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ABSTRACT

Xenobiotic compounds are man-made chemicals that are present in the environment at
unnaturally very high concentrations. One such xenobiotic compound phthalates or phthalic
acid esters (PAEs), are the dialkyl or alkyl aryl esters of o-phthalic acid, which are
ubiquitous environmental pollutants. They are frequently used as plasticizers to provide
stability to the plastic products. They have different properties which certainly depend on
the composition and the type of alcohol that usually makes up the alkyl chain of phthalates.
Several experimental and in silico molecular docking studies have highlighted the toxic
effects related to phthalate exposure. This may eventually lead to the inhibition of normal
activities - of various receptors such as peroxisome proliferator-activated receptors,
glucocorticoid receptors, estrogen receptors and progesterone receptors and etc. Six PAEs
namely Dimethyl phthalate (DMP), Diethyl phthalate (DEP), Di-n-butyl phthalate (DnBP),
Butyl benzyl phthalate (BBzP), Bis-(2-ethylhexyl) phthalate (DEHP) and Di-n-octyl
phthalate (DnOP) are in the priority pollutants list of United States Environmental
Protection Agency (USEPA) and European Union (EU) due to their explored toxicological,
teratogenic and mutagenic properties.

Likewise, polychlorinated biphenyls (PCBs) are groups of man-made organic chemicals
consisting of carbon, hydrogen and chlorine atoms. The number of chlorine atoms and their
location in a PCB congener determines many of its physical and chemical properties. Due
to their non-flammability, chemical stability, high boiling point and electrical insulating
properties, PCBs were extensively used in hundreds of industrial and commercial
applications. Polychlorinated biphenyls (PCBs) are among-the maost persistent chlorinated
environmental pollutants despite long-term regulation of their manufacture and use. The
discovery of many bacterial strains that are able to partially degrade PCBs has fueled
research directed towards improving the bioremediation strategies for the clean-up of PCB
contaminated site.

Keeping in mind the toxic effects of such harmful xenobiotic compounds and
understanding the emergence of underlying concern; related to their toxicological aspect, to
combat them with newer the bioremediation strategies, integrated structure based
approaches have been used in the thesis objectives.



Chapter 1 gives the brief introduction about the xenobiotic compounds. It further
illustrates the use of microbial activity based bioremediation strategy to combat the
continuing problem of xenobiotic pollution.

Chapter 2 deals with the overview of computational approaches used for assessing the
binding of commonly used high molecular weight phthalates such as dicyclohexyl
phthalate (DCHP) and its monophthalate metabolite monocyclohexyl phthalate (MCHP), to
the important human glucocorticoid receptor (hGR). The rise in rates of metabolic disorder
is ultimately related to increase in exposure, usage, and production of these xenobiotic
compounds. A large variety of environmental endocrine disrupting substances influence
adipogenesis and obesity. “Obesogens” are chemical agents that improperly regulate the
genes involved in glucose metabolism and adipocyte differentiation and promote lipid
accumulation and adipogenesis. The human glucocorticoid receptor (hGR) is a steroid
hormone- triggered transcriptional factor and regulates target genes important in basal
glucose homeostasis. Molecular docking analysis was performed in order to assess the in-
silico structure based toxic effects of high molecular weight phthalate dicyclohexyl
phthalate (DCHP) and its monophthalate metabolite mono-cyclohexyl phthalate (MCHP).
DCHP and MCHP were docked within the active site cavity of the human glucocorticoid
receptor (hGR). Molecular docking results show that the binding affinities of DCHP and
MCHP lie within the comparable range with Dexamethasone (DEX), a potent agonist for
hGR. Molecular Docking and simulation results emphasize that DCHP and MCHP can
efficiently bind to hGR, which further leads to glucocorticoid-mediated adipogenesis.in a
synergistic manner.

Chapter 3 explains the binding of phthalates with human a-amino-B-carboxymuconate-e-
semialdehyde decarboxylase (hACMSD), a zinc-containing amidohydrolase which is a
vital enzyme of the kynurenine pathway of tryptophan metabolism. It prevents the
accumulation of quinolinic acid (QA) and helps in the maintenance of basal Trp-niacin
ratio. To assess the structure based inhibitory action of PAEs such as DMP, DEP, DBP,
DIBP, DEHP and their metabolites, these were docked into the active site cavity of
hACMSD. Docking results show that the binding affinities of PAESs lie in the comparable
range with Dipicolinic acid, a substrate analog of hACMSD. PAEs interact with the key
residues such as Argd7 and Trp191 and lie within the 4 A vicinity of zinc metal at the



active site of hACMSD. Dynamics and stability of the PAEs-hACMSD complexes were
determined by performing molecular dynamics simulations using GROMACS 5.14.
Binding free energy calculations of the PAES-hACMSD complexes were estimated by
using MMPBSA method. The results emphasize that PAEs can structurally mimic the
binding pattern of tryptophan metabolites to hACMSD, which further leads to inhibition of
its activity and accumulation of quinolate in the kynurenine pathway of tryptophan
metabolism.

Chapter 4 describes the isolation and characterization of three bacterial strains
capable of degrading phthalates namely Pseudomonas sp. PKDM2, Pseudomonas sp.
PKDE1 and Pseudomonas sp. PKDE2 for their degradative potential. These strains
efficiently degraded 77.4% - 84.4% of DMP, 75.0% - 75.7% of DEP and 71.7% - 74.7% of
DEHP, provided the initial amount of each phthalate is 500 mg L™, after 44 hours of
incubation. ‘GC-MS results reveal the tentative DEHP degradation pathway, where
hydrolases mediate the breakdown of DEHP to phthalic acid (PA) via an intermediate
MEHP. MEHP hydrolase is a serine hydrolase which is involved in the reduction of the
MEHP to PA (phthalic acid). The predicted 3D model of MEHP hydrolase from
Pseudomonas mosselii was docked with phthalate monoesters (PMES) such as mono-
ethylhexyl phthalate (MEHP), mono-n-hexyl phthalate (MHP), mono-n-butyl phthalate
(MBP) and mono-n-ethyl phthalate (MEP), respectively. Docking results show that the
distance between the carbonyl carbon of respective phthalate monoester and the hydroxyl
group of catalytic serine lies in the range of 2.9 to 3.3 A, which is similar to the enzyme-
substrate (ES) complex of other serine hydrolases. This structural study highlights the
interaction and the role of catalytic residues of MEHP hydrolase involved in the
biodegradation of phthalate monoester metabolites to phthalate.

Chapter 5 describes the characterization of phthalate dioxygenase reductase
(RePDR), an important enzyme of the PDO-PDR system from Ralstonia eutropha strain
CH34, a gram-negative bacteria important from remediation viewpoint. PDR from
Ralstonia eutropha strain CH34 was cloned, expressed and purified and characterized. The
crystal structure of phthalate dioxygenase reductase is available from Burkholderia
cepacia, a gram-negative bacterium (PDB ID: 2PIA). PDR has been reported to have three

domains, the N-terminal FMN binding domain, central NAD (H) binding domains, and C-



terminal [2Fe-2S] domain. The overall stability of the model of RCPDR was assessed by
simulation studies and compared with 2PIA. In silico analysis of the complex formation of
(phthalate dioxygenase), RePDO-RePDR is also studied and important interactions
involved in complex formation were analyzed. Important interface residues from both the
individual counterparts, i.e. RePDO and RePDR have been elucidated. The evolutionary
relationship between important interface residues has also been established.

Chapter 6 describes the screening of polychlorinated biphenyl (PCB) library with native
Biphenyl dioxygenase (BPDO) structure from Pandoraea pnomenusa B-356, in order to
evaluate the influence of the pattern and degree of chlorination on the catalytic activity of
BPDO. Therefore, for that purpose, PCB congener library of 209 congeners was made and
screened to elucidate the enhanced degradation abilities of BPDO. The important features
related to congener specificity were highlighted. Through docking studies the binding
ability of BPDO from Pandoraea pnomenusa B-356 w.r.t. PCB congeners was measured
and important active site residues involved in the interaction were acknowledged.
Moreover, the geometrical properties of the congeners such as aromatic benzene dimer ring
offset, and the angle of rotation in between the two aromatic biphenyls influencing the rate
of catalysis is also highlighted. The results related to the geometry and electrostatic
properties of chlorinated biphenyls can be useful to rationalize their selective toxicities.
Furthermore, structure determination of biphenyl dioxygenase from Pandoraea pnomenusa

B-356 in complex with 2,3”,5’trichlorobiphenyl was also done.
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CHAPTER 1

INTRODUCTION AND REVIEW OF LITERATURE






1.1 Xenobiotic compounds in the environment

Over the last few decades, dependence upon synthetic chemicals has eventually led to their
increased production, enhanced application and hence larger amount of their discharge into
the environment [1]. Such xenobiotic compounds are synthetic or man-made recalcitrant
compounds which are difficult to degrade and are persistent in the environment for a longer
period of time. Appropriate determination of chemical persistence is vital for strategic risk
assessment and management interrelated to their usage and disposal. These compounds are
hazardous in nature and on exposure exhibit the feature associated with acute or chronic
toxicity, for example, phenolic compounds, cyanides, several long chain aliphatic
compounds, polycyclic aromatic compounds and many more [2].

Biochemically, microorganisms do not synthesize these compounds, so these compounds or
their basic structural frame either do not or very rarely found in natural biological products.
Therefore, it is to be noted that, during the course of evolution, microorganisms have not
encountered these structural compounds, and consequently they have not developed the
ability to completely degrade or mineralize these synthetic compounds in the environment
[3]. However, few smaller xenobiotic compounds such as low molecular weight
halogenated compounds are relatively water soluble and can be anaerobically/aerobically
degraded via incorporating different metabolic pathways. There are many recalcitrant
environmental chemicals such as Polyhalogenated biphenyls, phthalic acid esters (PAEs),
aromatic nitro-compounds, etc. that can be partially mineralized by microorganisms as a
sole source of carbon and energy [4]. The description of physiochemical properties of
common environmental xenobiotic compounds is shown in Table 1.1. Several attempts
have been made for microbial enrichments and development of pure cultures and mixed
population, that can completely degrade these unsafe chemicals. Several synthetic organic
compounds can be removed with the help of microbes after providing appropriate process
conditions under normal environmental condition [5]. Therefore, a foremost objective of
environmental biotechnology is the eradication and detoxification of these harmful
chemicals via the establishment and optimization of highly proficient biological methods

that can efficiently utilize the naturally accessible catabolic potential for the same purpose.



1.2 Classification of xenobiotic compounds

Large-scale pollution arising as a result of excessive usage of synthetic chemical substances
and to some degree by means of natural entities, is raising the alarm on a global scale [1].
As compared to pre-industrial times, there are several factors which contribute to
environmental degradation and pollution, such as industrialization with increased use
chemical materials such as, petroleum oil-based products, hydrocarbons (for e.g. aliphatic,
aromatic and polycyclic aromatic hydrocarbons (PAHs), halogenated hydrocarbons such as
polychlorinated biphenyls (PCBs), perchloroethylene, organophosphorus compounds,
nitroaromatic compounds), pesticides, several solvents and heavy metals. Many organic
chemicals, due to seepage and continuous run-offs, have entered into a hydrological cycle
of volatilization and condensation related to processes of rain, fog or snow formation [6]. It
has been reported that about 1.7 to 8.8 million metric tons of oil is discharged into the
water bodies globally, and a maximum of this pollution is due to human activities, manual
failures, and deliberate waste disposal [7]. Many of the PAHs are mutagenic and toxic in
nature and are specifically included in the priority pollutant list of US Environmental
Protection Agency (USEPA) (https://www.epa.gov/eg/toxic-and-priority-pollutants-under-
clean-water-act). These chemicals include PCBs used in hydraulic fluids, adhesives,
plasticizers, dielectric fluids used in transformers, flame retardants are reported to be

carcinogenic and degrade at a slower pace in the environment [8].



Table 1.1. The description of physiochemical properties of common environmental

xenobiotic compounds.

S.no

Compound

Vapour
pressure (Pa)

Half life

Solubility
(g/m’)

Log
I<OW

Sources/uses

Ref

Benzene

78

12700

5-16

1800

2.13

Used as an
intermediate for
the production of
other chemicals
such as
ethylbenzene,
cumene,
cyclohexane

[9]

Toluene

92.15

2933

4-22

515

2.73

Solvent for paints,
used for
dinitrotoluene
production

[10]

Xylene

106.18

880

7-28

178

3.13

Precursor to
terephthalic acid,
dimethyl
terephthalate

[11]

Naphthalene

128

11.3

1-20

32

3.36

For the production
of phthalic
anhydride, azo
dyes, surfactants

[12]

Anthracene

178.24

0.002266

50-460

0.044

4.45

Organic
semiconductor,
doping agent in
plastic products

[13]

Pyrene

202

0.00033

210-1900

0.132

592

Used as yes and
dyes precursors

[14]

Benzo(a)pyrene

252.32

0.000000746

530

0.0038

6.06

Tar production
and storage,
landfills

[15]

Dibutyl
phthalate

278.38

0.00133

1-23

13

5.6

Used as a
plasticizer

[16]

10.

Bis(2-ethyl
hexyl) phthalate

391

0.00086

23

0.34

7.30

Plasticizer in
PVCs, cosmetic
and medical
devices

[17]

11.

2,3,7,8 TCDD

321.96

0.00000000149

590

0.0000079

6.72

Formed as a side
product of
chlorophenol

[18]

12.

DDT

354.48

0.00002533

730-5708

0.0055

6.19

Developed as an
insecticide

[19]




1.3 Bioremediation: a strategy for combating xenobiotic compounds

Bioremediation is defined as a process that makes use of biological entities such as
microorganisms, plants, or their relevant enzymes for efficient management of
contaminated sites, for recovering or upgrading their original condition [20]. It is to be
noted that, remediation in any form, whether biological, chemical or incorporating
combination of both strategies, is an improved and cost-effective alternative for controlling
and solving the problem of pollution and reducing the load of contamination.
Microorganisms are ubiquitous in nature, have broad diversity and capabilities in their
catalytic mechanisms for degradation of different compounds. The basis of microbial
transformation is driven by the energy requirements of the organism or may be the need for
detoxification of that pollutant or for cometabolism aspect [21]. In general, the progression
of bioremediation relies on the metabolic potential of microbial community to transform or
detoxify the contaminant, which also depends on the abiotic factors associated with
accessibility and bioavailability of the concerned compound [22, 23]. Here within in the
following section, the fundamental factors related to bioremediation have been discussed
w.r.t. 1.) Bioavailability of organic compound; 2.) Role of bioaugmentation in the treatment
of polluted sites; 3.) Innovative approaches in bioremediation and their application; 4.)
Utility of probes for supervising and evaluating the effectiveness of bioremediation

strategies for contaminated sites.

1.3.1 Bioavailability of organic compound: portion available for microorganism

The considerable point in the efficacy of the bioremediation process revolves around the
constitution of the bioavailable fraction of the pollutant [24]. As the pollutant enters into
the soil environment, it tends to rapidly associate itself with a solid phase (organic matter),
by means of chemical and physical combination processes. The process of interaction
between soil and pollutant includes, sorption of pollutant followed by complex formation
and precipitation of the contaminant. Eventually, the capability of soil particles to release
(desorb) the pollutant helps in the determination of the propensity of its microbial
degradation and hence, this factor influence the effectiveness of bioremediation process [5].
The bioavailability of the pollutant is often restricted by efficient transport of contaminant
molecules into a microbial cell. The degradation of a sorbed pollutant occurs via

microorganism-mediated desorption process presumably facilitated by biosurfactant



production followed by the development of vertical gradient amid soil solid phase in
addition to interfacial pollutant [25-27]. Many reports have also shown that bioavailability
of a particular pollutant is species specific and depends upon the capability of particular
species to desorb the contaminant to degrade it [28]. The theory of equilibrium partitioning
is used for the estimation of the dissolved portion of a contaminant in pore water and
several different factors such as aqueous solubility, reactivity, or volatility of contaminants
influence their availability in the water and contaminated soils [29, 30].

In case of cultured bacteria, the process of sorption depends upon isolation and
enrichment the procedures. The conventional technique is providing the pollutant as a
solitary source of carbon in the aqueous bacterial culture medium [31]. It has been
observed in case of phenanthrene degradation the use of a polyacrylic porous resin-having
phenanthrene attached to it led to faster degradation of the organic pollutant. Variation in
contaminant bioavailability fraction is observed due to many factors such as chemical
nature of the contaminant, various soil types, temperature and water content in the
surroundings [30]. The sequestration of contaminants w.r.t. the time depends on various
factors such as organic content matter, micropore volume, capacity for cation exchange,
surface area and soil consistency [32]. Measurement of bioavailability of pollutant is
important for optimization of bioremediation process, however, it becomes difficult, since
the lower concentrations of contaminants are present in the soil, the overall absence of
baseline values associated with variations in compositional, geological and allocation
prototypes of pollutants [33].

Use of surfactants for the treatment of polluted soils is an important strategy as it
increases the mass transfer of often highly hydrophobic organic pollutants [34, 35]. These
surfactants are amphiphilic molecules that have hydrophilic moieties such as anionic
(sulfate or carboxylic groups), cationic groups (quaternary ammonium group) or non-ionic
(sucrose) group attached to hydrophobic core content made up of olefins, paraffin,
alkylphenols or alcohol. For example, Triton X-100 and Tween 80 are produced from
petroleum products. Surfactants having zwitterionic (together anionic and cationic
moieties) components have lower values of critical micelle concentration (CMC) values,

enhanced activity at the surface and higher solubilization ability. It has been observed that



with the application of surfactants there is an increase in rate of desorption of sorbed

pollutants from soils, which makes the pollutants available for remediation [36].

1.3.2 Bioaugmentation strategy for remediation of a contaminated site

Delay in biological response is observed when the remediation site has come across the
newer class of pollutant, the one which has not yet been encountered by the local
microbiota. Then, the concept of “soil activation” comes into play, which is usually the
cultivation of the original biomass from a portion of another polluted site, and its
successive application as an inoculum for bioaugmentation for the soil [37]. In such
procedure, the soils having modified microbiota via previous exposure to organic pollutants
such as hydrocarbons can be utilized as a source of microorganisms for the remediation of
freshly contaminated soils. For example, it has been observed that priming of 2%
bioremediated soil has increased PAH degradation, in fuel oil treated soil [38]. It is to be
noted that, prior to inoculation, pre-adaptation of catabolic bacteria to the target
environmental conditions helps in improving the survival rates, and enhance the
degradative potential of the microorganisms and leads to improve the remediation of
contaminated soil [39]. For example, in case of Sphingomonas sp. RW1 having a Tn-5 lacZ
transposon was pre-adapted by growing in the soil extract culture medium. This treatment
has led bacterium to exhibit better survival rate and increase the efficiency of degradation
of soil contaminated with dibenzo-p-dioxin and dibenzofuran, as compared to the
bacterium grown in a simple nutrient enriched medium. The continuous exposure to stress
in soil condition helps in determination of survival rate and efficiency of microbiota.

It has been observed in the case of PCB contaminated soil that repeated application of
carvone-induced bacteria led to enhanced degradation rates [40, 41]. For improvement of
bioaugmentation process, researchers have suggested the usilization of microbial mats
having stratified communities of microorganisms from different physiological groups can

work in a coordinated manner [42, 43].

1.3.3 Innovative approaches and their application
The ultimate fate of the contaminants is often determined by the course of degradation and
sorption, which includes together the adsorption taking place on the surface and absorption

pertaining to a portion defined by the surface. Availability and accessibility of pollutants to



the microorganisms is an important aspect for the successful treatment of the contaminated
site [44]. Several constraints have driven the constant need for the development of

innovative remediation methods.

1.3.3.1 Use of compost for the treatment of the polluted site

The intended use of traditional compost concept for the treatment of contaminated site is
important and accomplished either by composting the contaminated soils or direct addition
of composted materials for efficient degradation. This technology has been extensively
used, for example, the addition of compost materials to herbicides [benthiocarb and 4-
chloro-2-methyl phenoxyacetic acid (MCPA)] contaminated soil improved the degradation
[45]. The use of spent mushroom waste obtained from Pleurotus ostreatus helped in
mineralization of DDT contaminated soil [46]. It is to be noted that important parameters
regarding use of compost material depends on the type of pollutants and waste material
composition utilized for treatment processes. Other factors influencing the efficacy of the
treatment depend on the temperature and the appropriate ratio of mixture constituting soil
and waste composts [47]. Introduction of compost material to the soil is a sustainable
technology as organic material in the waste is utilized for enhanced microbial activity, and
thus improving the soil nutrient quality. During the process of composting, processes such
as mineralization, volatilization along with the formation of non-extricable bound residues
lead to degradation of contaminant. Understanding of various factors related to the nature
and activity of specific microorganism in diverse phases of composting, the stability of
compost and humus matter, will help in the evaluation of compost material as a successful

tool for bioremediation of contaminated site [5].

1.3.3.2 Electrobioremediation

It is a hybrid methodology which combines the aspects of the bioremediation with
electrokinetics for the treatment of hydrophobic organic compounds. It utilizes the
application of microbial degradation along with direct current between suitably positioned
electrodes for acceleration of pollutant and transport of contaminants [48, 49]. It utilizes
weak electric fields of range 0.2-2.0 Vem™ for incorporating basic phenomenon of
electrolysis, electromigration, and electroosmosis for efficient remediation [50]. For

example, the process of electroosmosis was utilized for transport of Sphingomonas sp.



L138 and Mycobacterium frederiksbergense to the subsurface for the treatment process [51,
52]. Few factors which are influencing the outcome of electrobioremediation technology
are solubility of the contaminant, ratio amid target and non-target ion concentration, toxic

electrode effects on microbial metabolism [53, 54].

1.3.3.3 Microbial remediation utilizes the potential of plants

In general, plants help in the dissipation of organic pollutants by the process of
immobilization and promotes microbial degradation. There are limitations associated with
microbial remediation such as insufficient subsurface microbial activity, heterogeneity, and
bioavailability of the pollutant, toxic effect of contaminant etc., therefore, an association of
microbial remediation with phytoremediation enhances the processes of bioremediation
[55]. It has been reported that the activity of PAH-degrading microorganisms had increased
by root activities [56]. The phyto-production of complex aromatic compounds such as
flavonoids, and coumarins help in microbial colonization in roots and as they are
structurally similar to PCBs, PAH, this provides a chance for analog-enrichment based
stimulation of the degradation pathway in microorganisms [57]. Several secondary plant
metabolites such as limonene, carvone, cymene etc., are also pollutant analog and helps in
enhanced degradation of PCBs [41, 58]. For example, in case of Pseudomonas putida
PCL1444, which was isolated from Lolium multiflorum, utilizes root exudates for growth
and transcription of catabolic genes for naphthalene degradation [59]. The rhizosphere
metabolomics-driven approach is an important means for application of enhanced
phytoremediation based degradation approaches.

1.3.3.4 Utility of probes for supervising and evaluating the effectiveness of
bioremediation strategy of contaminated sites

Supervision and evaluation of the efficiency of the bioremediation approach is an
upcoming and important feature to be considered. Nowadays, there is an advancement in
this aspect of remediation technology. For this purpose, ‘Conservative markers’ are used
for the evaluation studies, for example, a compound called dimethyl chrysene can be used
for monitoring purposes [60]. As this compound is non-biodegradable, the concentration of
specific individual contaminant (which is under case study) can be standardized w.r.t.

conservative internal marker. This can be illustrated as a decrease in the relative ratio of



specific contaminant under investigation to the internal marker used during the process of
bioremediation. The proper monitoring and efficiency testing require a specific information
regarding various factors playing a crucial role in remediation approach. Some of these
factors are mentioned in Table 1.2.

Table 1.2. Important abiotic and biotic factors influencing the process of
bioremediation. Some of the important factors involved in determining the fate of organic

pollutant bioremediation process in soil and aquatic ecosystems (Adapted from [61])

S.no | Influencing factor Related effect for the process of bioremediation

1. VGiTa[ colTtenispt Associated with the transport of pollutants and the degraded

vicinity products;

It affects the distribution and composition of microbial
Temperature of

2. communities and influences the rate of degradation; in general,
environment pollutants tend to persist for a longer duration at a lower
temperature
3. pH Microorganisms and enzymes have been shown to exhibit pH-
dependent activity maxima
4. Redox potential Concentrations and ratios of electron donors/acceptors in the

environment, determine the efficacy of degradative pathways

Solubility factor,

volatility rate,

5. particle shape and | All these factors help in the determination of bioavailability of the

] | contaminant for the degradation purpose.
size, sorption rate,

occlusion
6. Qlganicatter This factor influences the process of degradation and
composition sorption/entrapment mechanism
7. Nutrients availability This is related to growth and reproduction of degradative

microorganisms

Presence of

8. Auxiliary (co-) These co-substrates enable the process of co-metabolic
transformation of contaminants

substrates
9. Co-contaminants Generally influence the bioavailability of contaminant and
enhance/inhibit the process of biodegradation
10. Microbial Pollutant-tolerant members within microbial communities helps to

communities evaluate and determine the rate of pollutant degradation




Several cultures based and molecular biology techniques like real-time PCR of genes are
involved in the degradation of organic pollutants such as naphthalene dioxygenase, toluene
mono/dioxygenases, fingerprinting analysis for participating microbial populations. These
techniques help in the right evaluation of effectiveness and the state of the site remediation
source [62]. Recently, compounds with carbon specific isotope (CSI) has emerged as an
important tool for evaluation of bioremediation. In this approach, the lighter isotope is
utilized by microbes for its own metabolism and heavier isotopes into the surroundings,
thereby resulting in a distinct fractionation profile for 1,C and 13C [11, 63-65].

