature
(Schein and Noteborn, 1988; Vasina and Baneyx, 1997; Vera et al., 2007).
Recombinant protein aggregation decreases considerably at low temperatures while at
higher temperatures protein aggregation is favored due to the temperature dependence of
hydrophobic interactions (Baldwin, 1986; Makhatadze and Privalov, 1995; Schellman,
1997). When Inclusion body formation is a problem, recombinant protein expression
should be carried out in temperature range of 15-25°C (San-Miguel et al., 2013).
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Recombinant MsP1 expression under standard expression conditions in LB medium was
low with about 0.2 mg/Liter. I tried expression in M9 medium with β-Carotene as only
carbon source with addion of hemin, but found no improvement. Later I tried expression
in LB with addition of hemin, and used baffled flasks, it resulted in a considerable
increase in the expression levels and I got 0.482 mg/Litre of MsP1. Insufficient
incorporation of heme is considered a central impeding cause in the recombinant
production of active heme proteins. Currently, two approaches are commonly taken to
overcome this bottleneck; metabolic engineering of the heme biosynthesis pathway in the
host organism to enhance intracellular heme production, and supplementation of the
growth medium with the desired cofactor or precursors thereof to allow saturation of
recombinantly produced apo-forms of the target protein. In one of the study conducted by
Krainer et al., (2015) the effect of both, pathway engineering and medium
supplementation, to optimize the recombinant production of the heme protein horseradish
peroxidase in the yeast Pichia pastoris was investigated. co-overexpression of genes of
the endogenous heme biosynthesis pathway did not improve the recombinant production
of active heme protein. However, medium supplementation with hemin proved to be an
efficient strategy to increase the yield of active enzyme.
As the number of cells per liter increases, oxygen availability becomes an important
factor with profound influence on growth (O’Beirne and Hamer, 2000; Losen et al.,
2004). Oxygen limitation triggers the expression of more than 200 genes in an attempt to
adjust the metabolic capacities of the cell to the availability of oxygen, all of which
hinder optimal growth over long culture periods (Unden et al., 1995). The easiest way to
increase the amount of available oxygen in shake vessels is to increase shaking speed or
to use baffled flasks. More agitation is generated in baffled flasks (Rosano and Ceccarelli,
2014).
The activity of the purified recombinant MsP1 was studied directly towards A2E and
cycloretinal. MsP1 bleached/decolorized both A2E and cycloretinal visibly, suggesting
significant breakdown of the molecule. For the confirmation of degradation of
compounds by MsP1, HPLC and GCMS were done on the extracted samples. Major
degradation products identified through HPLC and GCMS in case of cycloretinal were β146
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ionone and 2, 4-dimethyl benzaldehyde (Figure 3.32-3.34). A2E degradation products
identified were β-ionone and an aldehyde (Fig 3.35 & 3.36). It’s important to note that
MsP1 as well as all the environmental isolates generated the same reaction products, and
each reaction product was further degraded successively. The degradation products
yielded by enzymatic reaction were hydrophilic and colorless. They stained heavily with
2, 4-dinitrophenylhydrazine, suggesting the presence of aldehyde groups. This is
consistent with the known action of peroxidases on carotenoids (Gelinas et al., 1998).
GC/MS analysis of the both A2E and cycloretinal degradation samples showed that βionone had formed. This is consistent with cleavage of the 8, 9-bond and analogous to the
reaction MsP1 usually catalyzes on its other substrates (Zelena et al., 2009).
Peroxidases have been well reported to oxidatively catabolize a wide variety of organic
dyes and pigments, even those possessing an extended conjugated carbon-carbon doublebond system (Gelinas et al., 1998). It was remarkable that a single enzyme, MsP1
accepted both A2E and cycloretinal as a substrate. The degradation of two major
lipofuscins, A2E and cycloretinal was reported here in the present study by a single
extracellular heme containing peroxidase of Marasmius scorodonius. To best of our
knowledge, this is the very first report of enzymatic biodegradation of cycloretinal by a
fungal peroxidase. The aldehydes are water soluble and may be degraded and even
removed by indigenous metabolic pathways in the human body. The Marasmius
scorodonius peroxidase MsP1 catalyzed multiple step-wise oxidations of the many
conjugated double bonds in the A2E and cycloretinal molecule, leaving aldehydic ends.