Another important parameter which is an essential division of the bioremediation deals
with the toxicity feature of the concerned pollutant. One of the aims-of bioremediation
revolves around the reduction in toxicity aspect of pollutants with the application of
remediation approach [30]. Several studies have illustrated that chemical analysis of the
pollutant with experimental bioassay is crucial for toxicological assessments [66]. In one
such study, related to remediation of atrazine polluted soil, by Pseudomonas sp., the
efficiency of the approach was assessed by incorporating ecotoxicological endpoints for an
overall stability of the ecological system in the study, concerning total plant biomass
production, microalgae growth, earthworm reproduction [67]. All the technology used for
the remediation of the contaminated site needs the precise utilization of experimental
controls and performance indicators for optimization and implementation of regulatory
decisions and guidelines.

Substantial research on different chemical pollutants, provides a better understanding of
their persistence, recalcitrance and toxicity feature. Keeping in mind the above aspects of
bioremediation approach based elimination of pollutants, studies on the structure and
function of microbial communities on different spatial and temporal scales have been
conducted. The application of the principle of function based remediation to minimize the
risk of pollutants. From the above section, it is clear that the strategy of bioremediation is
by far the most successful way of remediation of contaminated sites. In the following
subsections, two most important pollutant i.e. phthalates (phthalic acid esters, PAEs) and

polychlorinated biphenyls (PCBs) will be discussed in brief details.



1.4 Toxicity of phthalates

Phthalates are the esters of 1,2-benzene dicarboxylic acid (o-phthalic acid), having a
chemical structure with at least one benzene ring and two specific ester functional group.
Phthalic acid esters (PAEs) are formed by the reaction of an alcohol with the phthalic
anhydride. The choice of types of alcohol varies from methanol to tridecanol, for the
production of various types of phthalates [68]. These alcohols contribute to either straight
or branched hydrocarbon chains components of the ester groups in phthalates and generally
owe to different properties of phthalates. On the basis of varying carbon chain length, PAEs
are classified into two discrete groups; in the first group, an ester chain with 7-13 number
of carbon atoms are termed as high molecular weight (HMW) phthalates; and second group
comprises of chain of 3-6 carbon atoms in phthalate backbone, are termed as low
molecular weight (LMW) phthalates. The most common HMW phthalates are diisodecyl
phthalate (DiDP), diisononyl phthalate (DiNP), di-2-propylheptyl phthalate (DPHP), and
diisotridecyl phthalate (DTDP) and they are widely used in industry as plasticizers to
increase softness, flexibility, elongation, and durability. [69, 70]. Properties of some of the

phthalates are shown in Table 1.3.



Table 1.3. Commonly used phthalates and their basic properties. The details of phthalic
acid esters (PAEs) such as DMP, DEP, DBP, DIBP, DEHP and their general basic

properties are mentioned.

Molecular . Melting  Specific
S.no. Phtrrgﬂate Phthalates weight Allré/rllc:;]aln point gravity
group (g/mol) g (°C) (20°C)
gvP 194.18 1 5.50 1.19
e 222.4 2 -40 1.12
Low
1 Molecular
Wweight DBP 278.34 4 -35 1.04
PIER 278.34 4 58 1.05
High
2 molecular QEETR 390.56 8 -40 0.99
weight
BBzP 312.37 4and 6 g ° 1.1
DOP 390.57 8 -2} 0.9
DINP 418.6 9 i 7
DIDP 446.7 10 46 0.96

These are commonly utilized as plasticizers for the manufacturing and processing of plastic
based products. In recent times, these chemicals have acquired a remarkable amount of
attention because of their ubiquitous nature and exposure related adverse health effects on
ecosystem functioning and human health issues [71-75]. Global assessment of total
phthalate metabolite (PMs) levels detected in adult urine samples, from the data published

in several studies conducted between 2000 and 2015, are shown in Figure 1.1.
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Figure 1.1. Global. distribution of phthalic acid esters metabolites. The graphical
depiction of global comparison of total phthalic acid ester metabolites levels detected in
adult urine samples from the studies published between 2000 and 2015 (adapted from [69]

).

It has been reported that the interaction between plasticizer and polymer resin is not
permanent and these are not chemically bound to the polymer. Under the influence of
temperature and pH variation, they tend to leach, migrate or evaporate into the
surroundings, including food products and many more [76, 77]. PAEs have been detected
in various environments, including atmospheric aerosols and air, solid waste sludge, river
and marine sediments [78-80]. This observation suggests that humans are continuously
exposed to ingestion, inhalation and dermal exposure to these harmful chemicals [81, 82].
Several fields and laboratory-based studies have illustrated the correlation between the pace
of PAEs exposure with that of increased harmful effects, such as in case of reproduction
based problems, such as fertility problems, proper development of newborns, etc. [69].
Children toys are made up of a variety of plastics that often use these endocrine-disrupting
chemicals such as bisphenol-A (BPA) and phthalates as their building blocks [83].
Phthalates have endocrine disrupting properties and are established reproductive and
developmental toxicants. It has also been reported that inhibition of an important enzyme
for tryptophan  metabolism, human a-amino-B-carboxymuconate-g-semialdehyde

decarboxylase (hACMSD), by phthalates eventually leads to the accumulation of quinolate



[84]. Developmental toxicities effects of several phthalates have already been established.

Continous usage and exposure to these harmful chemicals lead to their bioaccumulation in

ecological food chains [85]. Different aspects of health effects related to phthalate exposure

are shown in Table 1.4. Details of health effects occurring in the different population are

reported. Due to their rising health associated risk assessment, six PAEs such as DMP,
DEP, DnBP, BBzP, DEHP, and DnOP have been included as priority pollutants in the lists
of several bodies such as USEPA, European Union (EU) and Chinese waters list [86-89].

Table 1.4. Different aspects of health effects related to phthalate exposure. Details of

health effects in the different population are reported. Serious outcomes of phthalate

exposure are studied in three different categories of the population; 1. Mother and infant
pairs 2. Children and 3. Adults.

S.no Health Study Mean/median range of Outcome/consequences Ref.
effects/Category | population compounds (ug/L)
1. Mother/infant pairs
Developmental 201 mother- DEP, DBP, DEHP, MEHP, | Dose-response associations | [90]
toxicity infant pairs, MnBP; median range: with short birth length
China 500-2700 (cord blood); (DEHP) and low birth
6002900 (maternal blood); | weight associated with
1.7-5.5 (meconium sample) | (DBP, MnBP, DEHP,
MEHP)
287 pregnant MEP, MnBP, MiBP, MBzP, | Possible involvement of [91]
women, MCPP, MEHP, MEOHP, MCNP and birth length
France MECPP, MCNP; median
range: 3.1-105.53
391 pregnant MEHP, MEHHP, MEOHP, | Associations with a lower [92]
women-infant MECPP, MBzP, MEP, rate of weight gain
pairs, MiBP, MnBP; (MEHP, MEHHP,
Spain Median range: 11.0-405 MEOHP, MECPP, MBzP)
ug/g creatinine
Anti-androgen 134 pregnant MBP, MBzP, MCPP, MEP, | Inverse associations with [93]
effects women-male MiBP, MMP; anogenital index
newborns, median range: 0.7-128.4 (AGD/weight) (MEOHP,
USA MEHHP, MEP, MBZzP,
MiBP, MnBP)
65 pregnant MnBP, MEHP, MEP, Significant positive [94]
women, MBzP, MMP; correlation between MnBP
Taiwan median range: <LOD-85.2 in the two matrices, a
(amniotic fluid); <LOD- significantly negative
78.4 (urine) correlation between MnBP
in amniotic fluid.
2. Children
Behavioral 1044 children MBzP, MnBP, Significant positive associations [95]
disorders (aged 6-11), MCHP, MEP, with emotional symptoms in girls
Canada MEHP, MEHHP, | (MBzP) and hyperactivity (MCPP)
MEOHP, MnOP,




MMP, MCPP,

MiNP; mean
range:
<LOD-33.11
122 pregnant MMP, MEP, Positive associations with [96]
women- MnBP, MiBP, externalizing problems and
children MBzP, MEOHP, aggressive behavior (MEP, MnBP,
pairs (8), MEHHP, MiBP, MEOHP, MEHHP, MEHP),
Taiwan MEHP; mean significant positive
range: 20.20— associations with social problems
124.5 (MEQOHP)
328 pregnant MnBP, MBzP, Significant inverse associations with | [97]
women- MEHHP, MEHP, 1Q scores (MnBP, MiBP), perpetual
children MEP, MiBP; reasoning (MnBP, MiBP, MBzP),
pairs (7), mean processing speed (MnBP, MiBP),
USA range: 4.95-160.5 | verbal comprehension (MiBP) and
working memory (MnBP, MiBP)
153 pregnant MEHP, MEHHP, | Positive associations with somatic [98]
women- MEOHP, MiBP, complaints and inverse associations
children MnBP, MBzP, with anxiety problems in girls
pairs, MEP; mean range: | (MEHHP, MEHP, MEOHP, MBzP)
USA 2.34-81.01 In boys, there were positive
associations with attention
problems,
oppositional/defiant problems,
conduct
problems, rule-breaking and
externalizing behavior (MiBP,
MnBP, MBzP).
Risk of 1619 children MEP, MnBP, Significant positive association with | [99]
hypertension (6-19), MiBP, MMP, systolic blood pressure MCNP,
USA MBzP, MCPP, MiNP)
MEHP,MEOHP, No associations with triglyceride or
MECPP, MEHHP, | high-density lipoprotein
MCNP, MiNP
391 pregnant MEHP, MEHHP, | Significant negative associations [92]
Women- MEOHP, MECPP, | with BMI in boys and positive in
children MBzP, MEP, girls (MEHP, MEHHP, MEOHP,
(1-7), MiBP, MnBP; MECPP, MBzP)
Spain median range:
11.0-405 pg/g
creatinine
2838 children MEP, MnBP, Positive associations with systolic [100]
(6-19), MiBP, MBzP, blood pressure (MEHP, MEHHP,
USA MCPP, MEHP, MEOHP, MECPP)
MEOHP,
MECPP, MEHHP
Adults
Impaired semen | 687 men (32 + MMP, MEP, Significant positive associations [101]
quality 5.4), MnBP, MBzP, with decreased sperm volume
China MEHP, (MnBP, MEHP, MEHHP,
MEHHP, MEQHP), abnormal heads
MEHHP, and tails (MBzP), VCL and VSL
MEOHP, MnOP; | (MBzP, MEHP, %MEHP) and




median range:

negative associations with abnormal

<LOD-0.85 mid sections (MBzP)
1040 men (32 MMP, MEP, Significant associations with low [102]
+5.36), MnBP, MBzP, sperm concentration and
China MEHP, total sperm counts (MnBP),
MEHHP, significant positive associations
MEQOHP, MnOP; | with abnormal sperm heads
medianrange: (MEHP)
0.03-69.89
269 men MEHHP, Significant associations with a [103]
(22-57), MEHP, MBzP, decrease in sperm motility
Poland MnBP, MEP, (MEHP, MEHHP, MiNP), VSL,
MiINP; VCL (MnBP) and testosterone level
median range: (MEHP)
1.1-83.4
Altered 314 men MEP, MnBP, Positive associations with semen [104]
reproductive (17-20), MBzP, MEHP, volume (%MEHP), inverse
hormone levels Sweden MECPP, associations with testosterone and
MEOHP, free testosterone (%MEHP), inverse
MEHHP, median | associations with sperm
range: 0.028-1.1 | motility (MEHP, MEOHP,
(serum); 2.8-47 | MEHHP, MECPP)
(urine)
180 pregnant MnBP, MBzP, Associations with testosterone [105]
women MEP, MiBP, levels (MEHP, MEHHP,
(20-42), USA MEHP, MEOHP, MnBP have a positive
MEHHP, correlation but MEP has an
MEOHP; inverse association)
median range:
2.70-126.40
endometriosis 287 women MEHP, Significant inverse association with | [106]
(25-34), MEHHP, endometriosis risk
USA MEOHP, (MEHP, MEHHP, MEOHP)
MECPP, MBzP, | Non-significant association between
MEP, MiBP, MBzP and MEP and
MnBP; median increased endometriosis risk
range:1.3-61.9
1227 women MnBP, MEP, Positive (MnBP) and inverse [107]
(20-54), MEHP, MBzP, (MEHP) associations with
USA MEHHP, endometriosis and leiomyomata
MEOHP; mean MEHHP and MEOHP were positive

range: 3.3-216.2
ng/mg creatinine

associated with endometriosis.




1.5 Biodegradation pathway of phthalic acid esters (PAES)

The microbial degradation is an important route for the breakdown of DEHP and other
harmful PAEs, as their photodegradation and hydrolysis rates are very slow under natural
conditions [108]. Nowadays, different methods were adopted for evaluation of substrate
removal and product formation during the course of the phthalate degrading reaction.
Phthalates degrading microorganisms from the different genera including Bacillus sp.,
Arthrobacter sp., Rhodococcus sp., Enterobacter sp., Acinetobacter sp., Gordonia sp.,
Pseudomonas sp., and Sphingomonas sp. have been isolated from the various
environmental samples such as natural contaminated soil and water, sediments, landfills
and wastewaters [87, 109-115].

1.5.1 Aerobic degradation of phthalic acid esters (PAES)

Exploration of the PAEs degradation pathways provides the useful link for an enhanced
understanding of the complete mineralization progression and unravel the toxicology
behavior of phthalate metabolites. Steps involved in the aerobic degradation of phthalic
acid esters involve a particular series of reactions which are common to most of the Gram-
negative phthalate degrading microbes, as shown in Figure 1.2. As it can be seen that
during the initial step of phthalate hydrolysis cleavage of ester linkages between alkyl
chains and the aromatic ring occurs. Subsequently, the dioxygenase catalyzed reaction
differs in Gram-positive and Gram-negative bacteria. It can be seen that phthalic acid ester
is converted to protocatechuate via cis-3,4-dihydro-3,4-dihydroxyphthalate and 3,4-
dihydroxyphthalate in Gram-positive bacteria, whereas in gram-negative bacteria such
conversion is mediated by cis- 4,5-dihydro- 4,5-dihydroxyphthalate and 4,5-
dihydroxyphthalate. Then protocatechuate is transformed via ortho or meta-cleavage
pathways to organic acids leading to TCA tricarboxylic acid cycle. Most of the aerobic
degrading bacteria are from Arthrobacter sp., Pseudomonas sp., Sphingomonas sp.,
Burkholderia sp., Ochrobactrum sp., and Acinetobacter sp. some of these are also

facultative anaerobes, such as Bacillus sp., Serratia sp. and Enterobacter sp [85, 116].
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Figure 1.2. Steps involved in the aerobic degradation of phthalic acid esters (PAES).
Phthalate esterases (a) mediate the first step in which PAEs are degraded to their
corresponding phthalic acid. The second step is mediated by 3,4-phthalate dioxygenase (b)
in Gram-positive bacteria and 4,5-phthalate dioxygenase (b’) in Gram-negative bacteria to
protocatechuate(3,4-Dihydroxybenzoate). Degradation of protocatechuate can be mediated
by either protocatechuate 3,4-dioxygenase to 4-carboxy-2-hydroxymuconic acid; or to -
carboxy-cis-muconic acid by the action of protocatechuate 4,5-dioxygenase. Final
degradation steps lead to the formation of pyruvate and succinate.

1.5.2 Anaerobic biodegradation pathway of phthalic acid esters (PAES)

Several reports have reported, anaerobic degradation of PAEs is mediated by several
classes of bacteria, including Clostridium sp., Bacillus sp., Pelotomaculum sp.,
Pseudomonas sp., and others. Primarily, methanogenic consortia are reported to be
involved in anaerobic degradation of PAEs [117]. It has been reported that rate of
degradation of short-chain phthalates is higher than that of long-chain phthalate
counterparts. De-esterification of PAEs is the primary step in the anaerobic degradation
pathway and anoxic metabolic processing of phthalic acid is the rate-limiting step in the
anaerobic degradation of phthalic acid esters. Phthalic acid is subsequently biodegraded
into benzoate through the process of decarboxylation. Then the ring cleavage of benzoate
occurs leading to the formation of CO,, H,, and acetate [118-120]. In the final step, acetate

is converted to methane in the process of anaerobic degradation of PAEs [85].

1.6 Important enzymes involved in phthalate degradation
Different steps of phthalate degradation are mediated by the plethora of enzymes. Details of
the important enzymes involved in degradation of PAEs are mentioned.

1.6.1 Role of Esterases in primary degradation of phthalates

The early step in the degradation of phthalates is phthalate hydrolysis, which is mediated
by esterases or hydrolases [121]. This step involves hydrolysis reaction in which phthalate
diesters are transformed into phthalate monoesters [122, 123]. These esterases are very
specific and inducible in nature and can exist in monomeric as well as dimeric form. For
example, a serine hydrolase from Gordonia sp. has the conserved signature conserved
motif of GXSXG [124].



1.6.2 Permeases activity

These enzymes are accountable for the specific transport of PAEs cross the cell membrane
in bacteria. These permeases belong to the family of transport proteins. Permease from
Burkholderia cepacia ATCC17616 and Pseudomonas putida NMH102-2 have shown
similar with anion-cation symporter family [125, 126]. Multiple genes corresponding to

catabolic operon are involved in the functioning of permeases.

1.6.3 Phthalate dioxygenase (PDQO) system

The key step involved in degradation of PAEs is hydroxylation of phthalate isomers. This
crucial step is mediated by ring-hydroxylating dioxygenases. Phthalate 4,5-dioxygenase is
a well-characterized enzyme from Gram-negative bacteria, Burkholderia cepacia DB01
[127]. It has been reported to have two important components: First is flavor-iron-sulfur
containing monomeric phthalate dioxygenase reductase (PDR) protein. It has FMN binding
domain and plant type ferredoxin type [2Fe-2S] center and it requires NADH as a cofactor
for its activity [128]. The crystal structure of PDR from Burkholderia cepacia is resolved at
2.0 A (PDB ID: 2PIA). This important protein is involved in the transfer of electrons from
[2Fe-2S] center of PDR C-terminal to the Rieske type [2Fe-2S] center of phthalate
dioxygenase reductase (PDO), a second important component of PDO system [129]. In
Burkholderia cepacia DB0O1 PDO is a non-heme homotetrameric protein having one
Rieske-type [2Fe-2S] center and one mononuclear iron center, present at the actual site of

double hydroxylation of the phthalate aromatic ring.

1.6.4 Protocatechuate dioxygenase

This enzyme is a very important ring cleavage enzyme, which is involved in the breakdown
of ring aromaticity and produces aliphatic intermediates which eventually enters the central
carbon metabolic cycle. On the basis of a specific position of ring cleavage, the enzyme can
be classified as protocatechuate 3,4-dioxygenase (ortho, EC. No. 1.13.11.3) or
protocatechuate 4,5-dioxygenase. Both of these are well-characterized iron-dependent
heterodimers with o and  subunits. In both types of protocatechuate dioxygenase, different
architecture of active site residues is involved in specificity associated with substrate
metabolism [130-132].



1.7 Toxicity of polychlorinated biphenyls (PCBs)

Polychlorinated biphenyls (PCBs) are persistent environmental organic pollutants which
have biphenyl aromatic backbone structure with one to ten substitutions of chlorine atoms,
yielding theoretically total 209 PCB configurations (congeners). PCBs have flame resistant
properties and have chemical and thermal stabilility. Due to their stability and slow
degradation rate, they eventually tend to accumulate in the ecosystem and pose a great
threat to human health [133]. PCBs are lipophilic and highly persistent environmental
polluting chemicals and are of great concern due to their adverse toxic effects on
organisms. Due to their widespread industrial utilization as heat transfer fluids, solvent
extenders, hydraulic fluids, etc., they have been detected in various environmental samples
such as soils, sediments, indoor air, blood and human adipose tissues. Several non-coplanar
PCB congeners affect biological actions that contribute to toxicity from environmental
exposures to PCBs. They can easily accumulate in the food chain and present a high risk of
environmental contamination and toxic effects for human and animal health [134, 135].
Most of the accumulating PCB congeners in environmental matrices are having penta, hexa
or hepta chlorinated substitutions used in the commercial formulations, ‘aroclors’. The
numbering and nomenclature (ortho-, meta-, para-) convention of PCBs w.r.t. biphenyl

nucleus, are shown in Figure 1.3.

para
4

Figure 1.3. Numbering and nomenclature of PCBs. The numbering pattern and

nomenclature (ortho-, meta-, para-) convention of PCBs w.r.t. biphenyl nucleus is shown.



It has been reported that PCBs can cross the placental barrier and enter into the fetus inside
the mother during the gestation period. These chemicals are associated with a broad
spectrum of biological consequences which includes, interaction with the endocrine system
and also involved in developmental toxicity [136]. Several studies have established a
correlation between prenatal and postnatal PCB exposure related to neurodevelopmental
disorders [137]. They have been reported to have interaction with estrogen/androgenic
receptors, thyroid receptors. There have been many reports illustrating the interaction of
hydroxyl-PCBs and thyroid hormone-binding proteins such as transthyretin (TTR), which
eventually leads to displacement of T, from its TTR receptor and is often associated with
increased TSH level [138-140]. Moreover, PCBs have been involved in the induction of
activity of liver enzymes such as e.g. uridine-5-diphosphate glucuronyltransferase (UGTS)
[141].

Toxicokinetics studies provide a systemic relationship between exposure of a
compound in humans and experimental animals to its toxicity aspect and related
environmental risk assessment. Several toxicokinetics studies have shown that the rate of
metabolism and excretion of PCBs in humans is slow, as owing to longer half-lives and
lipophilic properties of certain PCB congeners [142]. Intestinal absorption of PCBs was
also accounted in the breast-fed infants population [143]. This study reflected the great
extent of accumulation of PCBs in mammary adipose tissues which gets mobilized during
the course of lactation. PCBs can easily cross the placental barrier and their presence has
been detected in human cord serum, placental, and fetal tissues [144]. Other pleothra of
toxicological effects include dermal effects, chronic bronchitis, liver effects and many more
[145-147].

1.8 Biodegradation of PCBs

Microorganisms play an important role in biodegradation of PCBs by producing metabolic
enzymes, which eventually modify these persistent organic halogenated pollutants to
smaller and simpler counterparts. In nature, there are two complementary distinct
biodegradation processes involved in the biotransformation of the polychlorinated
biphenyls (PCBs) [148]. These processes include an anaerobic reductive phase and aerobic
oxidative phase. In the process of anaerobic PCB dechlorination phase, conversion of
highly chlorinated PCBs to less chlorinated ortho-enriched congeners [149]. In the



subsequent aerobic degradation process, products from the anaerobic process are readily
degraded [150].

For complete degradation of PCBs in natural soil and water environment, there is a
combination of degradation process involving anaerobic microorganisms responsible for
reductive dehalogenation and aerobic microorganisms involved in further complete
biodegradation of halogenated congeners [151]. The rate of PCBs biodegradation is
influenced by various environmental abiotic factors such as pH, temperature, accessibility
to suitable electron acceptors, presence of toxic compounds, important interactions among

microorganisms [152].

1.8.1 Anaerobic transformation of PCBs

In this process, reductive dehalogenation of organic polychlorinated biphenyls (PCBs)
compound takes place. In this transformation, organic halogenated compound serves as a
source of an electron acceptor and the respective halogen substituent is exchanged with
hydrogen [149, 153]. Thus, microorganisms that could efficiently utilize PCB congener as
a terminal electron acceptor, generally participate in this phase of biotransformation [154].
This process of dechlorination can attack a large variety of chlorinated aromatic as well as
aliphatic hydrocarbons. Some of the isolated anaerobic dechlorinated bacteria involve,
Desulfomonile tiedjei, Desulfitobacterium, Dehalobacter restrictus, Dehalospirillum
multivorans, [155, 156]. The steps involved in anaerobic degradation of PCBs in

Dehalococcoides, are shown in Figure 1.4.
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Figure 1.4. The common steps involved in anaerobic degradation of commercial
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The basis for congener selectivity and residual activity for the dehalogenation depends on
the type of microorganism harboring distinctive dehalogenating enzymes. In laboratory
scale experiments, it has been observed that the rate of dechlorination of available
commercial PCBs tends to decrease with the increase in the chlorination pattern [154]. It
has also been seen the presence of organic substrate as electron donors such as electron-rich
alkenes, pyruvate, and acetate have increased the rate of dechlorination [157]. On a similar
scale, the presence of electron acceptors in the reaction medium tends to decrease the rate
of dechlorination [149]. This is because electron acceptors such as sulfate, bromomethane
sulfonate, generally compete with PCBs and pose selective pressure on microorganisms.
Temperature and pH also play an important role in the pattern of dechlorination and have
significant role in the growth and subsequent metabolism of PCBs in microorganisms. The
process of reductive dehalogenation is very important as it lowers the risk associated with
polychlorinated biphenyls (PCBs) [158]. Firstly, it led to the production of PCBs with less
halogen substitution, which can be readily used by the indigenous bacterial population for
further degradation. Secondly, this process leads to the reduction of the ecological
bioconcentration potential of PCB mixture which implies that, this anaerobic process
reduces the risk associated with bioaccumulation of highly substituted PCBs in the food
chain [159].

1.8.2 Aerobic transformation of PCBs

For aerobic bacterial degradation, less chlorinated PCB congener, resulting from anaerobic
reductive dechlorination of highly chlorinated congener, acts as substrates. Two genes
clusters are actively involved in complete aerobic oxidative degradation of PCBs. The first
cluster involved the genes responsible for the biotransformation of PCBs cluster to
chlorobenzoic acid and the second clusters harbor the genes for further biodegradation of
chlorobenzoic acid [160, 161]. The metabolic pathway involved in PCB degradation and
bph gene cluster organization in Pseudomonas pseudoalcaligenes KF707, is shown in
Figure 1.5.
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Figure 1.5. The metabolic pathway involved in PCB degradation. Compound |
corresponds to biphenyl which is degraded to 2, 3-dihydroxy-4-phenylhexa-4.6-diene (11),



by the action mediated by enzymes (BphA) from the gene products from Al to A4. Then
this, dihydrodiol compound is degraded to 2,3 dihydroxybiphenyl (111) by dihydrodiol
dehydrogenase (BphB). It is further degraded to 2-hydroxy-6-oxo-6-phenyhexa-2,4-dienoic
acid (IV), mediated by Bph C. The latter is converted by benzoic acid (V), by the action of
BphD. Further, degradative steps involved in complete degradation of benzoic acid, leads

to the formation of acetyl CoA are also shown.

In brief, it can be seen the insertion of molecular oxygen occurs at 2,3 of less chlorinated or
non-chlorinated PCB ring which led to the formation of (2,3-dihydroxy-4-phenylhexa-4,6-
diene) cis-dihydrodiol compound by the action of oxygenase, encoded by genes for
biphenyl 2,3-dioxygenase (bphA1A2A3A4), in Pseudomonas putida LB400. The first
reaction of the degradation is initiated by biphenyl 2,3-dioxygenase, which belongs to the
superfamily of Rieske non-heme iron dioxygenase. This enzyme consists of terminal
oxygenase composed of large o- and smaller B-subunit, a ferredoxin component and
ferredoxin reductase. The latter two act as an electron transport system and mediate the
transfer of electrons from NADH to terminal oxygenase. Subsequently, these dihydrodiols
are dehydrogenated by cis-2,3-dihydro-2,3-dihydroxybiphenyl dehydrogenase (dihydrodiol
dehydrogenase, bphB) to give 2,3-dihydroxy biphenyl. Then by the action of 2,3-
dihydroxy biphenyl dioxygenase (bphC), 2,3-dihydroxy biphenyl is cleaved to yield 2-
hydroxy-6-oxo-6-phenylhexa-2,4-dienoate, a meta cleavage product. Then, this meta-
cleavage product is hydrolyzed by 2-hydroxy- 6-oxo-6-phenylhexa-2,4-dienoate hydrolase
(HOPDA Hydrolase, bphD) to chlorobenzoic acid [150].

The complete biodegradation of PCBs requires the contribution from mixed type of
microbial population along with their specific congener preferences. It is to be noted that,
position and number of chlorine substitutions on particular PCB congener also influence
the rate of biodegradation [162]. It has been reported that, accession to enzyme’s active site
is hampered by the bulkiness of chlorine substitutions in higher PCBs [163]. The position
of a chlorine atom is also very crucial, as it is observed that, many aerobic PCB degrading
bacteria have the ability to initiate the degradation process by initial attack of oxygenase for
3,4 dihydroxylation instead of 2,3-dihydroxylation, as shown in Figure 1.6 [164]. This has
been observed in the case of Pseudomonas putida LB400 and Pandoraea pnomenusa B356

. It is to be noted that no single organism can biodegrade polychlorine substituted biphenyls



as such, therefore, a mixed microbial consortium is needed for complete microbial
synergism and cometabolism based degradation. This strategy increases the rate of overall
degradation, as in mixed cultures complete degradation is the result of the mutual attack at
different sites of concerned PCB congener [150].
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Figure 1.6. The specific nature of PCB degradation in different microorganisms
(adapted from [65] ). P. putida degrades PCB congener, a tetrachlorobiphenyl via 2, 3-

attack; and a Corynebacterium sp. degrade the same congener via 3, 4-attack.



On the basis of the analysis of various biphenyl-degrading isolates, it could be illustrated
that lower chlorinated PCB congeners are more readily transformed as compared to their
higher chlorinated PCB congeners counterparts, and congeners with chlorine substitutions
only on one aromatic ring only are more easily degraded than those having chlorine
substituents on both PCB aromatic rings [165].






CHAPTER 2

IN-SILICO APPROACH FOR ELUCIDATING TOXIC EFFECTS OF HIGH
MOLECULAR WEIGHT PHTHALATE DICYCLOHEXYL PHTHALATE (DCHP)
IN GLUCOCORTICOID RECEPTOR MEDIATED ADIPOGENESIS



2.1 Introduction

Over the past few decades, the occurrence of the metabolic disorders related to obesity,
high blood pressure and diabetes in humans has significantly increased [166-168]. Around
the globe, within the same course, a parallel increase in the production and usage of
xenobiotic compounds has also increased [169, 170]. Many xenobiotic compounds present
in the environment such as genistein, bisphenol A, organotins (TBT, TPT), and phthalates
exhibit endocrine disrupting properties [171-175]. Several reports have shown that regular
exposure to these xenobiotic chemicals may lead to the alteration in metabolic
programming linked to adipose biology and obesity [176-179]. These generalizations have
been included in the hypothesis of obesogen theory, revolving around the existence of
chemical “obesogens” molecules that inappropriately regulate lipid metabolism and
adipogenesis and eventually promotes obesity [180, 181].

Phthalates or phthalic acid esters (PAEs) are commonly used in a variety of industrial and
household products including lubricants, paints, and flexibility agent in PVC plastics, etc.
[182-184]. Several microbial studies have elucidated, the role of microorganisms in the
degradation of these harmful xenobiotic compounds [85, 115, 116, 185-187]. It has been
reported that phthalates have teratogenic and anti-androgenic properties and interfere with
male reproductive development [188-190]. Several computational studies have shown that
phthalates can interact with nuclear hormone receptors such as peroxisome proliferator-
activated receptor gamma (PPARY), androstane receptor, estrogen receptor, progesterone
receptor and important enzyme systems such as human o-amino-f-carboxymuconate-e-
semialdehyde decarboxylase (hACMSD) in tryptophan metabolism pathway [84, 191-195].
In different case studies, measurable phthalate concentration in urine and breast milk
samples, have been linked to genital alterations and changes in reproductive hormone
levels [196-198]. Their omnipresence and continuous exposure have prompted concern
over their enduring endocrine disrupting properties.

A precise link has been established between specific urinary phthalate metabolite
concentration and increased waist circumference along with insulin resistance, which
shows the obesogenic nature of phthalates [199-201]. Several studies propose that such
phenotypic changes are mediated by the capability of phthalates such as mono-(2-
ethylhexyl) phthalate (MEHP), monoethyl phthalate (MEP), butyl benzyl phthalate (BBzP),



and monobenzyl phthalate (MBzP) etc. acting as an agonist for PPARy mediated
adipogenesis [202]. Generally, phthalates are considered to disrupt lipid metabolism, by
activation of PPARy mediated adipogenesis in preadipocytes [171, 203]. Therefore,
phthalates, with their ubiquitous existence can be linked to unregulated stimulation of
PPARy and induction of an associated adipogenic response.

The second aspect of adipogenesis deals with glucocorticoid signaling which is essential
for adipocyte differentiation [204, 205]. The glucocorticoid receptor (GR) is activated by
steroid hormone and generally controls the regulation of genes related to glucose
homeostasis, cell differentiation and bone turnover [206]. Regulation of glucocorticoid
hormone levels is also an important feature in the hypothalamic-pituitary-adrenal alliance,
which coordinates and monitors metabolism in peripheral and stress responses [207]. It has
been shown that the varieties of endocrine disrupting chemicals (EDCs) were checked for
their glucocorticoid-like activity by means of a luciferase reporter assay in 3T3-L1
preadipocytes. Four of the tested EDCs i.e. bisphenol A (BPA), endrin, tolylfluanid (TF)
and dicyclohexyl phthalate (DCHP) activate GR, without significant PPARYy activation
[208]. From here, it is interesting to unravel the fact that phthalates can efficiently utilize
another pathway in a synergistic manner for activation of glucocorticoid receptor-mediated
adipogenesis. In this particular study, DCHP a high molecular weight phthalate has been
shown to stimulate adipogenesis in 3T3-L1 preadipocytes in the low picomolar range
concentration. Properties of DCHP and its monophthalate metabolite mono-cyclohexyl
phthalate (MCHP) are mentioned in Table 2.1.



Table 2.1. General properties and uses of DCHP and MCHP. Molecular structure of

DCHP and MCHP have been shown along with their respective molecular weight.

Properties DCHP MCHP
Molecular weight 330.424 g/mol 248.278 g/mol
Molecular formula C20H2604 C14H1604
Molecular Structure Q "
Uses 1. Used in cosmetic products
2. Plasticizer ingredient in nitrocellulose, ethyl cellulose, vinyl
cellulose, and resins
3. Added with poly (methyl Methacrylate) in amorphous
thermoplastics

Although, this study has revealed that DCHP is involved in glucocorticoid-mediated
adipogenesis in 3T3-L1 cells, but the elucidation of the binding mode and important
interactions of DCHP with human glucocorticoid receptor (hGR) has not been accounted
yet. Therefore, this computational study highlights the toxic effects of DCHP and its
monophthalate metabolite, MCHP with human glucocorticoid receptor which may
eventually lead to the initiation of glucocorticoid-mediated adipogenesis pathway. The
crystal structure of the hGR ligand binding domain with agonist dexamethasone (DEX)
(PDB ID: 4UDC) ‘is available [209]. The overall structure of the hGR ligand binding
domains has 11 o helices as well as 4 [ strands that are folded into a three-layered helical
domain.

Therefore, in this study, computational techniques like molecular docking and simulation
were used to investigate the binding mode and stability of DCHP-hGR and its
monophthalate metabolite MCHP-hGR complexes. Overall results illustrate that DCHP and
MCHP can efficiently bind and can activate hGR mediated adipogenesis.

2.2 Material and methods

2.2.1 System preparation and Molecular docking of ligands




The crystal structure of human glucocorticoid receptor (hGR) is used as a model to
investigate binding modes of high molecular weight phthalate DCHP and its monophthalate
metabolite MCHP. For that purpose, crystal coordinates of the hGR ligand binding domain
(from residues 500- 777), in complex with bound agonist dexamethasone (DEX) was
retrieved from RCSB Protein Data Bank (PDB ID: 4UDC) [209]. The receptor was
geometrically optimized by utilizing the Clean Geometry module of Discovery Studio (DS)
4.0 suite provided by Accelrys (San Diego, CA, USA). The structure was energy
minimized for 1000 steps by using a smart-minimizer algorithm with 0.1 RMS gradient
cutoff [210]. The initial 3D structures of DCHP and MCHP were sketched using Marvin
suite17.13 [http://www.chemaxon.com/marvin/sketch/index.jsp] and minimized using DS
suite.

To envisage the interaction of hGR with phthalates, automated ligand-receptor docking
calculations were carried out by using AutoDock Tools 4.0 and AutoDock Vina 1.1.2 [211,
212]. Receptor and ligand molecules were prepared by adding hydrogen molecules and
associated Kollman and Gasteiger charges, respectively. The spacing of 0.375 A was used
for the generation of atomic potential grid map. Catalytic key residues, such as Asn564,
GIn570, Arg611, GIn642, Cys736, and Thr739 were used for constructing docking receptor
grid box. The final dimensions of the grid box were 70 A x 70 A x 70 A and the center
point coordinates were set as X = 0.56, Y = —12.94 and Z = 2.77. Lamarckian genetic
algorithm and grid supported energy evaluation method were adopted for docking purpose
with total 100 GA runs. The pose having the maximum binding affinity score and
corresponding interaction with the key residues was selected and further analyzed in PyMol
1.3 [213]. Important hydrophobic interactions involved during complex formation were
analyzed and compared using Maestro 11.2 (Schrodinger Release 2017-4: Maestro,
Schrodinger, LLC, New York, NY, 2017).

2.2.2 Molecular dynamics simulation

Molecular simulation studies were performed in order to evaluate the stability and
flexibility of the phthalates-hGR complexes within a precise hydration environment. The
associated structural and dynamic changes occurring at the atomistic level in glucocorticoid
receptor on the binding of DCHP and MCHP were analyzed. All the simulation-based
study was performed with Gromacs 5.1.4 suite with GROMOS96 54A7 force field on a



LINUX based workstation [214, 215]. Automated Topology Builder (ATB) was used for
the generation of ligand topology files [216, 217]. The protein complexes were solvated in
a cubic box of volume 534.76 nm® with simple point charge (SPC) waters and three Na*
counterions were added by using “genion” tool for ensuring the neutrality of the system. In
the next step of energy minimization, the steepest descent algorithm was used for 50,000
iteration steps with cut-off up to 1000 kJmol'. The system was equilibrated in two
different phases and LINCS algorithm was used for covalent bond constraints. The NVT
phase of equilibration was performed with a constant number of particles, volume, and
temperature, each step 2 fs. In a similar manner, the NPT phase of equilibration was done
with a constant number of particles, pressure, and temperature, at 300 K with Parrinello-
Rahman pressure coupling method. For calculation of short-range interactions, such as
Lennard-Jones and Coulomb interactions, 1.4 nm radius cut-off was used. Particle Mesh
Ewald (PME) method was employed for long-range electrostatics with Fourier grid spacing
of 1.6 A was utilized. The constant temperature of the system was maintained by using V-
rescale, a modified form of Berendsen temperature coupling method. The final production
step of molecular dynamics simulation was carried out for 20 ns, each step of 2 fs. The
results of MD simulations were analyzed in terms of the stability of the trajectory,
hydrogen bond analysis, and conformational flexibility of DEX-hGR and PAEs-hGR

complexes.

2.2.3 MMPBSA binding free energy calculations
The Molecular Mechanic/Poisson-Boltzmann Surface Area (MMPBSA) method was
utilized for the computation of binding energies of the complexes which employ ensembles
derived from molecular dynamics (MD) simulation [218]. The trajectories related to stable
equilibrium state were selected for the calculation of corresponding binding energy. In the
GROMACS module, the g_mmpbsa application is used for the estimation of different
components of the binding free energy of DEX-hGR and PAEs-hGR complexes.
In general, the binding free energy, AGyping, Was computed using Equation (1) from the free
energy of the receptor-ligand complex (Gyc) with respect to the unbound receptor (Gyec) and
ligand (Giig):

AGbind = Gyic— (Grec + Giig)



On the basis of a complete thermodynamic cycle, MM-PBSA allows the calculation of the
binding free energy, including ligand and protein desolvation energies. Here, the binding
energy involves the average of potential energy in the vacuum, polar-solvation energy, and
non-polar solvation energy, respectively. In the present study, at equilibration state,
snapshots for every 10 ps between 15 and 20 ns were assembled and MMPBSA was
performed to predict the binding energy.

2.3 Results
2.3.1 Molecular docking of the ligands

As shown in Figure 2.1, high molecular weight diphthalate DCHP and its monophthalate
counterpart MCHP, were successfully docked into the active site pocket (volume 599 A%)
of the human glucocorticoid receptor. Best binding poses were clustered and selected
according to their binding affinity score, and the orientation within the active site. The
AutoDock and AutoDock Vina results are shown in Table 2.2. Autodock and Autodock
Vina binding affinity scores for DCHP are -7.17 (kcal/mol) and -8.6 (kcal/mol),
respectively. Similarly, MCHP has a lower binding affinity as compared to DCHP and its
Autodock and Autodock Vina binding affinity scores are -5.24 (kcal/mol) and -7.5

(kcal/mol), respectively.
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Figure 2.1. The ribbon diagram of human glucocorticoid receptor (hGR)-ligand
binding domain, active site cavity with DEX, DCHP and its metabolite MCHP. A)
DEX (cyan color), B) DCHP (red color), C) MCHP (yellow color). DCHP and MCHP
occupy the active site cavity in the same manner as that of DEX. Interacting residues of the
hGR are shown in stick form and the red dotted line represents intermolecular hydrogen

bond interactions.

Table 2.2. Molecular docking results showing binding affinities of DEX, DCHP and
MCHP. Binding affinities (kcal/mol) and the important interactions of the high m.wt
DCHP and its metabolite MCHP with human glucocorticoid receptor are shown.

S.no | Compound | Binding affinity | Binding affinity | Important interactions
(kcal/mol) (kcal/mol)
(Autodock) (Autodock Vina)
1 DEX -10.2 -12.4 Asn(564) OD1- 2.9A- 02
Arg(611) NH2- 2.9A- 02
GIn(642) OE1- 3.0 A- O3
Thr(739) 0G2- 2.8 A- 05
2 DCHP -7.17 -8.6 Asn(564) ND2- 3.4A- 04
Thr(739) OG1- 3.1 A- 04
3 MCHP -5.24 -75 Asn(564) ND2- 3.2A- 04
GIn(642) OE1- 3.0 A- 03
Thr(739) OG1- 3.0 A- 04

It is to be noted that the binding affinity of DEX is higher than that of DCHP and MCHP as
shown in table 2.2. Phthalate ring of DCHP and MCHP have shown hydrophobic
interactions with important active site residues such as Met560, Leu563, Trp600, Met601,
Met604, Phe623, Leu732, Tyr735, and Cys736, as shown in Figure 2.2.
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Figure 2.2. Pictographic representation of hydrophobic interaction involved in DEX-
hGR, DCHP- hGR and its metabolite MCHP-hGR complex formation using Maestro
11.2. A) DEX, B) DCHP, and C) MCHP. All the aromatic rings of DCHP and MCHP are
deeply embedded into the hydrophobic pockets of hGR. Hydrophobic interactions are

shown in green color.



2.3.2. Molecular simulation results

Molecular dynamics simulation was performed to evaluate the stability and flexibility of
the docking complexes of hGR with high molecular weight phthalate, DCHP, and its
monophthalate MCHP.

2.3.2.1 Root-mean-square deviation (RMSD)

In the present study, time-dependent RMSD graphs were plotted for protein Co backbone
of DEX-hGR and PAEs-hGR complexes. RMSD results indicate that the complex
formation between hGR and high molecular weight phthalate DCHP and its monophthalate
metabolite MCHP is stable and less flexible. In each case, ligand—hGR complexes reached
equilibrium during the initial phase of the simulation and tend to remain stable during the
course of 20 ns simulation study. RMSD values of DEX-hGR and PAEs-hGR complexes
gradually increased up to 11 ns and started to converge between 15 to 20 ns, as shown in
Figure 2.3. It is to be noted that, complexes of MCHP with hGR showed higher average
RMS variation as compared to their corresponding diphthalate counterpart, DCHP, as
shown in Table 2.3. Overall RMSD results suggest that there is no significant variation in
the protein backbone RMSD patterns of PAEsS-hGR complexes as compared to DEX-hGR
complex. These results imply that the binding of these PAEs at the active site of hGR is

stable.
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Figure 2.3. RMSD graphs of hGR with DEX, DCHP, and MCHP. RMSD profile of
DEX, DCHP and its metabolite MCHP depicting the Ca backbone stability of hGR during
the 20 ns of the simulation at 300 K.

Table 2.3. Average RMSD and RMSF of hGR-DEX, hGR-DCHP, and hGR-MCHP
complexes. Resultant average RMSD and RMSF values of the variation in hGR backbone
on the binding of DEX, DCHP, and MCHP are mentioned.

S.no Compound Average RMSD Average RMSF Average Rg
(nm) (nm) (nm)
1. DEX 0.144 0.093 1.836
2. DCHP 0.186 0.101 1.835
3. MCHP 0.197 0.097 1.829




2.3.2.2 Root-mean-square fluctuation (RMSF)

In this study, root mean square fluctuation (RMSF) for each residue of hGR complexes
with DEX, DCHP, and MCHP was analyzed, as shown in Figure 2.4. RMSF results show
that the active residues of hGR involved in the interaction with ligands have shown lesser
fluctuation (within the range of 0.05 to 0.15 nm). RMSF result depicting residue mobility
suggests that the reference position of hGR active site residues was not significantly varied
on the binding of ligands. These results also demonstrate that the RMSF fluctuation profiles
of PAEs-hGR complexes were almost comparable to DEX-hGR complex, which implies
that these high molecular weight PAEs, DCHP, and MCHP form stable complexes with
hGR and can activate the glucocorticoid receptor in a synergistic manner.
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Figure 2.4. RMSF plots of molecular dynamics simulation study of hGR-DEX, hGR-
DCHP and hGR-MCHP complexes for 20 ns. Fluctuation in protein residues upon
binding of DEX, DCHP and its metabolite MCHP is shown.



2.3.2.3 Radius of gyration (Rg)

The protein backbone Rg was calculated for 20 ns trajectory and plotted in Figure 2.5. The
radius of gyration results shows that variation in Rg value of PAES-hGR complexes is
analogous to DEX-hGR complex. Rg results suggest that all the complexes were stable in
nature and the secondary structures of protein are densely packed during the course of the

simulation.
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Figure 2.5. Radius of gyration (Rg) graphs of DEX-hGR, DCHP-hGR and MCHP-
hGR complexes. The radius of gyration factor is related to the compactness of the hGR

protein complex, during the course of the simulation of the 20 ns study.



2.3.2.4 Hydrogen bond analysis

The protein-ligand complex binding interactions were studied by H-bond analysis during
the time period of 20 ns simulation. Hydrogen-bond number analysis of DEX, DCHP and
its corresponding monophthalate MCHP with hGR is shown in Figure 2.6. The distribution
of hydrogen bond lengths results is shown in Figure 2.7. These results indicate that the
affinity of inter-molecular hydrogen bonds of PAEs-hGR complexes is comparable to

DEX-hGR complex.

—— hGR-DEX
—— hGR-DCHP
—— hGR-MCHP

Number of H-bonds

U |\| |\’ hw AT

M

0 10000 15000 20000
Time (ps)

Figure 2.6. Hydrogen bond number results of DEX-hGR, DCHP-hGR and MCHP-
hGR complexes. Average number of H-bonds formed during the 20 ns of simulation are

mentioned.
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Figure 2.7. Bar representation of the hydrogen bond number distribution of hGR with
DEX and PAEs. Hydrogen bond distribution profiles w.r.t to donor-acceptor distance, in
case of DEX-hGR, DCHP-hGR and MCHP-hGR complexes during the course of 20 ns

simulation at 300 K are shown.



2.3.3 MMPBSA Binding free energy calculation

The binding free energy (AGbind) of the DEX-hGR and PAEs-hGR complexes were
calculated using MMPBSA method and corresponding individual energy components
(AEvdW, AEelec, AGpolar, and AGnon-polar) are mentioned in Table 2.4. MMPBSA
results provide a quantitative inference of the binding free energy. It has been shown that
the binding free energies of the studied PAEs are lesser as compared to the DEX, a potent
agonist for the human glucocorticoid receptor. Binding free energy results illustrate that
PAEs-hGR complexes are stable and these high molecular weight PAEs, DCHP, and
MCHP can effectively activate the glucocorticoid receptor-mediated adipogenesis in a

synergistic approach.

Comp | Vander Waals Electrostatic Polar SASA energy- | Binding energy
-ound | energy (kJ/mol) | energy (kJ/mol) salvation (kJ/mol) (kJ/mol)
energy
(kJ/mol)
DEX |-234.153+/0.412 | -17.873+/- 0.260 | 84.199+/-0.392 | -19.163+/0.035 | -187.004+/0.462
DCHP | -156.703+/3.497 | -4.745+/- 0.210 | 63.397+/-0.785 | -14.769+/0.340 | -113.01+/-3.294
MCHP | -139.202+/0.474 | -10.236+/- 0.417 | 80.944+/-0.284 | -24.351+/0.269 | -92.845+/- 0.582

Table 2.4. Binding energies of hGR-DCHP and hGR-MCHP complexes calculated by
MMPBSA. Different energy components such as Van der Waals energy, electrostatic
energy, polar solvation energy and SASA energy contributing to the total binding free

energy are mentioned.