The formation of aldehydes is not an indicator of toxicity. Normal human body
metabolism leads to the production of many aldehyde products for example glucose,
glyceraldehyde-6-phosphate and acetaldehyde. Few of these aldehydes are present at very
high concentrations throughout the body in healthy individuals without raising any
toxicity issues. However, it is mandatory to test the toxicity of degradation products of
both A2E and cycloretinal experimentally by using human cell lines and further by
animal studies.
MsP1showed a good activity in both acidic as well as basic pH range. This broad range
pH activity is required, because lysosomal environment is acidic, but may become neutral
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when over loaded with cycloretinal and A2E (Holz et al., 1999). Thus, lipofuscins might
be degraded at all stages of the advancing AMD. Most of DyP type fungal peroxidases
are reported to have a low optimal pH as well as high stability towards acidic pH
(Salvachua et al., 2013). Highest activity of MsP1 is observed at pH 5.5. The DyP
enzymes of basidiomycetes are active at acidic pH, which is most likely due to the
aspartate of the GXXDG motif that functions as an acid-base catalyst in acidic pH range
for a subset of dye-decolorizing peroxidases (Sugano et al., 2007; van Bloois et al.,
2010).
Heme-containing DyP peroxidases, are different from the superfamilies of plant and
animal peroxidases. DyP peroxidases have been reported in the genomes of bacteria,
fungi as well as archaea, although their physiological function is still not well established.
DyP peroxidases are bifunctional enzymes exhibiting not only oxidative activity but also
hydrolytic activity. (Sugano., 2009; Scheibner et al., 2008). Moreover, these enzymes are
able to oxidize a large variety of organic compounds, including dyes, β-carotene, and
aromatic sulfides. Furthermore microbial DyP peroxidases have been shown to play a key
role in the degradation of lignin. Owing to their unique properties, these enzymes are
potentially interesting for a variety of biocatalytic applications (Colpa et al., 2014). All
characterized DyP peroxidases contain non-covalently bound heme (proto heme IX) as
cofactor (Li et al., 2012; Sturm et al., 2006).
The most distinguishing feature of DyP peroxidases is their unparalleled catalytic
properties. Firstly, these enzymes are active at low pH (Sugano et al., 2007; van Bloois et
al., 2010). Secondly, DyP peroxidases exhibit a unique substrate acceptance profile.
These enzymes are able to degrade various dyes efficiently and in particular
anthraquinone dyes, which are poorly accepted by plant and animal peroxidases.
Furthermore, DyP-type peroxidases display poor activity towards azo dyes and small
non-phenolic compounds unlike plant and animal peroxidases (Ahmad et al., 2011;
Chen., 2006; Kim and Shoda., 1999; Liu et al., 2011; Ogola et al., 2009).
Kinetic study was also done for recombinant MsP1 expressed in E. coli, using different
substrate (cycloretinal) concentrations in the range of 90 µM to 272 µM, and a constant
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enzyme concentration0.05 mg/mL. The value for Kcat/Km obtained was 263.8 M-1s-1 and
Kcat was as 0.280 s-1 for MsP1. We have a future plan to do enzyme evolution for MsP1 to
increase its Kcat value.
Further site directed mutagenesis of MsP1 gene was carried out at two residues i.e.