2.4 Discussion

Generally, glucocorticoids have a vital role in adipocyte differentiation, and variation in
glucocorticoid levels affects long-term metabolic programming and homeostasis
maintaining pathways [219-221]. GR belongs to the family of nuclear receptors (NRs) and
arranged in three domains: first is towards N-terminal, an activation function-1 domain
(AF-1), second is a central DNA binding domain, and the third is at C-terminal, a ligand
binding domain (LBD) [209, 222]. LBD also contains a ligand-dependent activation
function domain (AF-2) which is directed by hormone binding. As it is already reported
that, DCHP have a synergistic role in glucocorticoid receptor-mediated adipogenesis [223].

Here in glucocorticoid receptor, LBD folds into a canonical three-layer helical pack having




a hydrophobic pocket for ligand binding. Dexamethasone (DEX) is a powerful agonist for
hGR that helps in the binding of coactivators to hGR. Here, in this study, the manner in
which DCHP and its metabolite MCHP interact with the receptor active site is elucidated
and compared with agonist DEX. Side chains of DCHP and MCHP enabled them to make
resembling interactions with the hGR active site residues such as GIn570, Asn564, Arg611,
and Thr739. Therefore, this study illustrates the binding efficiency of commonly used high
molecular weight phthalate DCHP and its monophthalate metabolite MCHP and highlights
their synergistic effect on the activation of glucocorticoid receptor-mediated adipogenesis.

To gain insights into the interaction between DCHP, MCHP and human
glucocorticoid receptor, the best poses were selected from molecular docking studies. The
crystal structure of hGR with dexamethasone (PDB 1D:4UDC) shows that DEX is present
in the bottom half cavity of the LBD of hGR. In a similar manner, DCHP and MCHP also
occupy the bottom cavity of LBD of hGR. It is known that the presence of an outward tilt
at the interface of helix (H6 and H7), is often correlated to the expanded ligand binding
pocket in case of glucocorticoid receptor. Therefore, binding pocket of hGR can
accommodate high molecular weight DCHP and MCHP.

Molecular docking results show that DCHP and MCHP have similar hydrogen bond
interaction profile as compared to DEX with hGR active site residues. Further, hydrophobic
interactions of DCHP-hGR and MCHP-hGR complexes are analogous to DEX-hGR
complex. Such observation is in coordination with the report asserting synergistic effects of
DCHP ‘along with agonist DEX, in glucocorticoid-mediated adipogenesis. Likewise, as
seen in the binding pattern of DEX, phthalate ring of high DCHP and MCHP occupies the
central active site cavity and carboxylate groups form hydrogen bonds with key amino
acids such as Asn564 and Thr739. Hence, activation of hGR by DCHP and MCHP can lead
to glucocorticoid receptor-mediated adipogenesis.

Molecular dynamics simulation studies help in recognition of the changes occurring
at the atomistic level in the ligand-protein complex. In the present study, different
parameters associated with simulation studies such as RMSD, RMSF, radius of gyration
(Rg), and the hydrogen bond formation and length distribution were analyzed.

This RMS deviation predicts the conformational changes occurring in the protein backbone

during the course of the molecular simulation. Overall RMSD results illustrate that there is



no significant variation in the protein backbone RMSD patterns of PAEs-hGR complexes
as compared to DEX-hGR complex. These results imply that the binding of these PAEs at
the active site of hGR is stable and efficient. Root mean square fluctuation (RMSF) aspect
of simulation study deals with the fluctuation of protein Ca atom coordinates from their
average position during the course of the simulation. As it is shown that, constant backbone
atom RMSF value with such small or minor fluctuations signifies the stability of the PAEs-
hGR complexes. Radius of gyration (Rg) determines the compactness of protein complexes
in a given time frame during the molecular simulation. In general, a stably folded protein
tends to maintain a relatively less variation in Rg value which determines its dynamic
stability. Rg results analysis also shows that the DCHP-hGR and MCHP-hGR complexes
are stable as that of DEX-hGR complex. The total average number of H-bonds formed
during the simulation phase provide stability to the ligand-protein complex. The overall H-
bond contribution by protein active site residues with DEX, DCHP, and MCHP were
analyzed. The PAEs-hGR complexes were stable throughout the 20 ns simulation period.
The stability of complexes was also contributed by non-bonded interactions such as
electrostatic and Van der Waals forces. The hydrogen bond results help in understanding
the stability of PAES-hGR complexes and they may play a pivotal role in synergistically
activating glucocorticoid-mediated adipogenesis in humans. Overall, molecular dynamics
results DCHP-hGR and MCHP-hGR complexes were stable and less flexible during the
course of the simulation.

Free binding energy calculations were used for estimation of the binding affinity of
the ligand (DCHP and MCHP) with a protein receptor (hGR). In this study, MMPBSA, a
plug-in utility of GROMACS was used for the computation of the binding free energy of
PAEs-hGR complexes. The ligand binding affinity was analyzed based on the free binding
energy calculations, evaluated for snapshots of trajectories from last 5 ns obtained from the
MD simulation. Overall binding free energy results show that the DCHP-hGR and MCHP-

hGR complexes were stable as compared to DEX-hGR complex.



2.5 Conclusion

Endocrine disrupting chemicals (EDCs) can modulate the activity of steroid hormone via
disruption of nuclear hormone receptors and vary sexual development and normal cellular
physiological conditions. Phthalates are the ubiquitous environmental contaminants that
have established endocrine disrupting and teratogenic properties. Appropriate activation of
hGR is a critical controller of adipocyte differentiation. The in-silico techniques of
molecular docking and simulation were utilized to analyze the important interactions of
DCHP and its metabolite MCHP with hGR. This computational study shows that the PAEs-
hGR complexes have good binding affinities and form stable complexes. Hence, DCHP
and MCHP, from a class of high molecular weight phthalates can efficiently bind to hGR
and activate the ‘glucocorticoid-mediated adipogenesis in a synergistic manner. Our
computational study emphasizes that the DCHP and MCHP can bind to hGR and
concurrently provides a regulatory connection between the rate of rising obesity with that
of the alarming rate of increase in phthalate production. The rise in rates of metabolic
disorder is related to increase in exposure, usage, and production of xenobiotic compounds.
A large variety of environmental endocrine disrupting substances influence adipogenesis
and obesity. “Obesogens” are chemical agents that improperly regulate the genes involved
in glucose metabolism and adipocyte differentiation and promote lipid accumulation and
adipogenesis. The human glucocorticoid receptor (hGR) is a steroid hormone triggered
transcriptional factor and it regulates target genes important in basal glucose homeostasis.
Molecular docking analysis was performed in order to assess in-silico structure based toxic
effects of high molecular weight phthalate dicyclohexyl phthalate (DCHP) and its
monophthalate metabolite mono-cyclohexyl phthalate (MCHP). DCHP and MCHP were
docked within the active site cavity of human glucocorticoid receptor (hGR). Molecular
docking results show that the binding affinities of DCHP and MCHP lie in the comparable
range (-7.17 kcal/mol and -5.24 kcal/mol) with Dexamethasone (-10.2 kcal/mol), a potent
agonist for hGR. These two PAEs occupy the active site of hGR and have shown
interaction with the key residues such as Met560, Asn564, Trp600, Met604, Phe623,
GIn642, Leu732, Tyr735, Cys736, and Thr739. Molecular dynamics and stability of the
DCHP-hGR and MCHP-hGR complexes were determined by molecular simulation using
GROMACS 5.14. Molecular dynamics simulation results infer that DCHP-hGR and



MCHP-hGR complexes were stable. Binding free energy calculations of the DCHP-hGR
and MCHP-hGR complexes were estimated by using Molecular Mechanic/Poisson-
Boltzmann Surface Area (MMPBSA) method. Molecular Docking and simulation results
emphasize that DCHP and MCHP can efficiently bind to hGR, which further leads to

glucocorticoid-mediated adipogenesis in a synergistic manner.






CHAPTER 3

STRUCTURE-BASED MIMICKING OF PHTHALIC ACID ESTERS (PAES) AND
INHIBITION OF hACMSD, AN IMPORTANT ENZYME OF THE TRYPTOPHAN
KYNURENINE METABOLISM PATHWAY



3.1 Introduction

In the brain, elevated levels of quinolinic acid (QA) are often associated with the
pathogenesis of different neurodegenerative disorders including Alzheimer’s and
Huntington’s disease [224-226]. In the kynurenine pathway of tryptophan metabolism, o-
amino-f-carboxymuconate-g-semialdehyde (ACMS) is metabolized to a-amino-p-
muconate-g-semialdehyde (AMS) via the action of important enzyme ACMS
decarboxylase, further AMS converted to acetyl CoA as shown in Figure 3.1 [227, 228].
To maintain the basal Trp-niacin ratio, ACMS is non-enzymatically metabolized to
quinolate (QA) which further leads to the NAD formation [229]. Thus, the presence of key
enzyme ACMSD prevents the accumulation of quinolate [230]. Various studies related to
ACMSD show that enzyme is zinc-dependent amidohydrolase maintaining quinolinic acid
(QA) and NAD homeostasis [231]. Disturbance in the basal levels of QA is associated with
many physiological and pathological conditions related to the central nervous system
(CNS) [232]. Thus, ACMSD act as a checkpoint and regulates the balance between the
relative QA levels.

Several studies have reported that ACMSD is a critical enzyme for tryptophan metabolism
[233, 234]. Phthalic acid esters (PAESs) are commonly used for the industrial manufacturing
of lubricants, various adhesives, pest repellents, and plastics [183, 235]. Several PAEsare
long-established environmental endocrine disrupters, peroxisome proliferators and induce
reproductive and developmental toxicities [191, 236-239]. It has been reported that PAEs
can imbalance the Trp-niacin basal ratio in the tryptophan metabolism pathway. In rats, it
has been reported that the conversion ratio of tryptophan to niacin has increased with the
increase in the dietary concentration of di-(2-ethyl hexyl) phthalate (DEHP) [240]. This
study shows that the increase in the amount of quinolinic acid with an increase in DEHP
concentration is associated with the inhibition of enzymatic activity of ACMSD. Similarly,
di-n-butyl phthalate (DnBP) is reported to be linked with alteration in trp to niacin ratio in
the weaning rats, which were fed with niacin-free and tryptophan limited diet [241]. It has
been shown that DEHP degrades to phthalic acid via an intermediate mono-(2-ethyl hexyl)
phthalate (MEHP) [115]. In another report, it has been shown that DEHP and its metabolite
MEHP increased QA production in the rats [242]. This study reveals that the structural



similarity of DEHP and MEHP to tryptophan metabolites is responsible for the noticeable
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changes in normal tryptophan metabolism and caused the inhibition of ACMSD activity.

Figure 3.1. Kynurenine pathway of tryptophan metabolism. Tryptophan is metabolized
to kynurenine and further to 3-Hydroxy anthranilic acid (3-HAA). Then, ACMSD
participates in a reaction (marked with a solid arrow) and directs the conversion of a-
amino-f-carboxymuconate-g-semialdehyde (ACMS) to a-amino-B-muconate-¢-
semialdehyde (AMS), which is further metabolized to Acetyl-CoA. ACMS is also non-
enzymatically converted to quinolate (marked with a dotted arrow), which further leads to

nicotinamide adenine dinucleotide (NAD) biosynthesis.



Although, numerous studies have shown that phthalates are involved in disturbing the basal
trp to niacin ratio, but the elucidation of the binding mode and important interactions of
PAEs with hACMSD have not been reported yet. This study highlights the important
interactions of phthalates with human a-amino-p-carboxymuconate-e-semialdehyde
decarboxylase (hACMSD) which eventually inhibit the hACMSD activity and leads to the
accumulation of quinolate. The crystal structure of the hACMSD along with substrate
analog Dipicolinic acid, PDC (PDB ID: 4IH3) is available [231]. PDC binds in the zinc-
containing active site of hACMSD and shows the interaction with Arg47 and Trp191. In
this study, five commonly used PAEs and their corresponding monophthalates used for the
docking studies with hACMSD are: dimethyl phthalate (DMP), diethyl phthalate(DEP), di-
n-butyl phthalate. (DnBP), di-isobutyl phthalate (DIBP), di-(2-ethylhexyl) phthalate
(DEHP), monomethyl phthalate (MMP), monoethyl phthalate (MEP), mono-n-butyl
phthalate (MBP), mono-iso butyl phthalate (MIBP), and mono-(2-ethylhexyl) phthalate
(MEHP), mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono-(2-ethyl-5-oxyhexyl)
phthalate (MEOHP). Molecular docking and simulation studies were used to investigate the
binding mode and stability of these PAEs to human ACMSD. The results conclude that
these phthalates can efficiently bind and can inhibit the activity of hACMSD. Hence, the
binding of PAEs with hACMSD affect the basal trp to niacin ratio which further
accumulates the quinolate in the tryptophan metabolism pathway.

3.2 Material and methods

3.2.1 Protein and ligand preparation

Computational docking and simulation studies were performed in order to assess the
interaction of the phthalates with hACMSD. The coordinates of hACMSD were retrieved
from the crystal structure of hRACMSD bound to a substrate analog Dipicolinic acid (PDC)
(PDB ID: 41H3) from the RCSB database [231]. Geometric optimization of the protein was
done by using the Clean Geometry module of Discovery Studio (DS) 4.0 suite by Accelrys
(San Diego, CA, USA). Side-chain torsion angles varying more than 30°from the ideal
values were corrected. The conformational quality was checked using the Minimize and
refine protein module of DS suite,in which water molecules were eliminated and the

CHARMMZ27 force field was used for the protein receptor [243]. The structure was



minimized for 1000 steps by utilizing the smart-minimizer algorithm with 0.1 RMS

gradient cut-off to remove the steric overlaps.

3.2.2 Molecular docking of ligands

AutoDock 4.2.6 was used to perform the docking of PAEs with hACMSD [211]. Autodock
utilizes a semiempirical free energy forcefield to calculate the binding free energy of a
small molecule to a macromolecule. Receptor molecule was prepared by adding explicit
hydrogen molecules and associated Kollman charges (16.0) by utilizing the AutoDock
Tools 1.5.6 and saved in .pdbqt file format. Five commonly used diphthalates and their
corresponding monophthalates used for the docking studies with hACMSD are: dimethyl
phthalate (DMP), diethyl phthalate (DEP), di-n-butyl phthalate (DnBP), di-isobutyl
phthalate (DIBP), di-(2-ethylhexyl) phthalate (DEHP), monomethyl phthalate (MMP),
monoethyl phthalate (MEP), mono-n-butyl phthalate (MBP), mono-iso butyl phthalate
(MIBP), mono-(2-ethylhexyl) phthalate (MEHP), mono-(2-ethyl-5-hydroxyhexyl)
phthalate (MEHHP), and mono-(2-ethyl-5-oxyhexyl) phthalate (MEOHP). As a positive
control, substrate analog of hACMSD, dipicolinic acid (PDC) was docked and compared
with binding affinity scores of PAEs. The 3D structures of all the phthalates were drawn
using Marvin suite 17.13 [http://www. chemaxon.com/marvin/sketch/index.jsp] and
minimized using DS suite. The properties of phthalate compounds and their structures are
shown in Table 3.1. The ligands were prepared by adding hydrogen atoms and Gasteiger
charges and then saved in .pdbqt format. The ligand flexibility was used to specify the
torsional degrees of freedom in ligand molecule. The atomic potential grid map was
generated with a spacing of 0.375 A by using AutoGrid 4. The docking receptor grid was
created by choosing the catalytic key residues which show interaction with substrate
analog, PDC i.e. Arg47 and Trp191 and His174, present in the proximity of zinc metal. The
dimensions of the grid box were as follows 70 A X 70 A X 70 A and the center point

coordinates were set as X = 0.56, Y = -12.94 and Z = 2.77. For docking purpose,
Lamarckian genetic algorithm and grid supported energy evaluation method were adopted.
The number of total GA runs was increased from10 to 100. Other docking parameters were
used as default. The pose with the maximum binding affinity score and the corresponding
interactions was selected and further visually inspected and analyzed in PyMol 1.3 [213].



Table 3.1. Commonly used Phthalates and their usage. The details of Phthalic acid
esters (PAEs) such as DMP, DEP, DBP, DIBP, DEHP and their metabolites along with

their different uses.

S.no. | Phthalate Phthalates Molecular weight Structure Usage
category (g/mol)
1 Low Used as plasticizer, also
Molecular DMP 194.18 N .. used in insect repellents
weight =g
e
MMP 180.15 I
Solvent in personal care
DEP 222.4 o, products, cellulose acetate
St SR plasticized films for food
packaging
MEP 194.18 nl™
|
L
‘ An enteric coating of
DBP 278.34 W& P | medications and food
S supplements and
' i nitrocellulose-coated
(I g regenerated cellulose film
N Zogiy (RCF) used in plasticized
coatings.
Used as a substitute for DBP
DIBP 278.34 S M due to the similarity in their
S - application properties
MIBP 222.24 | -
2 High Production of polyvinyl
molecular DEHP 390.56 o chloride (PVC) plastics,
weight - » | Used in PVC based, medical
VEN products, retail packed food
MEHP 278.34 @JL P items
T
MEHHP 294.34 - TJL/ i
s
. P PN
MEOHP 292.33 c J\w;‘ C




3.2.3 Molecular dynamics simulation

The associated structural and dynamic changes occurring at the atomistic level in hAACMSD
on the binding of PAEs were analyzed by molecular dynamics simulation. The simulation
study was performed with Gromacs 5.1.4 suite with GROMOS96 43al force field on the
LINUX based workstation [214, 215]. PDC and phthalates topology files were generated
using Automated Topology Builder (ATB) [216, 217]. The protein complexes were
solvated in a cubic box with simple point charge (SPC) waters and counter-ions were added
for the overall electrostatic neutrality of the system [244]. Energy minimization was
performed to minimize the steric clashes by using Steepest descent algorithm for 50,000
iteration steps and cut-off up to 1000 kJmol*. Then the system was equilibrated in two
different phases for 50,000 steps. The first phase of equilibration was done with a constant
number of particles, volume, and temperature (NVT), each step 2 fs. The second phase of
equilibration was performed with a constant number of particles, pressure, and temperature
(NPT), the ensemble at 300 K. LINCS algorithm was utilized for covalent bond constraints
in the equilibration steps. For the calculation of Lennard-Jones and Coulomb interactions,
1.4 nm radius cut-off was used. Long-range electrostatics were calculated by using Particle
Mesh Ewald (PME) method with Fourier grid spacing of 1.6 A. The temperature inside the
box was regulated by using V-rescale, a modified Berendsen temperature coupling
method.Parrinello-Rahman pressure coupling method was utilized in NPTequilibration.The
final production step of molecular dynamics simulation was carried out for 20 ns, each step
of 2 fs. Trajectories were saved and results were analyzed using XMGRACE. Root mean
square deviation (RMSD) variation in protein backbone was calculated by using g_rms tool
which utilizes the least-square fitting method. Overall root mean square fluctuation
(RMSF) in the atomic positions of protein Co backbone was calculated by using the g_rmsf
tool. A rough measure of compactness factor of protein during the course of the simulation
was estimated by using the g _gyrate tool of GROMACS. gmx_sasa was used for
computation of the total solvent accessible surface area (SASA). Hydrogen bonds were
calculated with 3.5 A distance cut-off by using g _hbond and the distribution of inter-
molecular hydrogen bond lengths throughout the simulation were also analyzed.



3.2.4 MMPBSA binding free energy calculation

The binding free energy of the interaction between ligand-protein complexes were obtained
by utilizing the Molecular Mechanic/Poisson-Boltzmann Surface Area (MMPBSA) method
which employs ensembles derived from molecular dynamics (MD) simulation [245]. In the
GROMACS module, the g_mmpbsa application is used for the calculation of different
components of the binding free energy of PDC-hACMSD and PAEs-hACSMD complexes.
Here, the binding energy is an average of three energetic terms, i.e. potential energy in the
vacuum, polar-solvation energy, and non-polar solvation energy, respectively. In the
present study, the snapshots at every 10 ps between 15 and 20 ns were collected and

MMPBSA was performed to predict the binding energy.

3.3 Results and discussion

Due to the structural similarity of the benzene ring of PAEs with natural substrate analog,
PDC, they are expected to mimic the binding mode at the active site of hACSMD. Side
chains of PAEs enabled them to make analogous interactions with the important residues
such as Arg47 and Trp191 and they occupy the active site of RACMSD within the 4 A
vicinity of zinc metal. Therefore, this study illustrates the binding efficiency of commonly
used PAEs comparable to that of PDC, a substrate analog of hACMSD.

3.3.1 Molecular docking of ligands

Molecular docking is an extensively used computational approach to validate the binding of
the suitable orientation of small molecule with the receptor protein. In order to characterize
the molecular interactions, molecular docking of co-crystallized substrate analog,
Dipicolinic acid (PDC) along with PAEs was performed within the binding pocket of
hACMSD using AutoDock 4.2.6. All the generated binding poses were ranked and
clustered according to their root mean- standard deviation (RMSD) value, binding affinity
score, and the vicinity of the zinc metal. The AutoDock results show that the diphthalates
and their monophthalates have a binding affinity in the range of -4.9 to -7.48 kcal/mol
which is comparable to a substrate analog, PDC (-6.21 kcal/mol) as shown in Table 3.2.
All phthalates have shown interaction with the key amino acid residues such as Arg47 and
Trpl91, similar to substrate analog, PDC as shown in Figures 3.2-3.4. Moreover, the
monophthalates of DEHP such as MEHP, MEHHP, and MEOHP have shown maximum



binding affinities with hRACMSD. PAEs are present within the range of 4 A from the zinc
metal and occupied the active site cavity comprising of residues such as His8, Val76,
His174, Asp291, Phe294, and Leu296, in the same manner as that of PDC. MEHP and
MEQOHP also have shown interaction with other active site residues such as His8, His224,
His174, Aspl77, and Asp291. The crystal structure of hACMSD in complex with 1,3-
dihydroxyacetone phosphate (DHAP) (PDB ID: 2WM1), a glycolytic intermediate which is
a potent inhibitor of the enzyme also shows interaction with key residues such as Arg47,
Asp291, and Trp191. These results suggest that all the studied PAEs can efficiently bind in
the active site of hRACMSD. Moreover, DEHP along with its monophthalates seems to be a
potent inhibitor for hAACMSD. Hence, inhibition of hRACMSD by PAES can disbalance the
basal ratio of Trp-niacin in the kynurenine pathway.

Tables 3.2. Details of molecular docking results of PAES-hACMSD complexes. The
summary of binding affinities (kcal/mol) and the polar interactions of the PAES-hACMSD

complexes
. Binding affinity .

S.no Ligand (kcal/mol) Interactions
Argd7 (NH1) - O; (2.8A)
Argd7 (NH2) - O3 (3.4 A)

1. Dipicolinic acid (PDC) 6.21 TArrggl((';';i; ] 8j g;'}g
Trp191 (NE1) - N; (3.3A)
Asp291 (OD2) - O, (3.1A)
Argd7 (NH2) - O, (2.4 A)
Argd7 (NH2) - 0; (2.7A)

2, DEHP 5.77 ArGEAIINE ) Sag 05 (3421

Trp191l (NEL) - O, (2.4 A)
Trp191 (NE1) - O, (2.7 A)
Trp191 (NEL) - O, (3.5A)

His8 (NE2) - O3 (2.7 A)
Argd7 (NH2) - 0O; (35A)
His174 (NE2) - O3 (25A)
3. MEHP -7.48 Trp191 (NE1) - O, (3.8A)
His224 (NE2) - 05 (2.7 A)
Asp291 (OD1) - O; (2.6 A)
Asp291 (OD2) - O, (3.2A)

Argd7 (NH1) - O, (30A)
Argd7 (NH1) - Os (3.0A)
Argd7 (NH2) - 0, (3.2A)

4, MEHHP -6.94 Val78 (N) or (36 A)
Trp191 (NE1) - O; (2.9 A)
Leu296 (N) - O; (35A)

5. MEOHP 7.42 His8 (NE2) - O;(3.4 A)




Argd7 (NHI)

0,(34A)

Argd7 (NH2) - 0,(2.8A)
His174 (NE2) 0;(32A)
Aspl77(N) - 0;(27A)
Trp191 (NE1) - O;(3.6 A)
His224 (NE2) - 05(2.7 A)
Asp291 (OD1) - 03(35A)
Asp291 (OD2) - 0O,(3.1A)
Argd7 (NH1) - 0,(2.7A)
Arg47 (NH2) 0,(3.3A)
6. DMP -4.96 Argd7 (NH2) - 0;(2.8A)
Trp191 (NE1) - 0,(3.1A)
Trp191 (NE1) N; (2.9 A)
Arg4d7 (NH1) 0,(29A)
Argd7 (NH1) - 03(3.1§)
Argd7 (NH2) 0,(2.8A)
7 PEP 490 Argad7 (NH2) 0;(3.0A)
Argd7 (NH2) - 0,(35A)
Trp191 (NE1) - 0,(3.3A)
Arg4d7 (NH1) - 03(3.0§)
Argd7 (NH2) - 0O3(29A)
8. DBY e Val78 (N) - 05 (25A)
Trp191 (NE1) - 0,(3.2A)
Argd7 (NH1) - 0O,(29A)
Argd7 (NH1) - 0,(3.2A)
Q. DIBP -5.13 Argd7 (NH2) - 0,;(29A)
val7s8 (N) - 0;(3.7A)
Trp191 (NE1) - O; (3.2 A)
His8 (NE2) - Oy (2.7 A)
Argd7 (NH2) - O; (3.1A)
His174 (NE2) - Oy (2.6 A)
10. MMP -5.10 Trp191 (NE1) - O; (3.3A)
His224 (NE2) - Oy, (3.0A)
Asp291 (OD1) - Oy (2.5A)
Asp291 (OD2) - Oy, (3.4A)
Argd7 (NH1) - O, (2.8A)
Arg4d7 (NH2) - O, (3.3?)
Argd7 (NH2) - O; (3.0A)
11. Vil S48 Val78 (N) - 0, (34 A)
His174 (NE2) - O; (35A)
Trp191 (NE1) - O, (2.8A)
Argd7 (NH1) - O; (3.2A)
Argd7 (NH2) - O, (3.2A)
12. MBP -5.83 Argd7 (NH2) - O; (3.0A)
Val78 (N) - 0, (3.6A)
Trp191 (NE1) - O, (2.8A)
Argd7 (NH1) - O, (2.9?)
Argd7 (NH2) - Oz (3.0A)
13. MiBP -5.25 Argd7 (NH2) - O, (2.6 A)
Trp191 (NE1) - O, (2.7 A)
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Figure 3.2. The ribbon diagram of hACMSD binding active site cavity with PDC,
DEHP and its metabolites. A) DEHP (green color), B) MEHP (magenta color), C)
MEHHP (pink color), D) MEOHP (pale yellow color) and E) PDC (grey color). All the
PAEs occupy the active site cavity within the 4 A vicinity of zinc metal. Residues of the
hACMSD are shown in stick form, zinc metal is shown as a sphere in metallic blue color
and the red dotted line represents intermolecular hydrogen bond interactions.
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Figure 3.3. The cartoon representation of hACMSD binding with low molecular
weight diphthalates. A) DMP (purple color), B) DEP (white color), C) DBP (orange
color) and D) DIBP (yellow color). hRACMSD residues are shown in stick form, zinc metal
is shown as a sphere in metallic blue color and the red dotted line represents intermolecular

hydrogen bond interactions of low molecular phthalates with hACMSD.
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Figure 3.4. The binding interaction of low molecular weight Monophthalates with
hACMSD. A) MMP (pale green color), B) MEP (forest green color), C) MBP (light red
color) and D) MIBP (light blue color). The interacting residues of hACMSD residues are
represented in stick form, zinc metal is shown as a sphere in metallic blue color and the red

dotted line shows the intermolecular hydrogen bonds.

3.3.2 Molecular simulation results

Molecular dynamics simulation studies provide suitable means to understand the changes
occurring at the atomistic level in the protein-ligand system and emphasizes on the stability
of the complex. Therefore, a simulation study was performed in order to understand the
dynamics involved in binding of phthalates to hAACMSD. In the present study, different
parameters such as RMSD, RMSF, radius of gyration (Rg), solvent accessible surface area
(SASA) and the hydrogen bond formation and length distribution during the course of the

simulation have been studied.



3.3.2.1 Root-mean-square deviation (RMSD)

It represents the dynamic stability of the protein and predicts the conformation changes
occurring in the protein backbone during the simulation. Here, in the present study, RMSD
values of PDC-hACMSD and PAEs-hACMSD complexes were analyzed. RMSD plots
show that most of the system acquires equilibrium within10-12 ns during the course of the
simulation and were stable up t020 ns as shown in Figure 3.5. The average RMSD values
of the PAEs-hACMSD complexes were compared with the reference ligand PDC-
hACSMD complex as shown in Table 3.3. The high fluctuation of the RMSD values for all
the complexes lies within in the range of 2 A to 3 A. Complexes of lower molecular weight
monophthalates with hACMSD showed less average RMSD as compared to their
corresponding diphthalates. Complexes of hACMSD with- DEPand MEP shows initial
fluctuations and attained equilibrium after7 ns of simulation. RMSD results suggest that
there is no major change in the backbone RMSD patterns of PAEsS-hACMSD complexes as
compared to PDC-hACMSD complex. Moreover, results reveal that lower molecular
weight monophthalates have a less average root mean square deviation and are more
stabilized as compared to their corresponding diphthalates. The RMSD results analysis
implies that the binding of phthalates at the catalytic site of site of hAACMSD is stable and

does not vary the protein backbone stability.



Tables 3.3. Average values of RMSD and RMSF of hACMSD-PAEs complexes.
Average RMSD and RMSF values corresponding to variation in hAACMSD backbone on
the binding of PAEs and PDC.

S.No Compound Average RMSD (nm) Average RMSF (nm)
1. PDC 0.252 0.112
2. DEHP 0.261 0.126
3. MEHP 0.307 0.115
4, MEHHP 0.257 0.125
5. MEOHP 0.221 0.125
6. DMP 0.278 0.127
7. DEP 0.275 0.117
8. DBP 0.255 0.118
9. DIBP 0.295 0.111
10. MMP 0.231 0.102
11. MEP 0.262 0.136
12. MBP 0.223 0.110
13. MIBP 0.279 0.132
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Figure 3.5. RMSD graph of hACMSD with PDC and PAEs. RMSD profile of the Ca
backbone of hACMSD during the 20ns of simulation at 300 K: A) PDC, DEHP and its
metabolites, B) PDC and low molecular weight diphthalates such as DMP, DEP, DBP and
DIBP, and C) PDC and low molecular weight monophthalates such as MMP, MEP, MBP
and MIBP.

3.3.2.2 Root-mean-square fluctuation (RMSF)

RMSF determines the flexibility of the polypeptide chain after fitting it to a reference
frame. It is the fluctuation of Ca atom coordinates from their average position during the
simulation. Generally, in proteins loosely organized loops are characterized by high RMSF
values while secondary structural elements show less flexibility. In the present context,
residue mobility was calculated for each of the PAES-hACMSD complexes and was plotted
against the residue number based on the trajectory of MD simulation. Results show a
higher RMSF peak in the residues range of 180-193, a loop region, which facilitates the
entry of ligands into the active site of hnACMSD as shown in Figure 3.6. The partial helical
region from the residue 232-250, present towards the C terminal of hRACMSD also shows
the higher RMSF fluctuation. These results suggest that active site residues were not
considerably perturbed upon binding of the ligands. Results illustrate that the RMSF
fluctuation profiles of PAEs-hACMSD complexes were almost similar to PDC-hACMSD
complex. RMSFs results imply that the atomic mobility of PAES-hACMSD complexes is in
consent with PDC-hACMSD complex. Thus, the PAEs form stable complexes with
hACMSD and can inhibit this important enzyme of tryptophan metabolism pathway.



10

0.8 -

0.6 -

RMSF (nm)

—— hACMSD -PDC

—— hACMSD - MEHP
—— hACMSD - MEHHP

b A0 Y]
—— PACMSD - M

- 10
=UHY

100

Residue Number

1.0
—— hACMSD-PDC
——— hACMSO - DMP
—— hACMSD - DEP
0.8 -
—— hACMSD - DIBP
‘E 064
£~
IS
=
& 04 -
'
[ K )
i Al ‘s I I+ BTTR! |
0.2 - IJ | 1 | I | i l;" " A r
X'/ L ‘ | - “'( V r‘. M0 T : ’ ‘&_\I ]
TN A b ‘ B LSRR i 1 AR R A
e ‘\‘ .‘ ’s”’&"} ;\\ “‘\* *" " .' { q' \ ] i \»
0-0 1 I I l Ll Ll
0 50 100 150 200 250 300

Residue Number




1.0

C —— hACMSD - PDC
—— hACMSD - MEP
0.8 -
—— hACMSD - MIBP
‘E 06 -
£
[T
w
= 0.4 -

100 150 200 250 300
Residue Number

Figure 3.6. RMSF molecular dynamics simulation results of hACMSD for 20ns. A)
PDC, DEHP and its metabolites with hACMSD, B) PDC and low molecular weight
diphthalates such as DMP, DEP, DBP and DIBP with hACMSD, and C) PDC and low
molecular weight monophthalates such as MMP, MEP, MBP, and MIBP.

3.3.2.3 Radius of gyration (Rg)

Radius of gyration (Rg) factor is associated with the compactness of protein during the
molecular simulation. It is simply a measure of the distance between the center of mass of
the protein atoms and its terminal in a given time step. In general, a stably folded protein
tends to maintain a relatively less variation in Rg value which determines its dynamic
stability. In the present study, variation occurring in Rg value is plotted against time as
shown in Figure 3.7. The radius of gyration results shows that compactness of phthalate-
hACMSD complexes is comparable to the PDC-hACMSD complex. Rg results reveal that
secondary structures are compactly packed in the case of diphthalates and their metabolites
to form stable complexes with hACMSD.
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Figure 3.7. Radius of gyration (Rg) plots of PDC-hACMSD and PAEs-hACSMD. The
radius of gyration results associated with the compactness of the hACMSD protein for the
simulation of 20 ns: A) PDC, DEHP and its metabolites, B) PDC and low molecular weight
diphthalates such as DMP, DEP, DBP and DIBP, and C) PDC, low molecular weight
monophthalates such as MMP, MEP, MBP and MIBP.



3.3.2.4 Solvent accessible surface area (SASA)

The solvation free energy of each atom in a protein is contributed by its polar and non polar
residue interactions. Solvent accessible surface area (SASA) is the surface area monitored
by the probe of the solvent molecule when it traces the Van der Waals surface of the
receptor molecule. Mostly structural alterations are monitored in the residues forming the
loop region in the vicinity of the active site cavity. In general, hydrophobic residues mostly
contribute to the rise of SASA value. This is also apparent by the raised value of the solvent
accessible surface area (SASA) in that region. SASA results of PAEs-hACMSD complexes
are similar to PDC-hACMSD complex as shown in Figure 3.8.
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Figure 3.8. Solvent accessible surface area profile of hAACMSD with PDC and PAEs.
SASA results of hACMSD-PDC and hACMSD-PAEs complexes during the simulation of
20 ns: A) PDC, DEHP and its metabolites, B) PDC and low molecular weight diphthalates
such as DMP, DEP, DBP and DIBP, and C) PDC and low molecular weight
monophthalates such as MMP, MEP, MBP, and MIBP.

3.3.2.5 Hydrogen bond analysis

Hydrogen bond number and distribution in the PAES-hACMSD complexes were studied to
determine the stability of the system during the 20 ns simulation period. The g_hbond
utility of GROMACS was employed to compute the hydrogen bond numbers and
distribution profiles of the complexes. Hydrogen bond numbers results show that the most
of the PAES-hACMSD complexes have maintained a minimum of two hydrogen bonds
throughout the course of simulation as shown in Figure 3.9. Moreover, monophthalate
metabolites of DEHP such as MEHP, MEHHP, and MEOHP form a maximum number of
hydrogen bonds with the hACMSD during the course of 20 ns simulation. The average
number of h bonds during the MD phase shows their continuous contribution in providing
stability to the complex. The results of the distribution of hydrogen bond lengths also
indicate that the PAEsS-hACMSD complexes have form high to low-affinity hydrogen
bonds, which is in consent with PDC-hACMSD complex as shown in Figure 3.10. The
hydrogen bond results help in understanding the functionality and ability of these harmful
phthalate compounds to effectively hinder the activity -hACMSD in the kynurenine
pathway.
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Figure 3.9. Hydrogen bond number results of PDC-hACMSD and PAEs-hACMSD
complexes during the 20ns of simulation. A) PDC, DEHP and its metabolites, B) PDC
and low molecular weight diphthalates such as DMP, DEP, DBP and DIBP, and C) PDC
and low molecular weight monophthalates such as MMP, MEP, MBP, and MIBP.
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Figure 3.10. Bar representation of the hydrogen bond number distribution of
hACMSD with PDC and PAEs. Hydrogen bond distribution profile of PDC-hACMSD
and PAES-hACMSD complexes for the course of 20ns simulation at 300 K, A) PDC,
DEHP and its metabolites, B) PDC and low molecular weight diphthalates such as DMP,
DEP, DBP and DIBP, and C) PDC and low molecular weight monophthalates such as
MMP, MEP, MBP and MIBP.

3.3.3 MMPBSA binding free energy calculation

The free energy calculation analysis is useful in assessing the binding potential of ligands
as it provides a quantitative estimation of the binding free energy. MMPBSA, a utility
within GROMACS was utilized to calculate the binding free energy of PAEsS-hACMSD
complexes. The trajectories of the last 5 ns of PAES-hACMSD complexes were generated
and the MMPBSA was utilized for the prediction of the binding energy of the complexes.
MMPBSA results show that the binding free energies of the PAEs are comparable to the
PDC while the monophthalates metabolites of DEHP have higher binding free energy than
other PAEs as shown in Table 3.4. Binding free energy results of MMPBSA indicate that
PAEs-hACMSD complexes are stable. MMPBSA results confirm that these phthalates can
efficiently bind to the active site of hACMSD and inhibit enzymatic activity. Highest
binding free energies of DEHP and its metabolites reveal that they are can bind with high
affinity to hACSMD as compared to PDC.



Tables 3.4. Binding energies of hACMSD-PAEs complexes by MMPBSA. Van der
Waals energy, electrostatic energy, polar solvation energy and SASA energy components
contributing to the total binding free energy of hACMSD-PAEs and hACMSD-PDC

complexes.

S.No | Compound | Van der Electrostatic Polar solvation | SASA Binding
Waals energy | energy energy (kJ/mol) | energy energy
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)

1 PDC -139.405  +/- | -9.747 +/- | 67.745 +/- | -11.127  +/- | -92.546 +/-
0.329 0.331 0.423 0.027 0.567

2 DEHP -213.316  +/- | -12.924 +/- | 157.375 +/- | -20.392  +/- | - 89.257 +/-
0.602 0.346 1.362 0.056 1.515

3 MEHP -182.956  +/- | -35.861 +/- | 104.625 +/- | -15.679 +/- | -129.888  +/-
0.609 0.383 0.742 0.045 0.686

4 MEHHP -201.045  +/- | -10.651 +/- | 78.052 +/- | -15.373  +/- | -149.068  +/-
0.928 0.404 0.629 0.059 0.806

5 MEOHP -228.297  +/- | -22.370 +/- | 118.271 +/- | -17.246  +/- | -149.646  +/-
0.522 0.309 0.579 0.043 0.847

6 DMP -158.565  +/- | -25.771 +/- | 122.446 +/- | -12.060 +/- |- 73.961 +/-
0.343 0.241 0.451 0.029 0.507

7 DEP -142.667  +/- | -42.500 +/- | 135.593 +/- | -12.310 +/-| -61.884  +/-
0.468 0.454 1.449 0.040 1.347

8 DBP -167.730  +/- | -27.721 +/- | 124.417 +/- | -14.253 +/- | -85.287  +/-
0.465 0.459 0.716 0.042 0.810

9 DIBP -183.035  +/- | -9.031 +/- | 125.265 +/- | -17.092 +/- | -83.893  +/-
0.477 0.340 0.891 0.041 0.910

10 MMP -149.449  +/- | -65.586 +/- | 139.931 +/- | -10.851 +/- | -85.955  +/-
0.410 0.430 0.756 0.026 0.990

11 MEP -145.130  +/- | -23.799 +/- | 103.311 +/- | -12.793 +/- | -78.411  +/-
0.379 0.557 1.398 0.039 1.385

12 MBP -182.239  +/- | -20.841 +/- | 108.814 +/- | -13.533  +/- | -107.794  +/-
1.320 0.394 0.860 0.098 1.402

13 MIBP -196.513  +/- | -9.160 +/- | 122.351 +/- | -13.708  +/- | -97.022 +/-
0.367 0.191 0.323 0.029 0.489




3.4 Conclusion

Human a-amino- B-carboxymuconate- e-semialdehyde decarboxylase (hnACMSD) is a zinc-
containing amidohydrolase which is a vital enzyme of the kynurenine pathway in
tryptophan metabolism. It prevents the accumulation of quinolinic acid (QA) and helps in
the maintenance of basal Trp-niacin ratio.To assess the structure based inhibitory action of
PAEs such as DMP, DEP, DBP, DIBP, DEHP and their metabolites, these were docked
into the active site cavity of hAACMSD. Docking results show that the binding affinities of
PAEs lie in the comparable range (-4.9 kca/mol -7.48 kcal/mol) with Dipicolinic acid (-
6.21 kcal/mol), a substrate analog of hAACMSD. PAEs interact with the key residues such
as Arg4d7and Trp191 and lie within the 4 A vicinity of zinc metal at the active site of
hACMSD. Dynamics and stability of the PAES-hnACMSD complexes were determined by
performing molecular dynamics simulations using GROMACS 5.14. Binding free energy
calculations of the PAES-hACMSD complexes were estimated by using MMPBSA method.
The results emphasize that PAEs can structurally mimic the binding pattern of tryptophan
metabolites to hACMSD, which further leads to inhibition of its activity and accumulation
of the quinolate in the kynurenine pathway of tryptophan metabolism.In kynurenine
pathway, human o-amino-f-carboxymuconates-semialdehyde decarboxylase (hACMSD)
controls the level of quinolinic acid. The inhibition of hACMSD activity may lead to the
elevation of quinolate levels, which is often associated with several neurological disorders.
PAEs are the ubiquitous environmental pollutants which have endocrine disruption and
teratogenic properties. The in-silico techniques such as molecular docking and simulation
studies were done to analyze the interactions of commonly used PAEs with hACMSD. This
computational study shows that the PAES-hACMSD complexes are stable and have binding
affinities similar to natural substrate analog complex i.e. PDC-hACMSD. Hence, PAEs and
their metabolites can efficiently bind to hAACMSD and inhibit its activity in the kynurenine
pathway of tryptophan metabolism. Our study emphasizes on the inhibitory effects of
phthalates on hACMSD activity and simultaneously provides a regulatory link between
disturbances in trp to niacin ratio on the administration of PAEs in the diet. Further studies
should focus on the in-vitro assessment of phthalate toxicity and correlation needs to
establish between the elevations of quinolinic acid level in urine along with corresponding

phthalate exposure.



CHAPTER 4

BIODEGRADATION OF PHTHALIC ACID ESTERS (PAES) AND IN SILICO
STRUCTURAL CHARACTERIZATION OF MONO-2-ETHYLHEXYL
PHTHALATE (MEHP) HYDROLASE ON THE BASIS OF CLOSE STRUCTURAL
HOMOLOG






4.1 Introduction

Phthalates are the dialkyl or alkyl aryl esters of o-phthalic acid, which are ubiquitous
environmental pollutants. They are frequently used as plasticizers to provide stability and
flexibility to the plastic products [182, 184]. Phthalates have many different properties
which depend on the composition and the type of alcohol that usually makes up the alkyl
chain of phthalates [183]. Several experimental and in silico molecular docking studies
have highlighted the toxic effects related to phthalate exposure. This may eventually lead to
inhibition of normal activities of various receptors such as peroxisome proliferator-
activated receptors, glucocorticoid receptors, estrogen receptors and progesterone receptors
[191, 246-250]. Six PAEs namely Dimethyl phthalate (DMP), Diethyl phthalate (DEP), Di-
n-butyl phthalate (DnBP), Benzyl butyl phthalate (BBzP), Di-(2-ethylhexyl) phthalate
(DEHP) and Di-n-octyl phthalate (DnOP) are in the priority pollutants list of United States
Environmental Protection Agency (USEPA) and European Union (EU), due to their
explored toxicological, teratogenic and mutagenic properties [86, 88, 251].

Bioremediation is an effective and important method for removal of these harmful
phthalates from the environment. There are numerous studies related to PAES degradation
pathways using pure cultures [85, 108, 186, 187, 252-255]. Under aerobic and anaerobic
environmental conditions, the different type of pathways such as de-esterification or
dealkylation, B-oxidation, and trans-esterification lead to the primary degradation of
phthalate diesters to phthalate monoesters [116]. Further, phthalate monoesters are serially
degraded to yield phthalic acid (PA) [256]. In aerobic condition, dioxygenase mediated
reaction degrades PA to protocatechuate which is further degraded to oxaloacetate and
pyruvate [257-259]. In anaerobic degradation, PA is decarboxylated to benzoate, which is
then cleaved and degraded via B-oxidation to hydrogen, CO,, and acetate [260]. Likewise,
in the DEHP degradation pathway, MEHP is an intermediate which is further reduced to
PA [261]. It is to be noted that, degradation of MEHP to PA is mediated by MEHP
hydrolases, belonging the serine hydrolases family. The primary sequences of MEHP
hydrolase characterized from Gordonia sp. P8219 and Rhodococcus EG-5 have conserved
catalytic triad and pentapeptide motif (GX;SX,G) which are distinctive features of this
class of serine hydrolases [124, 262].



Three-dimensional structural knowledge of MEHP hydrolase is important to
understand the interactions involved in the binding of phthalate monoesters to MEHP
hydrolase. The present study focuses on the isolation and characterization of efficient PAEs
degrading strains. The tentative DEHP degradation pathway was generated from the
identification of intermediate metabolites which were formed during DEHP degradation. In
addition, a 3D homology model of MEHP hydrolase from Pseudomonas mosselii was
predicted. The phthalate monoesters such as mono-2-ethylhexyl phthalate (MEHP), mono-
n-hexyl phthalate' (MHP), mono-n-butyl phthalate (MBP) and mono-n-ethyl phthalate
(MEP) were docked with MEHP hydrolase to understand the interactions between protein

receptor and ligand.
4.2 Materials and Methods

4.2:1 Chemicals and Media

DMP, DEP, DEHP, n-hexane all with > 97% purity were procured from Sigma-Aldrich (St.
Louis, MO, USA). Analytical grade chemicals were used. Agar, antibiotics (kanamycin,
ampicillin, and chloramphenicol) were purchased from HiMedia Chemicals (Mumbai,
India). Luria-Bertani medium (LB) composed of (L*): 10 g of tryptone, 5 g of yeast extract
and 10 g of NaCl. Modified minimal salt media (MSM) contained (L™*) 6.0 g of Tris-HCI,
1.07 g of NH4CI, 4.68 g of NaCl, 0.2 g of MgCl,. 2H,0, 1.49 g of KCI, 0.43 g of Na;SOs,
30 mg of CaCl,. 2H,0 and 1X trace elements solution [263]. The final pH of the media was
adjusted to 7 using HCI.

4.2.2 Isolation and characterization of bacterial strains

The microorganisms were isolated by an enrichment culture technique where DEHP served
as the only carbon and energy source. 5 g of soil sample was collected from local landfill
site and mixed with 50 mL of autoclaved MSM. The cells were dislodged from the soil
matrix using ultrasonic sonication bath (Bio Technics BTI- 48 50 W, Mumbai, India) for 10
minutes at 20°C. 100 mL of fresh MSM having DEHP (200 mg L™) was inoculated with
the 1 mL of soil culture and the suspension was kept for 5 days at 30°C and 180 rpm. 100
pL of the culture was used to inoculate fresh MSM having a higher concentration of DEHP
(300 mg L™). Likewise, an enrichment procedure was followed for 15 days (3 cycles) with

the gradual increase in the concentration of DEHP up to 500 mg L™. 50 pL of the final



enrichment culture was spread on the MSM agar plates provided with DEHP (500 mg L™).
The pure colonies were obtained and the plates were incubated at 30°C for 36 hours.
Finally, DEHP utilizing strains were isolated and designated as Pseudomonas sp. PKDM2,
Pseudomonas sp. PKDE1 and Pseudomonas sp. PKDE2. Morphological features of the
isolated strains were examined by scanning electron microscopy (LEO 435VP SEM,
SEMTech Solutions, USA).