Aspartic acid at residue 336 and Histidine at residue 221. The gene sequences of already
known fungal DyP peroxidases were aligned with the MsP1 gene sequence in
CLUSTALW software to find out the regions of consensus sequences. Both selected
residues were mutated to Alanine. Both mutants showed a reduced Kcat/Km value in
comparison to the wild type MsP1. However the decrease in Kcat/Km value was more
pronounced in H221A mutants. Kinetics result show that Histidine residue at position
221 is important for the catalytic activity of peroxidase MsP1. In our study mutation of
Aspartic acid by an alanine, slightly affected the peroxidase activity of the MsP1.
Previously, Scheibner et al., (2008) described both histidine at position 221 and aspargine
residue at position 336 of MsP1 and MsP2 presumably involved in the binding of the
heme group.
To evaluate the activity of candidate enzyme MsP1 for lipofuscin-degradation in cell
models of macular degeneration, further work on ARPE-19 cell line was conducted by
our collaborator, Brendan Foley of Texas A & M University. His preliminary data further
supported our view that the aldehydic degradation products are non-toxic, and reinforce
the efficacy of a medical bioremediation approach to clear the accumulated lipofuscin
materials, as a treatment option for AMD and Stargradt’s disease (personal
Communcation).
Heart attacks and stroke together constitute the major cause of death in the industrialized
world, and the atherosclerosis is the major contributor towards both of them (de Grey et
al., 2005). The pathogenesis of many age-related disorders such as atherosclerosis,
Alzheimer’s disease, AMD, Parkinson's disease and cancer have been found to be
associated with the accumulation of an undesirable compound, a cholesterol oxide, 7Ketocholesterol (7-KC), due to the catabolic insufficiency of the human catabolic
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machinery to catabolise this recalcitrant compound (Schloendorn et al., 2009; Huang et
al., 2014).
Statin therapy has been shown to cause a considerable reduction in atherosclerotic plaque
volume in patients but no significant change in plaque composition was seen following
statin therapy (Tian et al., 2012). So an effective treatment strategy directly targeting
cholesterol and cholesterol oxide deposits is certainly needed. Medical bioremediation
strategy of targeting cholesterol oxide through microbial enzymes may remove the
accumulated compounds and abolish its related toxicity. It is important to break apart the
chemical structure through enzymatic action to the extent until non-toxic products are
formed.
In the present study isolation of potential 7-KC degraders was performed from
environmental samples of different origin. When soil and manure pile samples collected
from five different locations of Rawalpindi and sea water and sediment samples collected
from Karachi, for their ability to use the energy rich compound, 7-KC as sole carbon and
energy source was tested there was indication of growth in all the samples. From these
enriched cultures four bacterial isolates, showing good catabolic activity, were identified
as Alcanivorax jadensis IP4, Serratia marcescens IP3, Streptomyces auratus IP2,
Thermobifida fusca IP1 on the basis of 16S rDNA gene homology. Degradation of the
compounds was also tested by these isolates and the most rapid degradation was observed
with Alcanivorax jadensis IP4 followed by Thermobifida fusca IP1.
Alcanivorax jadensis IP4, gram negative isolate of sea water sediment removed the 7KC
below detection levels within 08 days. Genus Alcanivorax is well known for crude oil
(Kostka et al., 2011; Cappello et al., 2006; Kasai et al., 2002) and alkane degradation
(Liu and Shao, 2005; Golyshin et al., 2003; Dutta and Harayama, 2001). They are
currently considered to be the world’s most important oil-degrading organisms (Martins
et al., 2008; Kasai et al., 2002) and are also capable of producing biosurfactants (Qiao
and Shao, 2010; Yakimov et al., 1998).