4.2.3 16S rRNA gene amplification and phylogenetic analysis

For 16S rRNA gene amplification, genomic DNA was isolated using the QlAamp DNA
Mini Kit (QIAGEN, Germany), following the manufacturer’s protocol. The amplification
was performed using universal bacterial primers 27F (5'-
AGAGTTTGATCMTGGCTCAG-3') and 1492R (5'-CGGTTACCTTGTTACGACTT-3).
The 50 pL of PCR mixture had 5 pL of 10X reaction buffer, 1 uL of ANTP mixture (each
dNTP, 2.5 mmol/ pL), 1 pL of each primer (10 pmol/ pL), 2 uL of the template DNA (100
ng/ul) and 0.5 pL of Tag DNA polymerase (New England BioLabs, USA). The PCR cycle
parameters were as follows: initial denaturation at 94°C for the duration of 5 min which is
followed by 30 cycles at 94°C for the duration of 1 min, at 56°C for 45 sec, at 72°C for 90
sec, and final extension carried out at 72°C for 10 min and final storage at 4°C. The PCR
products obtained were further purified using a QlAquick Gel Extraction Kit (QIAGEN,
Germany) and subsequently sequenced (Eurofins Scientific India Pvt Ltd, Bengaluru,
India).

4.2.4 Antibiotic susceptibility test

All the isolated strains were checked for their susceptibility towards the tested antibiotics
(i.e. kanamycin, ampicillin, and chloramphenicol) using the agar disc diffusion technique.
20 pL of each antibiotic (30 pg mL™) solution was transferred into the respective well of
the nutrient agar plate. 20 pL of sterile water served as a control. The plates were incubated

at 30°C for 24 hours and the resultant zone of inhibition was observed.

4.2.5 Biodegradation of DMP, DEP, and DEHP
For assessing the biodegradative capabilities, the isolated bacterial strains were grown on

enriched media (LB Broth) at 30°C for 24 hours at 180 rpm. Bacterial cells were pellet



down at 6,000 rpm for 8 min. Pellets were washed thrice with 0.1 mM phosphate buffer
saline (PBS), pH 7.2. Cells were suspended in the PBS buffer and used as inoculum (with
ODggo of 0.2) in further experiments. 30 mL of fresh MSM was supplemented with either
of DMP, DEP, and DEHP (500 mg L™) and was inoculated with 0.3 mL of cell suspension.
Non-inoculated MSM medium with carbon source was used as a control. All the
experiments were performed in triplicate. After every 5 hours, the samples were collected
and Gas chromatography and mass spectrometry (GC-MS) (7890A GC system, 5975C MS
system, Agilent Technologies, California, USA) was used to analyze the residual amount of
DMP, DEP, and DEHP in the culture. An equal amount of n-hexane was added to the 30
mL of culture media having degraded PAEs. To determine the residual amount, the
resultant heavy emulsion was centrifuged for 8 min at 6,000 rpm and the aqueous phase
was extracted. Later on, the hexane was evaporated close to dryness and reconstituted for
further study. The extract was passed through 0.22 um membrane filter and 1.0 pl of it was
used for GC-MS analysis. The following program conditions of GC-MS were used: DB-
5MS (Agilent J&W GC) column (30 m/0.25 mm/0.25 um) with helium acting as a carrier
gas at the flow rate maintained at 1.0 ml min™*. The analysis conditions were as follows: an
injection temperature of 250 °C, and an ion source temperature of 220 °C, column
temperature was 80°C for the duration of 5 min and it was increased to 200°C at the rate of
10°C/min in split ratio mode (1:20). The mass spectrometer was used in the electron
ionization energy mode of 70eV (mass range of 40-600 a.m.u) with 3 microscans. The
scans were collected and the corresponding peaks of the DMP, DEP, and DEHP were
identified by matching and comparing them with standard mass spectra peaks available in
the National Institute of Standards and Technology (NIST) library (Agilent Technologies,
USA) attached to MS system. The residual amount of respective phthalate was estimated

with the help of corresponding peak area.

4.2.6 ldentification of DEHP degradation pathway intermediates

Pseudomonas sp. PKDEL was cultured in 10 mL of LB broth at 30°C and 180 rpm. The
cells were pellet down at 6,000 rpm for 8 min. The pellet was washed and suspended in the
PBS buffer, pH 7.2. 1% of the culture inoculum was added to 50 mL of MSM having
DEHP (500 mg L™) and incubated at 30°C and 200 rpm. Samples were collected at the

regular interval of 5 hours and intermediate metabolites were extracted using hexane



extraction procedure. GC-MS study of DEHP degradation intermediates was performed
using DB 5MS capillary column and MS detector. The intermediate metabolites produced
during the biodegradation of DEHP were tentatively identified by comparing the resultant
spectra with standard mass spectra peaks available in the NIST library attached to the MS

system.

4.2.7 Comparative molecular modeling and structure validation

Isolated strains Pseudomonas sp. PKDE1 has 99% 16S rRNA sequence identity with
Pseudomonas mosselii. The sequence of MEHP hydrolase from Gordonia sp. P8219
having accession no. BAE78500 was used for searching MEHP hydrolase sequence an o/
hydrolase from Pseudomonas mosselii ATCC BAA-99 [124]. The sequence with accession
no. WP_023629646.1 was obtained from NCBI as an o/f hydrolase from Pseudomonas
mosselii. A suitable template for homology modeling was searched by using NCBI BLAST
search tool against PDB database [264]. The crystal structure of a hydrolytic enzyme (PDB
ID:4F0J) from Pseudomonas aeruginosa PAO1 having a sequence identity of 67% and
query coverage of 93% was selected as a template.

Modeller 9.17 was used to build the comparative 3D model of MEHP hydrolase
from Pseudomonas mosselii [265]. Twenty models were sorted according to their DOPE
scores. Model with the lowest DOPE score was selected and assessed for its stereochemical
quality using PROCHECK [266]. The PROCHECK evaluates the overall stereochemical
property of the predicted model. ModLoop program was used for refining the disordered
loop regions of the structure [267]. Swiss PDB Viewer 4.10 was used for the energy
minimization of the selected model [268].

The ProSA integrated .web server (https://prosa.services.came.sbg.ac.at/prosa.php)
was utilized for the estimation of statistical Z-score deviation of the predicted model from
highly resolved PDB deposited structures [269]. The refined model was also validated by
VERIFY-3D [270]. It determines the compatibility between generated 3D model and its
primary amino acid sequence, assigns a structural class on the basis of environment and
location and comparison with refined crystal structures. The multiple sequence alignment
of MEHP hydrolase from Pseudomonas mosselii with other C-C hydrolases from different
bacteria was generated by Clustal Omega [271]. The ESPript 3.0 server was used for

illustration of the sequence alignment of query sequence [272].



4.2.8 Molecular docking

AutoDock 4.2.6 was used for performing the docking of PMEs (MEHP, MHP, MBP and
MEP) with the MEHP hydrolase model [211]. After selecting the MEHP hydrolase,
hydrogen atoms and Kollman charges (Kollmann charges 7.0) were added by using
AutoDock MGL Tools version 1.5.6. Then the receptor protein was saved in .pdbqt file
format. Phthalate monoesters utilized for the docking studies were retrieved from PubChem
compound database in the SDF format and converted to the PDB format using an Open
Babel [273, 274]. For ligand preparation, hydrogen atoms and Gasteiger charges (-1.0, -1.0,
-1.0001 and -1.0001) for MEHP, MHP, MBP, and MEP were added, respectively and
saved in .pdbgt format. Ligand flexibility was used to specify the torsional degrees of
freedom in ligand molecule. The atomic potential grid map was generated with a spacing of
0.375 A by using AutoGrid 4. The docking receptor grid was created by choosing the
conserved catalytic triad residues and pentapeptide motif. The dimensions of grid box were
as follows 40 A x40 A x40 A. The center point coordinates were set as X= 39.439, Y=
14.124 and Z= 13.708. For docking purpose, Lamarckian genetic algorithm and grid
supported energy evaluation method were adopted. The number of total GA runs was
increased from 10 to 100. Other docking parameters were used as default. The pose with
the minimum binding energy score was selected and further visually inspected and
analyzed using PyMol [213]. Active site volume was also calculated for MEHP hydrolase

using DoGSiteScorer, an automated tool for pocket volume detection and analysis [275].
4.3. Results and discussion

4.3.1 Isolation and characterization of bacterial strains

Three bacterial strains proficiently utilizing DEHP as sole carbon and energy source were
isolated from the plastic contaminated soil sample. Cells of the isolated strains
Pseudomonas sp. PKDM2, Pseudomonas sp. PKDE1 and Pseudomonas sp. PKDE2 were
observed to be rod-shaped gram-negative and aerobe with 1-1.5 pum x 0.4-0.7 pm

dimensions as shown in Figure 4.1.



Figure 4.1. SEM micrographs of the isolates at 5000X magnification. A: Pseudomonas
sp. PKDM2; B: Pseudomonas sp. PKDE1; C: Pseudomonas sp. PKDE2.

The physiochemical properties of the isolated strains are summarized in Table 4.1.

Table 4.1. General characteristics of the isolated strains

Strain: 1: Pseudomonas sp. PKDM2; 2: Pseudomonas sp. PKDE1; 3: Pseudomonas sp.
PKDE2.

(a) Pseudomonas sp. PKDM2 (b) Pseudomonas sp. PKDEL1 (c) Pseudomonas sp. PKDE2.

Characteristics 1 2 3
pH for growth 6.0-8.0 6.0-8.0 6.0-8.0
Growth at 4°C - - -
Growth at 37°C T + +
Maximum tolerable concentration of DEHP (ppm) 1000 1000 800
Utilization of

Glucose + + +
Acetate + + +
Sucrose + + +
16 S rDNA gene similarity (%)

with Pseudomonas mosselii (T) ATCC BAA-99 99 - -
with Pseudomonas monteilii (T) ATCC 700476 - 99 -
with Pseudomonas pseudoalcaligenes (T) ATCC i i 99
17440




4.3.2 16S rRNA gene amplification and phylogenetic analysis

Phylogenetic analysis of 16S rRNA gene sequences shows that the isolated strains were
positioned close to the members of genus Pseudomonas, which are previously reported to
degrade persistent organic pollutants [276-278]. The 16S rRNA gene sequence of
Pseudomonas sp. PKDM2 shows 99% sequence similarity with Pseudomonas aeruginosa
ATCC 10145, as shown in Figure 4.2. the sequence of Pseudomonas sp. PKDE1 and
Pseudomonas sp. PKDE2 shows 99% homology with Pseudomonas mosselii ATCC BAA-
99 and Pseudomonas monteilii ATCC 700476, respectively. In the previous studies,
Pseudomonas aeruginosa and Pseudomonas monteilii have been reported to degrade
recalcitrant = organic  compounds such as  anthracene,  benz[a]anthracene,
benzo[b]fluoranthene, fluorene, naphthalene and phenanthrene [277, 279]. Pseudomonas
mosselii has not been reported to degrade phthalates, but it has ferredoxin-NADP"
reductase gene, which is having 34% sequence identity with Phthalate dioxygenase
reductase gene from Burkholderia cepacia [280]. Likewise, Pseudomonas fluorescens B-1
isolated from activated sludge reported to degrade PAEs efficiently [281]. These findings
highlight the utility and extensive role played by the members of Pseudomonas genus in
degradation of PAEs and other organic pollutants.

The 16S rRNA gene sequences of three strains were deposited in the GenBank database
with accession numbers KX949578, KX949579, and KX949580 for the strains
Pseudomonas sp. PKDM2, Pseudomonas sp. PKDE1 and Pseudomonas sp. PKDE2,

respectively.
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Figure 4.2. Phylogenetic tree analysis of 16S rRNA gene sequences. The tree shows that
Pseudomonas sp. PKDM2, Pseudomonas sp. PKDE1 and Pseudomonas sp. PKDE2 are
related with the members of genus Pseudomonas. Distances were calculated by using the
neighbor-joining method and bootstrap values at the nodes were calculated from 1,000
samplings. The major branch points having significant (>90 %) bootstrap values are shown.
Rhodococcus erythropolis strain ATCC 25544 was used as an outgroup. The scale bar 0.05
indicates 5% nucleotide sequence substitution. Sequences of related strains procured from

RDP database are mentioned with T.



4.3.3 Antibiotic susceptibility test

Antibiotic susceptibility test result indicates that isolated bacterial strain may be pathogenic
or not, but are non-drug resistant. From the results, it can be inferred that using these
susceptible strains for in-situ bioremediation of PAES may cause low risk of spreading
drug-resistant factor to other native bacterial species. The test results of the isolated strains

are summarized in Table 4.2.

Table 4.2. Antibiotic susceptibility tests. Antibiotics (each 30 pg mL™) used in the
antibiotic susceptibility tests and associated presence of an interpretative zone of inhibition.

S.NO STRAIN KANAMYCIN AMPICILLIN CHLORAMPHENICOL
™ Tl - :
2 el + :
B R - +

+ : SUSCEPTIBLE to the respective antibiotic; - : RESISTANT to the respective antibiotic



4.3.4 Biodegradation of DMP, DEP, and DEHP

The isolated bacterial strains were grown in different PAEs and their substrate utilization
profiles were analyzed. GC-MS results showed no significant decrease in the initial amount
of respective PAEs in sterile control as shown in Figure 4.3. All three isolated strains
prefer DMP as carbon source compared to DEP and DEHP as shown in Table 4.3. DMP
degradation was observed to be comparatively higher (77.4% - 84.4%) than that of DEP
(75.0% - 75.7%) and DEHP (71.7% - 74.7%). Similarly, in the case of Arthrobacter sp.
C21, the rate of degradation of DMP (99.5%) was higher than that of DEHP (51.4%) [110].
The observed pattern in the degradation of PAEs is possibly due to the steric hindrance
caused by the phthalate side ester chains. The phthalate ester side chain-hampers the
binding site of hydrolytic enzymes and thus inhibits the hydrolysis reaction. In this study,
Pseudomonas sp. PKDE1 was observed to be more efficient in terms of phthalate
degradation as compared to the other two isolated strains. These isolated strains seem to be
potential candidates for the efficient remediation of the PAES contaminated site as
compared to already reported Pseudomonas species isolated from various environmental

sites, as shown in Table 4.4.



Table 4.3. Residual amount (%) of PAEs after 44 hours of bacterial incubation at 30°C and
180 rpm.

STRAIN Residual amount (%)
DMP DEP DEHP
Pseudomonas sp. PKDM2 1565 2505 28314
Pseudomonas sp. PKDE1 1455 2505 25.3+4
Pseudomonas sp. PKDE2 2265 24.3+5 26.3+3
A = B

Amount (%)

Aomwommi ')

Arwunt (%)

Figure 4.3. Degradation of PAEs by the isolated strains. Residual amount profile (in
percentage) of PAEs after 44 hours of incubation: (a) DMP degradation (b) DEP

degradation (c) DEHP degradation. Error bars represent the overall distribution of data
(n=3).



Table 4.4. Overview of metabolization of different PAEs by Pseudomonas species isolated
from

different environments.

Organism Isolated Phthalates | Conc. Time taken Intermediates Ref.
Environment | metabolized | (mg L) | for involved
metabolizing
phthalates
Pseudomonas | Garden soil CoA esters of
sp. Strain Phthalate phthalate, benzoate,
P136 isomers cyclohex-1-ene-
(anaerobic (PA, 1A, A “a’ carboxylate, [118]
metabolism) TA) 2-hydroxycyclohexane
carboxylate pimelate
Pseudomonas | Sewage
Pseudoalcali | effluent
genes B20b1 DBP 100 20 Days MnBP and PA [282]
(anaerobic
metabolism)
Pseudomonas | Activated
aureofaciens, | sludge
Pseudomonas
fluorescens,
Sphingomona DMP 400 2 Days MMP, PA [283]
S
paucimobilis)
- [in
consortium]
Pseudomonas | Oil and Degradation
aeruginosa plastic rate:
PP4 contaminated tp=7.91h
soil (1A); PA,
PA, IA, TA | 150-450 t,,,=3.45 3.4-DHB [284]
h(TA);
t1/2=5.43 h
(PA)
Pseudomonas | Oil and Degradation
sp. PPD plastic rate:
contaminated t1,=4.64
soil h(1A); PA,
PA, IA, TA | 150-450 t,=2.73 3,4-DHB [285]
h(TA);
t1/2:4.52 h
(PA)
Pseudomonas | Garden soil 1-60 PA, dihydroxybenzoic
aeruginosa DBP 96 h acid [286]
P1 mg/g
Pseudomonas | Mangrove DBP 2.5-10.0 4 Days For DBP degradation-
fluorescens sediment MBP and PA [281,
B-1 BBP 2.4-20.8 6 Days For BBP degradation- 286]
MBP, mono-benzyl
phthalate PA, BA
Pseudomonas | activated DMP 25-400 25mg/L t
fluorescens sludge at a y 16.17 h )




FS-1

petrochemical
factory

DEP

DBP

DiBP

DnOP

DEHP

25-400

25-400

25-300

12.5-200

12.5-200

400 mg/L  t
1, 10.39 h
25mg/L t
w 1.75h
400 mg/L  t
1, 12.49h
25mg/L t
» 10.34 h
400 mg/L  t
1 15.40 h
25mg/lL t
» 15.00 h
300mg/L t
 23.25h
125 mg/L t
1, 6.85 Days
200 mg/L  t
» 13 Days
125mg/lL t
1 9.59 Days
200 mg/L 't
1 16.99 Days

[287]

Pseudomonas
sp. PKDM2
Pseudomonas

Plastic
contaminated

For DEHP

soil DMP, DEP,

and DEHP 500 40-44 h

degradation- MEHP

sp. PKDE1 - DA

Pseudomonas
sp. PKDE2

4.3.5 ldentification of DEHP degradation pathway intermediates

To study the biodegradation pathway of DEHP in Pseudomonas sp. PKDE1, intermediates
were extracted from culture and characterized by GC-MS. In sterile control, only a single
peak of DEHP was obtained at the retention time of 21.70 min as shown in Figure 4.4.
After 26 hours of bacterial incubation, several peaks corresponding to pathway
intermediates were observed. Analysis of m/z peaks with the available database (NIST
library) shows that the spectra with retention time of 21.63 min and 19.38 min correspond
to MEHP and PA, respectively as shown in Table 4.5. Similar DEHP degradation pathway
intermediates were also obtained in the case Agromyces sp. MT-O, Microbacterium sp.
strain CQ0110Y, and Bacillus subtilis [187, 288, 289]. In the present study, it is observed
that the breakdown of DEHP to PA occurs via an intermediate MEHP as shown in Figure
4.5. Degradation of MEHP to phthalate is mediated by MEHP hydrolases, belonging to a
serine hydrolases family [290-292].
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Figure 4.4. GC-MS chromatograms of DEHP and its biodegradation intermediates.
(@) Control (b) DEHP degradation intermediates after 26 hours of bacterial incubation in

MSM.

Table 4.5. Identification of DEHP and its intermediate metabolites by gas chromatography-
mass spectrometry

COMPOUND MOLECULAR ION (M/Z)  RETENTION TIME
PEAKS (MIN)

PA 149, 177 19.38

MEHP 104, 131, 149, 167, 279 21.63

DEHP 104, 149, 168, 279 21.70

DEHP: Bis(2-ethylhexyl) phthalate; MEHP: Mono-(2-ethylhexyl) phthalate; PA: Phthalic
acid; IA: Isophthalic acid, TA: Terephthalic acid; MMP: Monomethyl phthalate; 3,4-DHB:
3,4- Dihydroxybenzoate; DBP: Dibutyl phthalate; MBP: Monobutyl phthalate; BA:
Benzoic acid; DIBP: Diisobutyl phthalate; DnOP: Di-n-octyl phthalate; MEHP: Mono-(2-
ethylhexyl) phthalate).
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Figure 4.5. GC-MS spectra of DEHP degradation pathway. Di-(2-ethylhexyl) phthalate
(DEHP) is degraded to phthalic acid (PA) via an intermediate mono-ethylhexyl phthalate
(MEHP).



4.3.6 Comparative molecular modeling and structure validation

The 3D homology model of MEHP hydrolase from P. mosselii was generated in
accordance with The crystal structure of the hydrolytic enzyme from P. aeruginosa (PDB
ID: 4F0J) as shown in Figure 4.6. The structural superposition of MEHP hydrolase and
template 4F0J shows the RMSD value of 0.098 A for 276 C, atoms. Twenty models were
generated and the model with a minimum DOPE score of -38961.66 was selected for
further analysis. After loop refinement, energy minimization of MEHP hydrolase was done
by Swiss PDB Viewer.

Ramachandran plot of MEHP hydrolase produced by PROCHECK illustrates that 95.5%
amino acid residues are in the core region, 4.2% residues in the allowed region, 0.4%
amino acid residues are in generously allowed and disallowed region, respectively. Cartoon
diagram of MEHP hydrolase showing o helices (al- al5, blue color) in cylindrical spiral
ribbons, - sheets (B1-B8, orange color) by arrows and loops (green color).

The results obtained indicate that the protein model is reliable. ProSA analysis further
confirmed the validation of the modeled structure as the Z scores obtained for the model
protein and the template were -8.7 and -8.68, respectively as shown in Figure 4.7. The
closeness of this parameter suggests that the predicted model is much closer to the
experimentally determined structure. Verify 3D result shows that 97.44% of the amino acid
residues had an average 3D-1D score >= 0.2. This result demonstrated that the folding
energy pattern of the modeled protein structure is in complete agreement and lies within the
expected range. Multiple sequence alignment result shows that the catalytic triad and
pentapeptide motif (GX;SX;G) of MEHP hydrolase is well conserved, as found in the

other bacterial C-C MCPs (meta cleavage product) hydrolases, as shown in Figure 4.8.



Figure 4.6. Modeled structure of mono-2-ethylhexyl phthalate (MEHP) hydrolase.
Three dimensional homology model structure of MEHP hydrolase is shown. Helices are

shown in cyan color, sheets in brownzcolor and loops are shown in green color.
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Figure 4.7. ProSA energy profile of MEHP hydrolase model structure. ProSA plot
shows the folding energy of MEHP hydrolase is in good agreement.
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Figure 4.8. Multiple sequence alignment of MEHP hydrolase from P. mosselii with
homologs from the C-C hydrolases from different bacteria. The sequence alignment
was done using Clustal Omega and the ESPript 3.0s was used for figure generation. The
conserved catalytic triad residues (His-Asp-Ser) are shown by red arrows towards the
bottom of the alignment. Identical residues among all the bacterial hydrolases are
highlighted in white against a red background. A conserved pentapeptide (GX;SX,G) motif
is shown in the red box. The sequences aligned are as follows (top to bottom) 1.
ALBEH PMOS: o/f hydrolase from Pseudomonas mosselii (WP_023629646.1), 2.
MEHPH_GORS: MEHP hydrolase from Gordonia sp. P8219 (BAE78500), 3.
MEHPH_RHOS: MEHP hydrolase from Rhodococcus sp. EG-5, 4.- HADH_PSES: 2-
hydroxy-6-0x0-6-(20-aminophenyl)hexa-2, 4-dienoate hydrolase from Pseudomonas
stutzeri (BAA31270), 5. HODH_RALS: 2-hydroxy-6-oxohepta-2,4-dienoate hydrolase
from Ralstonia sp. JS705 (CAA06969), 6. HOHH BURL: 2-hydroxy-6-oxo-2,4-
heptadienoate hydrolase from Burkholderia lata (WP_011356546), 7. HOSH_DELT: 2-
hydroxymuconic semialdehyde hydrolase from Delftia tsuruhatensis (AAX47253).



4.3.7 Molecular docking

Docking studies were performed using phthalate monoesters (MEHP, MHP, MBP, and
MEP) as ligands and surface view of the ligand-binding pocket is shown in Figure 4.9. It is
reported that serine hydrolases have conserved catalytic triad (Ser-His-Glu), where serine
Oy acts as a nucleophilic center for hydrolyzing ester, amide or the thioester bonds [293].
Histidine residue act as general base or acid, a carboxylate group of aspartic acid helps in
the proper orientation and charge neutralization of the imidazole ring of histidine in the
tetrahedral intermediate state [294, 295]. Further, deprotonated catalytic serine attacks the
carbonyl carbon of the substrate which leads to the formation of covalent intermediate as
shown in Figure 4.10.

In order to analyze the ligand binding and interactions, molecular docking of the
ligand in close proximity of catalytic serine of the MEHP hydrolase model was performed.
The binding energy and ligand efficiency of different PMEs into the active pocket of
MEHP hydrolase are shown in Table 4.6. The results show that all the docked PMEs are
efficiently binding to the MEHP hydrolase. The binding energy and ligand efficiency
scores of the docked PMEs illustrate the substrate preference of the MEHP hydrolase in the
following manner: MEP> MBP> MHP> MEHP. The phthalate side ester chain of MEP
causes less steric hindrance as compared to other PMEs. All PMEs are stabilized in the
active site of MEHP hydrolase by forming 4 hydrogen bonds with the Asn56, Ser122, and
Tyr186 while MEP, MBP, and MHP interact with His 293 as well, shown in Figure 4.11.



Figure 4.9. Surface view of the MEHP hydrolase binding pocket. Zch)m window shows
that MEHP (green color), MHP (yellow color), MBP (magenta coIoP) and ME.P (cyan
color) are buried in the pocket of MEHP hydrolase. The volume of this cavity is 1044.22

A3 (DoGSiteScorer).
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Figure 4.10. Proposed mechanism of catalysis mediated by MEHP hydrolase. A. shows
the MEHP hydrolase and MEHP complex. The y-hydroxyl group of serine acts as a
nucleophilic center and attacks the carbonyl group of MEHP as shown by black curved
arrows. B. Carbonyl carbon accepts the electron and tetrahedral intermediate is formed
which is stabilized by oxyanion hole (not shown) C. Tetrahedral intermediate disintegrates
to form an aryl-enzyme intermediate. D. Finally, water attacks the aryl-enzyme complex to
form the second tetrahedral intermediate (not shown) and rearrangement occurs to give the

product.



Table 4.6. Docking results showing details of ligands used for the molecular docking.

Ligand binding energies and ligand efficiencies score obtained and the distance between
the carbonyl carbon of PMEs and Oy of serine (A) of MEHP hydrolase.

BINDIN LIGAND DISTANCE
LIGAN PUBCHEM G EFFICIENC BETWEEN
D D LIGAND STRUCTURE ENERGY Y (kcal/mol) C=0O OF PMEs
NAME (kcal/mol AND Oy OF
) SER (A)
HO. (o]
o
o) CH,
MEHP 20393 -4.43 -0.22 3.3
CH,
HO. O
(o]
e Rl b AU
MHP 20269373 -5.01 -0.28 3.3
HO. (o]
o/\/\CH3
MBP 8575 -5.86 -0.37 3.3
MEP 71750793 o oty 6.31 0.45 2.9
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Figure 4.11. Ribbon diagram of MEHP hydrolase binding cavity. The ligand A. MEHP
(cyan color), B. MHP (yellow color), C. MBP (blue color) and D. MEP (light pink color),
and the interacting residues of MEHP hydrolase (green color) are shown in stick forms.
Polar interactions of ligand and receptor are shown in red dotted lines. The distance
between catalytic Serine y-hydroxyl group and carbonyl carbon of MEHP is shown in

yellow dotted line.

The results of molecular docking infer that the distance between the carbonyl
carbon of PMEs and the Oy of catalytic Serine is in the range of 2.9 to 3.3 A which is
similar to the Michaelis—Menten ES complex of other known serine hydrolases [296].

These PMEs are found in the close proximity of catalytic serine as reported in the crystal



structures of serine hydrolase complex with their substrates [297-299]. Several crystal
structures of serine hydrolases highlight the role of active site residues which are
responsible for the adaptability of these hydrolases to catalyze the wide range of substrates.
Superposition of catalytic triad residues (Ser-Asp-His) of MEHP hydrolase and crystal

structures of various serine hydrolases is shown in Figure 4.12.

Ser

Figure 4.12. Superposition of catalytic triad residues (His-Asp-Ser) of MEHP
hydrolase and crystal structures of various serine hydrolases. Crystal structure of a
probable hydrolytic enzyme from Pseudomonas aeruginosa PAO1 at 1.50 A resolution
(PDB ID: 4F0J, pink color); Pseudomonas fluorescens esterase complexed to the R-
enantiomer of a sulfonate transition state analog (PDB ID: 31A2, yellow color); Crystal
structure of a His-tagged Serine Hydrolase Involved in the Carbazole Degradation (CarC
enzyme) from Janthinobacterium sp. strain J3 (PDB ID: 11J1, cyan color); Model structure
of mono-2-ethylhexyl phthalate (MEHP) hydrolase from Pseudomonas mosselii (green

color).



4.4 Conclusion

Three bacterial strains capable of degrading phthalates namely Pseudomonas sp. PKDM2,
Pseudomonas sp. PKDE1 and Pseudomonas sp. PKDE2 were isolated and characterized
for their degradative potential. These strains efficiently degraded 77.4 % - 84.4 % of DMP,
75.0 % - 75.7 % of DEP and 71.7 % - 74.7 % of DEHP, the initial amount of each phthalate
is 500 mg L of each phthalate, after 44 hours of incubation. GC-MS results reveal the
tentative DEHP degradation pathway, where hydrolases mediate the breakdown of DEHP
to phthalic acid (PA) via an intermediate MEHP. MEHP hydrolase is a serine hydrolase
which is involved in the reduction of the MEHP to PA. The predicted 3D model of MEHP
hydrolase from-Pseudomonas mosselii was docked with phthalate monoesters (PMEs) such
as MEHP, mono-n-hexyl phthalate (MHP), mono-n-butyl phthalate (MBP) and mono-n-
ethyl phthalate (MEP), respectively. Docking results show the distance between the
carbonyl carbon of respective phthalate monoester and the hydroxyl group of catalytic
serine lies in the range of 2.9 to 3.3 A, which is similar to the ES complex of other serine
hydrolases. This structural study highlights the interaction and the role of catalytic residues
of MEHP hydrolase involved in the biodegradation of PMEs to phthalate.

Phthalate degrading three bacterial strains Pseudomonas sp. PKDM2, Pseudomonas sp.
PKDE1 and Pseudomonas sp. PKDE2 were isolated and characterized for their degrading
abilities. The overall results suggest that all isolated bacterial strains may act as a strong
candidate for the proficient remediation of PAEs-polluted sites. Future aspect should focus
upon the performance of these isolated strains in mixed co-culture for PAES degradation.
Validated molecular model of MEHP hydrolase was used for studying the binding
interactions with phthalate monoesters such as mono-2-ethylhexyl phthalate (MEHP),
mono-n-hexyl phthalate (MHP), mono-n-butyl phthalate (MBP) and mono-n-ethyl
phthalate (MEP). It was observed that the docked ligand is in good coordination with the
catalytic serine residue. This work could be further utilized to elucidate the binding
mechanism of other hydrolases for the efficient degradation of PAEs. Future studies based
on structural and functional aspects of other enzymes involved in PAE biodegradation will

help to optimize the biodegradation process.






CHAPTER 5

CHARACTERIZATION OF PHTHALATE REDUCTASE FROM RALSTONIA
EUTROPHA CH34 AND IN SILICO STUDY OF PHTHALATE DIOXYGENASE
AND PHTHALATE REDUCTASE INTERACTION






5.1 Introduction

Phthalates are persistent chemicals which are primarily used as an additive in plastic-based
products to provide flexibility and durability to the plastic products. These are basically
dialkyl or aryl esters of 1,2-benzene-dicarboxylic acid [300]. As phthalates are not
covalently bound to their plastics counterparts, they have a propensity to be easily released
into the environment via migration, abrasion or leaching processes [301]. Di(2-ethylhexyl)
phthalate (DEHP) is generally used as a flexibility agent in polyvinyl chloride (PVC)
polymer formulations [302]. Such flexible PVCs are routinely used in the medicated
consumer products like blood transfusion bags, catheter tubings etc. [17]. Many reports
have established a link between the presence of PAEs metabolites in urine and serum
samples of several individual populations to increased waist circumference and decreased
insulin sensitivity [199, 303, 304]. Such findings have substantiated the ubiquitous nature
and exposure to these harmful phthalates, which are directly correlated to their extensive
usage and production [305-308].

As photodegradation and hydrolysis rates of these chemical contaminants are often very
slow under natural conditions, therefore, microbial degradation is a natural way to combat
these hazardous chemicals [85, 86]. Numerous studies have been reported related to
isolation and characterization of phthalate degrading bacteria and respective pathways
involved in such processes. Several reports have shown that bacterial strains from
Arthrobacter sp., Pseudomonas sp., Rhodococcus sp., Sphingomonas sp., Acinetobacter
sp., are able to degrade several classes of phthalates [116, 254, 309-311]. In this study,
Ralstonia eutropha strain CH34, an aerobic Gram-negative, non-pathogenic bacteria is
considered on the basis of its bioremediating capabilities [312]. It is known to have heavy
metal resistance ability and is able to degrade chlorinated aromatic (chloro-aromatic)
compounds. [313]. This strainacts as an indicator of heavy metal pollution. Its genome has
been fully sequenced and used in bioremediation of heavy metals [314].

Microbial aerobic biodegradation of phthalates involves several steps catalyzed by
various enzymes such as esterases, permeases, dioxygenases, dehydrogenses etc [116, 117].
The most crucial step in the degradation of phthalate is the hydroxylation step, which is
mediated by dioxygenase in the degradation of phthalates [259]. Phthalate dioxygenase has
been categorized as Rieske dioxygenases (RDOs), which catalyze the initial step in the



microbial aerobic degradation of phthalates [315]. This two-component enzyme system has
two important proteins: first is phthalate dioxygenase reductase (PDR), a flavo-iron-sulfur
protein with NADH-dependent oxidoreductase activity, and the second is phthalate
dioxygenase oxygenase (PDO), a non-heme iron protein having oxygenase activity [127].
Crystal structure of phthalate dioxygenase reductase from Burkholderia cepacia in both
oxidized and reduced form has been analysed at 2.0 and 2.7A resolution data respectively
[128]. In this case, it is reported that PDR is folded into three domains, towards N-terminal
is FMN binding domain, the central one is NAD(H) binding domain and lastly, [2Fe-2S]
domain is present at the C-terminal. The phthalate dioxygenase has featured two iron-
containing important sites, one of them is a Rieske-type [2Fe-2S] cluster, an electron-
transferring cofactor, and another is a mononuclear iron binding site, crucial for aromatic
ring substrate oxygenation. Several kinetic studies have recognized the subsequent
sequential steps occurring during the reaction of Phthalate dioxygenase reductase with
NADH, as shown in Figure 5.1.
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Figure 5.1. Sequential steps for initial phthalate degradation. The enzymes involved in
the first step of phthalic acid degradation are Phthalate dioxygenase reductase, phthalate
dioxygenase. The second step is mediated by phthalate dihydrodiol dehydrogenase and the
third step is mediated by dihydroxyphthalate decarboxylase.

It is known that PDR utilizes flavin mononucleotide (FMN) as a cofactor for mediating the
electron transfer from NADH to [2Fe-2S] center, a one-electron acceptor. In phthalate
degradation, PDR is an important protein and the final product formation is firmly coupled
to electron delivery in steady-state kinetic reactions, with a rate of 1 dihydrodiol (DHD) of
phthalate produced from every 2 electrons transported from NADH of PDR [316]. It is to
be noted that, the binding of substrate and PDR to PDO shows synergistic effect, and once
they bind to PDO, it becomes fully catalytically active [317].

In the present study, PDR an important protein in PDO system has been cloned, expressed
and purified from Ralstonia eutropha CH34. Further, to investigate the important
interaction occurring between RcPDO and RcPDR, protein-protein docking has been done
using HADDOCK. Model structures of the individual proteins serve as an input for protein-
protein docking and it helps in the prediction of the structure of the complex. Molecular
docking provides a means for fundamental structural studies of protein interactions during
complex formation. Important interface residues from both the individual counterparts, i.e.
RcPDO and RcPDR have been elucidated. The evolutionary relationship between important

interface residues of RcPDO and RcPDR has also been established.

5.2 Material and Methods

5.2.1 Chemicals

Luria-broth (LB) broth and other media components were acquired from Himdeia
(Mumbai, India) and Merck (USA). All other chemicals of analytical were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

5.2.2 Molecular biology kits and enzymes
For molecular biology experiments Plasmid DNA isolation kit, Genomic DNA isolation
kit, PCR purification and gel extraction kits were procured from Qiagen (Hilden,

Germany). Enzymes such as DNA polymerase, different restriction enzymes, and T4-DNA



ligase were obtained from New England Biolabs (NEB-USA). E.coli strains such as (DH5a
and BL21 (DE3) were purchased from Novagen. Standard methods were adopted for
molecular cloning procedures. Ni-NTA columns used for protein purification were
purchased from GE healthcare. Primer ordering and DNA sequencing was carried out by
using services from Eurofins (India). Bacterial strain Ralstonia eutropha strain CH34 was
purchased from MTCC, Chandigarh, India and has MTCC identifier number-2487, India.

5.2.3 Cloning, expression of RePDR

Full-length coding region gene ID gi|499839221| encoding putative RePDR protein was
amplified by using PCR. Forward and reverse primers were designed to amplify the RePDR
gene (966 bp nucleotides) having 5°’Ndel and 3’Xhol restriction sites. Megaplasmid from
Ralstonia eutropha strain CH34 was used as a template for amplification. The sequences of

primers were presented in 5' to 3' orientation.

RePDR Forward Primer with Ndel site Sequence
5’-AAT ACA TAT GAT GAG CAT GAA CAC C-3’
RePDR Reverse Primer with Xhol site Sequence
5’AAT ACT CGA GTC AAA GGT CTA GCA C-3°
The PCR amplified fragment was digested with both the restriction enzymes and ligated
into pET-28c vector with a 6xHIS tag at N-terminal. One TEV protease site was there in
between 6xHIS tag and RePDR which used for the tag removal. The recombinant plasmid
having RePDR was then transformed into E. coli DH5a cells. The clone was confirmed by
PCR, restriction digestion with Ndel and Xhol and further automated DNA sequencing was
done (Eurofins Genomics India Pvt Ltd. Bangalore, India).

After sequencing, the clone was confirmed and it was transformed into E. coli B21
(DEJ) expression host. For newly constructs, the expression analysis and optimization was
conducted on the small scale culture pattern. For that purpose, single pure colony was used
for the inoculation of 10ml of the Luria Bertini (LB) broth having 30 pug/ml of kanamycin
as an antibiotic. 100 pl from overnight grown culture was used for the inoculation of a
fresh 10ml LB tube having the same concentration of antibiotic, at 37°C at 200 rpm. The
culture was kept until the optical density at 600 nm (O.D. 600) reached up to 0.6-0.7. The
culture was induced with varying concentrations of IPTG (from 0.3 mM to 1.0 mM) and



kept at different temperatures ranges like 18°C, 25°C and 37°C temperatures and growth
was monitored for 16 hours, 6 hours and 4 hours respectively. After that cells were
harvested at 5,000 rpm for 10 minutes and kept for storage in -80°C. The cell pellet was
suspended in Tris buffer, pH 7.5 and lysis was done using a cell disruptor. Cell debris was
removed and protein expression profile was further analyzed with 12% SDS

polyacrylamide gel electrophoresis.

5.2.4 Purification of RePDR protein

For purification, the overnight grown culture tube was used to inoculate 1 liter of LB
containing 30 pg/ml kanamycin concentration. The culture was kept at 37°C at 200 rpm
until the optical density (O.D. 600nm) reached to ~0.7. Then, induction was done by the
addition of 0.4mM- isopropyl-1-thio-B-D-galactopyranoside (IPTG), followed by the
incubation at 18°C at 200 rpm for 16 hours. The cells were pelleted down and stored at -
80°C.

For protein purification, the cell pellet was suspended in 20 ml of binding buffer (25mM
Tris buffer pH 8.0, 20mM imidazole, 500mM NaCl, 1 mM Dithiothreitol and 5% glycerol).
The resuspended cells were lysed on ice using cell disruptor. Cell debris was removed and
the lysate was centrifuged at 12,000 rpm for 60 minutes at 4°C. Then, the supernatant was
applied on Ni**-NTA agarose column pre-equilibrated with binding buffer. After binding
the column was washed with 50 ml of binding buffer (25mM Tris buffer pH 8.0, 20mM
imidazole, 300mM NaCl, 1 mM dithiothreitol and 10% glycerol).The Ni** bound protein
was eluted with 0-100% linear gradient of elution buffer (25mM Tris buffer pH 8.0,
250mM imidazole, 200mM NaCl, 1 mM dithiothreitol and 5% glycerol). The purity of the
protein was checked by running the fractions on 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Bradford method was used for
determination of protein concentration. The protein concentration was calculated by
interpolating the absorbance reading into a standard BSA curve.

5.2.5 In-silico prediction of RePDR and RePDO interaction
In our study, we have utilized the computational method for RePDR and RePDO model
prediction. HADDOCK based precise prediction of RePDR and RePDO docking and



related interaction of the interface residues have been studied [318]. The evolutionary

relationship between the conserved interface residues has also been established.

5.2.5.1 Comparative molecular modeling and validation of RePDR and RePDO

To gain insights into the important interaction of RePDR with phthalate dioxygenase
(RePDOQ) an important enzyme system in the degradation of phthalates, both were modeled
and protein-protein docking was performed.

For the preparation of homology models of PDR and PDO from Ralstonia eutropha CH34,
homology modeling program PHYRE 2.0 was used [319]. ModLoop program was utilized
for refining the disordered loop regions in the models [267]. Swiss PDB Viewer 4.10 was
used for the energy minimization of the selected RePDR and RePDO models [268]. The
resultant models were verified and assessed by means of Ramachandran plot and Verify-3D
scores [266, 320].

Molecular dynamics simulations studies were employed for estimating the dynamic
variation taking place at the atomistic level in the RePDR and RePDO models. Molecular
simulation studies were conducted by using Gromacs 5.1.4 suite along with AMBER 99SB
forcefield based on LINUX based Fujitsu workstation [214, 321]. Both the protein models
were solvated within a cubic box along with addition of counter-ions for overall stability
and neutrality of the respective model system. The system was equilibrated with constant
number of particles, volume, and temperature (NVT) and constant number of particles,
pressure,and temperature (NPT) phases for 50,000 steps in each phase, at 300K. The final
simulation production step for both the models was carried out for 10 ns and each step of 2
fs. Resultant trajectories were acquired and the final results were evaluated. Stability of the
models were assessed on the basis of root mean square deviation (RMSD) variation which
was calculated by using least-square fitting method for the protein backbone of RePDR and
RePDO models.

5.2.5.2 Determination of RePDR and RePDO interface residues

In this study, with a goal for correct prediction of the interfacial residues, a program termed
as WHISCY an acronym for “What information does surface conservation yield” has been
used [322]. This program gives sufficiently reliable predictions related to interfacial
residues, which were later used for RePDR and RePDO docking using HADDOCK. The



predicted active (cut-off 0.18A) and passive (cut-off 6.5A) interfacial residues were used
for the generation of ambiguous interatomic restraints values in HADDOCK 2.2 web server
used for RePDR and RePDO docking.

Another program called “Consensus Prediction Of interface Residues in Transient
complexes” (CPORT) was also used for the prediction of interface residues in RePDR and
RePDO protein [323]. In CPORT six interface prediction web servers are integrated and
combined. It gives more stable and reliable predictions and was developed to be integrated
with data-driven docking HADDOCK program.

5.2.5.3 RePDR-RePDO docking using HADDOCK

For elucidation of important protein-protein interaction, HADDOCK web server 2.2'is used
for protein-protein docking. It is used for the depiction of changes occurring in the side
chains of proteins as well as in the protein backbone, during complex formation.

The methodology used by HADDOCK for such protein-protein interactions are mentioned

in flow chart diagram Figure 5.2.

STEP 1: Biomntormatically derived proteininterface mtormation (details
regarding active and passive resicues)

!

STEP2: HADDOCK converts this information to Ambiguous
interatomic restraints (AIRs)

|

'STEP3: From AlIRs, HADDOCK generates toplology of the
molecules to be docked

!
STEP 4: Docking protocol of HADDCOCK has three stages
4 (a) Rigidbody energy minimization
4(b) Semi-flexible refinement for molecule torsionangle in defined space
4(c) Final refinement in explicit solvent

!

STEP 5: Scoring and ranking of docked structures

Figure 5.2. The steps used for RePDR-RePDO docking in HADDOCK. HADDOCK 2.2

web server was used for RePDR and RePDO docking.



Residues which were common in both the predictions (WHISCY and CPORT) were used
for defining the active and passive residues for the generation of ambiguous interatomic
restrains (AIRs) in HADDOCK. HADDOCK utilizes this information for the generation of
topology files. The final score of HADDOCK is the sum of four components such as van
der Waals, desolvation, electrostatic, and restraint violation energies altogether within the

total surface area.

5.2.5.4 Evolutionary relationship between conserved RePDR and RePDO residues
ConSurf web server (http://consurf.tau.ac.il) is an extensively used tool which helps in
elucidating the functional regions in protein molecules, that are analyzed on the basis of
the evolutionary dynamics of amino acids substitutions in the accessible homologous
sequences [324]. In our case, as there are no crystal structures available for RePDR and
RePDO proteins, therefore, site-specific description of the buried/exposed status of
individual amino acid residues, and interrelated evolutionary significance is important for
determining properties of interfacial residues. ConSurf estimates the evolutional rates,
which are based on the status of phylogenetic relationships between the homologous
sequences and the specific dynamics associated with the analyzed sequence utilizing
advanced probabilistic evolutionary models. ConSurf also allocates confidence intervals for
the calculated evolutionary rates, which also estimate the reliability of the outcome. Steps
utilized for determining evolutionary relationships between interface residues of RePDR
and RePDO proteins using the ConSurf program are represented schematically in Figure
5.3.

Step1: Query protein (RcPDR and RePDO) blasted against
UNIREF-90 database

Btep 2: Alignment of resultant sequences was done using MAFFT

Step3: Generation of multiple sequence alignment for
phylogenetic tree generation

Step 4: Calculation of position specific evolutionary rates on the basis
of Rate4site algorithm and empirical Bayesian methodology

Step 5: Normalization and grouping of resultant evolutionary rates



http://consurf.tau.ac.il/

Figure 5.3. Steps utilized for determining evolutionary relationships using CONSURF.
For determination of conservation between interface residues of RePDR and RePDO

proteins, Consurf web server was used.

5.3 Results and discussion

Microbial degradation of PAEs involves the participation of several classes of enzymes,
including esterases/hydrolases, permeases, phthalate dioxygenase and many more. In this
study, our focus is on the important phthalate dioxygenase (PDO) system. This enzyme
system is composed of two proteins, first is Phthalate oxygenase reductase (PDR), a flavo
iron-sulfur protein with NADH-dependent oxidoreductase activity and the second is
phthalate dioxygenase oxygenase (PDQ), a non-heme iron protein having oxygenase
activity. In this study, PDR gene was cloned, expressed and purified from Ralstonia
eutropha mega-plasmid. To explore the functional aspect of RcPDR and its counterpart
RcPDO, homology model structures of both the proteins were predicted. The stability of
the models was assessed by means of the molecular simulation study. Protein (RCPDR)-
protein (RcPDO) docking was utilized for the prediction of the interaction between this
important enzyme system. Interfacial residues participating in the interaction were

identified and evolutionary aspect associated with them was illustrated.

5.3.1 Cloning and expression of RePDR

In Ralstonia eutropha CH34 genome, phthalate reductase (RePDR) protein is coded by
gene i|499839221|. Megaplasmid from Ralstonia eutropha CH34 was isolated, which
served as a template for PCR based amplification of RePDR gene. The amplified gene was
cloned in E.coli based expression vector, pET-28c, along with N-terminal based 6xHIS tag.
1% agarose gel was used for the confirmation of an amplification band of size
approximately, 966 bp, which corresponds to phthalate reductase (RePDR) gene. For
ligation purpose, firstly the vector pET-28c and amplified PDR gene product were double-
digested with restriction enzymes, Ndel and Xhol and ligated into the recombinant product
by T4 DNA ligase and finally transformed into E.coli DH5a cells), as shown in Figure 5.4.
The automated DNA sequencing results were further used for the confirmation of the
cloned DNA fragment (RePDR).



After confirmation of the clone, it was successfully transformed into E. coli BL21 (DE3)

cells. Expression of RePDR was assessed at a small scale by varying concentrations of

IPTG and varying the temperature. The optimum expression and solubility was obtained at
induction with 0.4mM concentration of IPTG, at 18°C.

Figure 5.4. Amplification and cloning of RCPDR gene. Agarose gel electrophoresis (A)
PCR products. Lane 1 shows the DNA marker; lane 2 shows RcPDR amplified from
Ralstonia euthropha. (B) Agarose gel showing plasmid pET-28c and RcPDR digested with
Ndel.and Xhol. Lane 1 shows the DNA marker, lane 2 and lane 3 shows digested RcPDR
gene and pET-28c respectively. (C) DH5a cell colonies after transformation on LB agar

plate is shown.



5.3.2 Purification of RePDR

A high level expression level of RePDR protein was obtained by inducing the E. coli BL21
(DE3) cells harboring pET-28c(+)-RcPDR with 0.4 mM of IPTG. The immobilized (Ni-
NTA agarose) affinity chromatography was utilized for the purification of RcPDR. The
RcPDR protein was purified with homogeneity and more than 95% purity. The SDS PAGE
profile of samples from each stage of the purification is shown in Figure 5.5. From 1 liter
of induced culture, the yield is around 10-12 mg for RcPDR protein with near 95%
homogeneity.

Figure 5.5. Optimized purification of recombinant RcPDR. A) 12% SDS-PAGE gel
showing expression of PDR protein at 18°C in the pellet. Lane 1 is protein molecular
weight depicting protein ladder, lane 2 shows uninduced pellet, kept at 18°C for 16 hours.
Lane 2 shows induced pellet at 18°C for 16 hours. B) Analysis of the purification of
RcPDR by SDS-PAGE (12%) stained with Coomassie Blue. Lane 1: Pellet sample, lane 2:
supernatant, lane 3: flow through, lane 4-6 washes, lane 7-11: eluted fractions.