The manure pile isolate Thermobifida fusca IP1 cleared the 7KC 20% in 3 days, 85% in 6
days, 94% in 9 days and below detection levels in 12 days. There was gradual decrease in
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concentration of 7-KC from 1 g.L-1 (initial concentration and reached to non detectable
concentration in 12 days) (Fig.4.7). When 7-KC was incubated with the crude intra- and
extra-cellular extracts of the most efficient 7-KC degradation strain, A. jadensis, growing
in 7-KC, the extracellular extract exhibited 61% degradation of 7-KC while the
intracellular extract exhibited less than 11% degradation after 72 h of incubation (Figure
4.8). These results supported the major involvement of extracellular enzymes of the A.
jadensis in the 7-KC catabolism, with possible contribution of intracellular enzymes at
later stages. Although, dioxygenase, cytochrome P450, dehydratase, 7-keto reductase,
have been reported to be essential for degradation of 7-KC by R. jostii RHA1, it would
need detailed investigation on involvement of different enzymes in the present case
(Mathieu et al., 2010).
Conclusions and Future prospective
The application of microbial catabolic enzymes to the degradation of the two important
lipofuscins i.e. cycloretinal and A2E, involved in the pathogenesis of AMD and
Stargradt’s disease was reported in the present study for the very first time.
Medical bioremediation is the aspiring approach aimed at targeting the recalcitrant
compounds involved in age-related storage disorders with catabolic enzymes of nonhuman origin (exogenous enzymes) that can catabolize the target compounds without
disturbing the homeostasis. In this thesis, initial findings towards enzymatic degradation
of two important lipofuscins, A2E and cycloretinal simultaneously by a single fungal
peroxidase, MsP1 is reported. No microbes or enzymes degrading cycloretinal were
known before this work.
Environmental isolates both of bacterial and fungal origin showed ability to grow on
lipofuscins as sole source of carbon and energy. They also showed successful degradation
of both compounds, cycloretinal and A2E, implicated in the pathogenesis of AMD and
Stargradt.s disease.
A single DyP peroxidase of basidiomycete Marasmius scorodonius, MsP1 accepted both
A2E and cycloretinal as a substrate. The MsP1 catalyzed multiple step-wise oxidations of
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the many conjugated double bonds in the A2E as well as cycloretinal molecule, leaving
aldehydic ends. I characterized β-ionone and 2, 4-dimethyl benzaldehyde as the major
biodegradation products of cycloretinal by GCMS and ESI-MS/MS.
This research work provides the key initial findings that can pave the way towards
execution of the aspiring proposal called enzymatic degradation of lipofuscins (A2E and
cycloretinal) and oxysterol (7-KC), a new strategy for the treatment of Age Related
Macular Degeneration (AMD) and atherosclerosis. I discovered a single enzyme capable
of catabolizing the key targets cycloretinal and A2E. In preliminary cell culture studies
performed on ARPE-19 cell lines no acute toxicity has been found. These encouraging
results suggest further work to design a drug delivery system targeted at lysosomal
compartments, that can function in vivo. This would make possible further in vivo
investigations to ascertain the cytotoxicity of the candidate peroxidase. Pre-clinical
evaluation of the catabolic enzymes as biotechnology therapeutics seems to be a realistic
near-term possibility. The enzyme MsP1 and other enzymes from bacterial isolates
catbolizing the target compounds may be taken as first choice biotechnology therapeutics
for this presently untreatable disease condition in future.
The second part of this study was to isolate the microorganisms capable of catabolizing
7-KC. In summary, we have found that several bacterial species isolated from
environmental samples can degrade the most abundant cholesterol oxide 7-KC. Several
bacteria were isolated from diverse environmental niche including soil, manure piles and
sea water and sediment, based on their potential to use 7-KC as sole carbon source. These
results clearly show that environmental bacteria are capable of catabolising the 7-KC and
found that catabolic enzymes involved in biodegradation can lead to the identification of
specific enzymes capable of catabolising cytotoxic cholesterol derivatives for potential
therapy against atherosclerosis and several other age related diseases caused due to the
accumulation of 7-KC.
The harnessing of microbial catabolic capacity for the treatment of age-related disease
offers new therapeutic options for some of the most common maladies of Western
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society. However, widespread implementation of medical bioremediation will depend on
the success of trials that will test its efficacy and safety.
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