5.3.3 In-silico prediction of RePDR and RePDO interaction

In most of the cellular processes, proteins of basic cellular machinery and metabolism
rarely carry out the function all alone. They tend to interact with other proteins present in
the cellular environmental vicinity for carrying out important functions. Since the
techniques of conventional NMR and X-ray crystallography are not sufficient enough to
prevail over the need of hour associated with an increase in the total number of protein-
protein complexes in the cellular processes. As taking into consideration, the huge number
of protein-protein interactions, there is a need for the development of computational based
methods that can precisely and adequately predict the protein complex structures as well as
important_interactions associated with complex formation. In this study, RePDR and
RePDO homology models were predicted and HADDOCK was used for the elucidation of
precise prediction of RePDR and RePDO docking interactions. Extensive illustration of the
interaction of the interface residues of both the proteins has been studied. The evolutionary

relationship between the conserved interface residues has also been established.

5.3.3.1 Comparative molecular modeling and validation of RePDR and RePDO

Homology modeling is a constructive approach utilized for the prediction of three-
dimensional structure from the homologous protein structure template. Here in this study,
three-dimensional homology structure of RePDR and RePDO were constructed by using
different homology modeling methods. It can be seen in pairwise sequence alignment that
RePDR shares 42% sequence identity and 97% query coverage with phthalate dioxygenase
reductase from Burkholderia cepacia, as shown in Figure 5.6. Likewise, RePDO shares

27% sequence identity and 48% query coverage with carbazole 1,9a-dioxygenase [325].
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Figure 5.6. Pairwise sequence alignment. Pairwise alignment of phthalate dioxygenase
reductase (RcPDR) from Ralstonia eutropha with PDR from Burkholderia cepacia (PDB
ID: 2P1A) is shown.



In case of PDO, it was difficult to identify the template for homology modeling. Therefore,
for both the cases, construction of accurate and reliable model was done by using PHYRE
2.0 tool. ModLoop program was used for refining the disordered loop regions of the
structure. Resulting models were aligned to the template for evaluation of variation in the
backbone residues from the template. Final homology models for RePDR and RePDO are

shown in Figure 5.7.

Figure 5.7. Homology models of RePDR and RePDO. The modeled structure of both
proteins is shown in cartoon diagram A) RePDR, the helices are shown in pink color, sheets
in grey color and loops in orange color. FMN is shown in stick form (cyan color). B)
RePDO, helices are shown in cyan color, sheets in yellow color and loops in grey color.
Active site iron is shown as a sphere (red color). FES moiety in both the models is shown

in green color.



Precise analysis of Psi/Phi angles from Ramachandran plot evaluation confirmed the
quality of the predicted RePDR and RePDO models, as shown in Figure 5.8 and Table
5.1.

Table 5.1. Ramachandran plot statistics for RePDO and RePDR models.

Favored Additiona_llly NL_meer_of
Model residues (%) allowed residues Outlier residues
(%) (%)
RePDO 92.4 7.0 0.6
RePDR 98.4 1.3 0.3

Psi (degrees)

The results obtained indicate that the protein models are reliable. Verify 3D result shows
that in case of RePDR and RePDO models 95.56% and 86.46% respectively of the amino
acid residues had an average 3D-1D score> = 0.2. These results demonstrated that the
folding energy pattern of the modeled protein structure is in complete agreement and lies
within the expected range. The precise proximity of this factor advocates that the predicted

models are much closer to the experimentally determined structure.
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Figure 5.8. The Ramachandran plot of the finalized RePDR and RePDO models. A)

Ramachandran plot of RePDO model B) Ramachandran plot of RePDR model



Stability of the predicted RePDR and RePDO models was also assessed on the basis of
molecular dynamics studies. Here, in the current study, variation in the backbone RMSD
values of RePDR and RePDO models is compared with crystal structure of phthalate
dioxygenase reductase form Burkholderia cepacia (PDB ID: 2PIA) and carbazole 1,9a-
dioxygenase (PDB ID: 2DET7) respectively, as shown in Figure 5.9. It has been shown that
average RMSD variation in between predicted models and corresponding templates lies
within a comparable range. It can be observed that the system attains equilibrium in initial

4-5 ns and was stable up t010 ns during the course of the simulation.
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Figure 5.9. RMSD graph of RePDO and RePDR models. A) RePDO model and
carbazole 1,9a-dioxygenase (PDB ID: 2DE7); B) RMSD profile of the Ca backbone of
RePDR and PDR from Burkholderia cepacia (PDB ID: 2PIA), during the 10ns of
simulation at 300 K.

The average RMSD values of the RePDR and RePDO models, as well as template
structures, are shown in Table 5.2. An overall analysis of the models shows that predicted
homology models are reasonable enough for subsequent protein-protein docking studies.
The final RePDR and RePDO models were validated and analyzed in terms of geometric
analysis as well as RMSD validation. All these results indicate that, these models are

suitable and reliable for further molecular protein-protein docking studies.



Table 5.2. The average RMSD values of the RePDR and RePDO models as well as of

the template structures

S.no Component Average RMSD
(nm)
1. RcPDR 0.22
2. 2PIA 0.18
3. RcPDO 0.3
4. 2DE7 0.18

5.3.3.2 Determination of RePDR and RePDO interface residues

Protein-protein interactions play an important role in biological processes. The first step in
understanding these interactions at a structural level revolves around basic identification of
important interface residues participating complex formation. “What information does
surface conservation yield” (WHISCY) a protein interface prediction program, uses surface
conservation and associated structural information for the precise prediction of protein-
protein interface residues. WHISCY computes a prediction score for every residue present
at the surface in RePDR and RePDO protein, and it can be matched to the alignment. In
sorting the initial scoring file, a high prediction score means a high probability of that
residue to be in a protein-protein interface. Predicted active and passive residues derived
from the WHISCY program are shown in Table 5.3. For defining the active surface residue
cut-off of 0.18 A is used, whereas for passive residue radius of 6.5 A is used. Theoretically,
it means that a residue which has surface accessibility larger than 40% within these defined
cut-offs will be used for categorizing the RePDR and RePDO residues as active and passive
residue present on the surface of the protein.

Another consensus interface prediction program “Consensus Prediction Of interface
Residues in Transient complexes” (CPORT) was also used for the prediction of RePDR and
RePDO protein interfacial residues. Residues predicted by CPORT are also mentioned in
Table 5. Further, the residues which were common in both the predictions were sorted out
and these common predictions were used as input for the docking of RePDR and RePDO
using HADDOCK.



Table 5.3. Predicted active and passive residues of RePDR and RePDO derived from
the WHISCY and CPORT program

S.no Program used Residue RcPDO RcPDR
category
1. WHISCY Active 78,90, 72,233,185, 71, | 224,275,120, 199, 321,
45, 46, 89, 263, 79, 87, 294, 270, 285, 283, 56
80, 181, 234, 2,367,235 | 289, 200, 121, 264, 276,
291, 223, 101
Passive 375, 390, 265, 38, 70, 201, 202, 205, 221, 225,
57,3,175,4,73,74,75, | 227,241,228, 242, 229,
77,97, 348, 364, 366, 243, 244, 245, 261, 262,
368, 369, 230, 231, 232, | 263, 265, 267, 281, 268,
105, 106, 22, 40, 41, 42, | 284, 286, 36, 37, 39, 300
43, 44, 49, 180, 182, 68, | 8, 100, 102, 103, 104, 274,
81, 184,82, 83, 84,187, | 277,279, 295, 296, 297,
188 298, 313, 80, 316
2. CPORT Active 51, 68, 70, 71,72, 73, 15, 45, 47, 49, 50, 51, 55,
74,75, 77,78, 79, 87, 56, 83, 85, 87, 90, 91, 92,
89, 90, 106, 97,
159, 174, 175, 176, 178, 99, 101, 102, 104, 107
180, 181, 182, 184, 185, 108, 109, 110, 120, 121
186, 187, 188, 190, 193, 156, 161, 165, 167, 168
197, 198, 224, 230, 231, | 169, 170, 178, 180, 181
232, 233, 234, 235, 245, 183, 184, 185, 187, 199,
246, 247, 249, 255, 272, | 200, 201, 202, 203, 205,
284,287, 331, 333, 334, | 206, 208, 209, 212, 216
335, 341, 344, 345, 347, | 217, 219, 220, 221, 223,
348, 350, 351, 352, 355, | 224, 225, 257, 260, 265,
366 267, 268, 269, 270, 272,
274, 275, 276, 277
Passive 32,42,43,44,45,46, |5,6,7,8,9,11, 13, 14, 16,
49, 50, 80, 81, 86, 105, 17,18, 21, 26, 36, 37,
107, 109, 113, 39,74, 75,76, 77, 79, 80,
117,118, 120, 127, 128, | 84, 88, 89, 93, 94, 95, 100,
129, 150, 157, 158, 160, 103
161, 162, 163, 165, 166, 106, 112, 115, 132, 136
171,177,189, 192, 194, 138, 140, 141, 147, 148,
195, 196, 200, 222, 223, 151, 155, 157, 159, 160,
225, 226, 227, 228, 229, 162, 163, 164, 166, 171
236, 248, 250, 251, 252, 172,173, 174, 175, 176,
253, 273, 275, 279, 280, 177, 179, 188, 189, 190,
281, 282, 283, 285, 332, 192, 210, 211, 213, 214,
336, 338, 339, 340, 343, | 215, 226, 227, 228, 252,
354, 356, 357, 358, 361, | 253, 254, 258, 261, 262,
363, 364, 365, 367, 368, | 263, 264, 266, 279, 290,
369, 371, 378, 291, 294, 295, 309, 321
3. Common residues Active 71,72,78, 79, 87, 89, 56, 101, 120, 121, 199,
identified from both the 90, 181, 185, 233, 234, 200, 223, 224, 270, 275,
programs 235 276
Passive 42,43, 44, 49, 81, 105, | 8, 36, 37, 39, 80, 100, 103,
364, 368, 369 227,228, 261, 262, 262,

279, 295

5.3.3.3 RePDR - RePDO docking using HADDOCK




In general, docking studies are based on the modeling of the protein complex structure and
prediction of its important interactions with the constituents of the complex structure.
HADDOCK is a useful docking method which is based on the experimental driven prior
knowledge related to the interface region between the two participating molecular
components w.r.t their relative acquired orientations. When experimental information, from
NMR or mutagenesis is not available, then interface predictions derived from the
bioinformatics interface can also be used. HADDOCK is used to analyze the
conformational changes occurring in the protein molecules during the course of complex
formation.

The docking procedure in HADDOCK 2.2 web server is usually carried out by using
ambiguous interaction restraints (AIRs). These AIRs are usually obtained from either
experimental or bioinformatically predicted residue interface data and helps in the precise
prediction of intermolecular macromolecule interaction. For this purpose, common
interface active and passive residues, derived from WHISCY and CPORT predictions, were
provided along with the homology models of RePDR and RePDO proteins. The docking
protocol for HADDOCK has three steps: during the first step random orientations are
subjected to rigid body energy minimization, in the second step, simulated annealing is
done in a semi-rigid manner in available torsion angle and in the last step final refinement
with explicit solvent is done in Cartesian space. In the initial docking stage, random
orientations were subjected to rigid body refinement. After refinement, best 200 docking
orientation solutions were selected on the basis of the lower intermolecular energies. Then
semi-flexible simulated annealing is done on these solutions in torsion angle space. Finally,
the resulting structures were refined in explicit water. The final results were clustered and
grouped on the basis of a relative pairwise RMSD variation in the protein backbone at the
interface. Final clusters were sorted and categorized according to the average interaction
energy of the complex. Best docking results obtained by the HADDOCK are clusters of
structures, falling within an overall protein backbone RMSD of approximately 1.5A. This
lowest energy structure shows least AIRs violation (within a threshold of 0.3A), have Z
score of -0.9. HADDOCK results for RePDR and RePDO docking are shown in Table 5.4.
The selected RePDR and RePDO docked complex has a buried surface area 2397.0 A?,



which shows that the complex is compact enough during the course of protein-protein
docking.

Table 5.4. Final statistical analysis of RePDR-RePDO complex docking result
acquired by HADDOCK

S.no Analysis Component Value
1. HADDOCK score -146.1 +/- 17.4
2. RMSD from the overall lowest-energy 15+4/-1.1
structure

3. Van der Waals energy (kcal mol™) -79.0 +/-9.4
4. Electrostatic energy (kcal mol™) -308.4 +/- 90.2
5. Desolvation energy (kcal mol™) -21.8 +/- 18.3
6. Restraints violation energy (kcal mol™) 29.4 +/- 26.23
7. Buried surface area (A?%) 2397.0 +/- 45.7

Important intermolecular interactions occurring at the interface of the final docked RePDR-

RePDO structure complex are evaluated by PDBsum are also shown in Table 5.5.

Table 5.5. RePDR-RePDO docking results showing details of important interactions
occurring at the interface of the complex.

_Nature .Of Participating residues Distance (A)
interaction
Hydrogen bond RePDO RePDR
OG1-THR (68) NZ-LYS (299) 2.82
0-PRO (70) NH2-ARG(279) 2.82
N-HIS (71) OE2-GLU (297) 2.61
NH1-ARG (72) OD1-ASP (205) 2.63
NH2-ARG (72) OD2-ASP (205) 2.69
N-GLY (73) OE2-GLU (297) 2.97
O-TYR (90) OH-TYR (221) 2.75
NH2-ARG (116) O-ARG (279) 2.70
NH1-ARG (407) O-ALA (209) 2.74
NH2-ARG (407) O-ALA (209) 3.21
Salt bridges OE2-GLU (50) NZ-LYS (299) 2.66
NH1-ARG (72) OD1-ASP (205) 2.63
OE1-GLU (393) NZ-LYS (299) 2.68

Important interactions such as salt bridges are observed between oppositely charged
interface residues as shown in Figure 5.10. Hydrogen bonding and non-covalent
interactions such as Vander Waal interactions play a crucial role in the stability of the
RePDR and RePDO complex.
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Figure 5.10. The important interactions at the interface of RePDR and RePDO

complex are shown. The interacting residues of RePDR (cyan color) and RePDO (green
color) are represented in stick form and the yellow dotted line shows the intermolecular

hydrogen bonds and red dotted lines shows salt bridges.

5.3.4.4 Evolutionary relationship between conserved RePDR and RePDO residues



This aspect of the analysis is important since it highlights the slowly or highly evolving
sites for the query macromolecule and emphasizes on the importance of the function of
important amino acid sequence. ConSurf was used for the generation of respective
conservation score of the important interface residues, as shown in Table 5.6.

Table 5.6. Conservation scores of important interface interacting residues of RePDR-
RePDO docked complex

lized ti Residue
S.no Interacting residue sormalized gnsiviagion positon in
scores
Consurf map
RePDO
1. GLU (50) -0.828 9
2. THR (68) -0.379 7
3. PRO (70) -0.746 9
4, HIS (71) -0.807 9
5. ARG (72) -0.804 9
6. GLY (73) -0.717 9
1. TYR (90) -0.770 9
8. ARG (116) 0.149 4
9. GLU(393) 2.278 g
10. ARG (407) -0.807 3
RePDR
1. ASP (205) -0.497 7
2. ALA (209) 0.152 4
3. TYR (221) 0.740 2
4. ARG (279) 0.996 1
5. GLU (297) 0.300 4
6. LYS (299) 0.189 6

Initially, in ConSurf, homologous sequences were retrieved from the UNIREF-90 database,
using the HMMER homolog search algorithm. This information is used for the generation
of a multiple sequence alignment for PDO and PDR sequences using CLUSTALW of top
20 sequences selected. For calculation of conservation scores, a Bayesian method of
calculation is used. Resulting conservation scores of important interface residues of RcPDO
and RcPDR are shown. It can be seen that, according to the relative conservation score, a
grading pattern is observed on the basis of which slow or fast evolutionary rate of
interacting residues is shown. Evolutionary grades are normalized and groped from 1 to 9,
where, 1 grade signifies the most rapidly evolving amino acid residue, upto 5th grades it is

for the intermediate rate of evolutionary aspect and later on in the same manner 9 grades




shows rather evolutionary most conserved positions as shown in Figure 5.11. It can be
observed from the conservational data that, residues such as Thr50, Pro70, His71, Arg72
and Tyr90 from RcPDO are very conserved and other interacting residues shown in the data
have either intermediate or rapid rate of variability associated with them.
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Figure 5.11. A) Consurf results for RcPDO. The residues highlighted with a star are
highly important for the interaction with RCPDR. Description as “e” and “b” represent the

exposed and buried status of the amino acid residue.
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Figure 5.11. B) Consurf results for RcPDR. The residues highlighted with a star are
highly important for the interaction with RcPDO. Description as “e” and “b” represent the

exposed and buried status of the amino acid residue.

5.4 Conclusion

The biodegradation pathways of phthalate esters must be explored in order to understand
the complete mineralization process and toxic effects of their intermediates. The most
important step in the degradation of phthalates is the reaction catalyzed by dioxygenases.

The phthalate dioxygenase system is a two-component system and plays very crucial for



aerobic degradation of aromatic phthalic acid esters (PAES). Two separate proteins
phthalate dioxygenase (PDO) and phthalate dioxygenase reductase (PDR) are required for
phthalate dioxygenase activity. In our study, RCPDR protein has been successfully cloned,
expressed and purified. In order to assess the important interaction between RcPDR and
RcPDO, both the important proteins have been modeled and protein-protein docking has
been conducted. It has been shown that the interface residues which play an important part
in interactions are highlighted. Moreover, conservation score has been allotted to the

residues participating in the interfacial interaction.






CHAPTER 6

STRUCTURE DETERMINATION OF BIPHENYL DIOXYGENASE FROM
PANDORAEA PNOMENUSA B-356 IN COMPLEXWITH 2,3, §°
TRICHLOROBIPHENYL






6.1 Introduction

Polychlorinated biphenyls (PCBs) are synthetic toxic aromatic compounds which pose an
enormous threat to human health and the surroundings due to their continuous exposure
and persistence. These compounds have two benzene rings in which hydrogen atoms are
replaced with by one-ten chlorine atoms. Theoretically, there are total of 209 PCB
congeners, that generally vary in the respective position and number of chlorine atoms
[326, 327]. These PCBs are generally thermostable and recalcitrant from degradation
viewpoint [328]. PCB congeners are lipophilic in nature and this aspect of lipophilicity
generally increases with increment in the degree of chlorination. Due to this behavior of
PCBs, they tend to have very low water solubility property [8, 329]. Basic backbone
structure and nomenclature of the biphenyl ring w.r.t chlorine substituent is shown in

Figure 6.1.
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Figure 6.1. The Basic chemical structure of Biphenyl and IUPAC based nomenclature.
Hydrogen atoms present in positions 2,2’ and, 6,6’ are (ortho), 3,3’, and 5,5 are (meta)

and/or 4,4’ (para) may be substituted by chlorine atoms.

Like many, persistent organic pollutants (POPs) many PCB congeners are highly persistent,

chemically inert and have a propensity to accumulate within the food chains [330, 331].



PCBs have been reported to have similar toxic effects as caused by 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) and other correlated halogenated polycyclic aromatic
hydrocarbons such as polychlorinated dibenzofuran (PCDF), polychlorinated dibenzo-p-
dioxin (PCDD) and they all are reported to generally act through the activation of aryl
hydrocarbon receptor signal transduction mechanism [332-334]. A major structural
distinction amid PCBs and related PCDDs/PCDFs is associated with conformational
mobility. It is to be noted that, though PCDDs and PCDFs are relatively rigid and less
flexible compounds, however, PCBs are present in a variety of conformations that
generally occur due to rotation around the important bond linking the two aromatic
biphenyl rings [335].

Microbial mediated bioremediation approach seems to be a potential route for management
of PCB contaminated soils [336, 337]. Many species of aerobic bacteria have been reported
to oxidatively degrade polychlorinated biphenyls. These bacteria predominantly belong to
the genera of Pseudomonas sp., Rhodococcus sp., Burkholderia sp., Arthrobacter sp. [338-
343]. These bacterial strains show substantial differences in their relative congener
preferences depending on the chlorine substitution pattern on the biphenyl ring [150, 344].
These bacteria aerobically transform PCBs via bph pathways. In this pathway, initial
catabolism of biphenyl to benzoate and then to 2-hydroxypenta-2,4-dienoate occurs [344,
345]. In the next step of degradation, the latter is converted to the Krebs cycle
intermediates, as shown in Figure 6.2.

To envisage the molecular basis of PCBs biodegradation, bph pathway, an important
pathway for catabolic activities for degradation was extensively studied. Biphenyl
dioxygenase (BPDO) is first and an important enzyme of bph pathway and has a crucial
role in determining of substrate specificity in biphenyl as well as PCB congener
degradation [346, 347]. It has been shown that it is a ring-hydroxylating dioxygenase that
generally mediates the attack of molecular oxygen onto biphenyl ring, and forms cis-
(2R,3S)-dihydroxy-1-phenylcyclohexa- 4,6-diene. This oxygenase component (BPDO) has
an a3-pB3 arrangement and each of its a-subunit contains a Rieske-type Fe,S; iron-sulfur
center and mononuclear iron center is present at the active site. The reductase subunit
(BphG) and a ferredoxin subunit (BphF) play an important role in the transfer of electrons

from NADH to Fe,S, center of the oxygenase component. In the presence of O, and



electrons, BPDO mediates the catalysis and dihydroxylation of the biphenyl aromatic ring

at mononuclear iron center [348, 349].
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Figure 6.2. Biphenyl degradation pathway in Pandoraea pnomenusa B-356. Different
Enzymes involved are mentioned (A) biphenyl-2,3-dioxygenase; (B) biphenyl-2,3-
dihydrodiol-2,3-dehydrogenase; (C) 2,3-dihydroxybiphenyl-1,2-dioxygenase; (D) 2-
hydroxy-6-oxo-6-phenylhexa- 2,4-dienoate hydrolase; (E) 2-hydroxypenta-2,4-dienoate
hydratase; (F) 4-hydroxy-2.oxovalerate aldolase; (G) acetaldehyde dehydrogenase.

Biphenyl dioxygenase (BPDO) is an important determinant in PCB-transforming
capabilities of a particular bacterial species. Several studies from various bacterial
populations reveal that diverse organisms have noteworthy variation in congener preference
and associated regiospecificity, due to different selectivity mechanism of species-specific
biphenyl dioxygenase [163, 350, 351]. The relationship between the selectivity of a
particular congener and its biodegradability under the same concentration is extensively
studied. For example, BPDOkgr7o; from Pseudomonas alcaligenes KF707 and BPDO) g4no
from Burkholderia xenovorans LB400, show incredibly diverse reactivities, even though

they have been shown to have more than 95% sequence identity. Several studies have



substantiated the relevance of the active site residues in influencing the enzyme’s congener
preference and related regiospecificity aspects [352-354]. It has been shown that BPDOgg3ss
from Pandoraea pnomenusa have about 70% sequence identity with other BPDOs from
Pseudomonas alcaligenes KF707 and Burkholderia xenovorans LB400 [355]. Recently,
various enzyme engineering attempts have yielded BPDO with improved PCB-degrading
capabilities, as well as provide an insight into the molecular origin of specific congener
preference. It has been reported that BphAEII9, a variant of BPDO g4q0 has a region from
BPDOg3s6, and it possessed improved PCB-degrading properties than both of the parental
enzyme [356].

It is to be noted that, specificity of biphenyl dioxygenase is an important aspect for
determination of biphenyl analogs fate that will be metabolized by a particular
microorganism in the biphenyl catabolic pathway. Significant efforts have been made for
characterization and crystallization of this important enzyme. The three-dimensional crystal
structure of its oxygenase part (BphAE) from the various strains such as Pandoraea
pnomenusa B-356, Burkholderia xenovorans LB400 and many more have been resolved
[357, 358]. It is an established that significantly diverse ranges of biphenyl analogs are
degraded by Pandoraea pnomenusa B-356 and Burkholderia xenovorans LB400. Although
B. xenovorans LB400 is regarded as one of the best naturally occurring PCB-degrading
bacterial species, but many latest reports have revealed that BphAE from B356
(BphAEB356) also degrades several biphenyl analogs considerably more efficiently as
compared to BphAE from the strain LB400 (BphAELB400) [358-361].

In this study, with an objective to understand the influence of the pattern and degree of
chlorination on the catalytic activity of BPDO from Pandoraea pnomenusa B-356, a
systematic computational study on chlorinated biphenyls has been conducted. Although
such aspects of study can invariably be conducted experimentally, but the high number as
well as the availability of all the congeners, makes it less feasible. Therefore, for that
purpose, PCB congener library of 209 compounds was made and screened to elucidate the
enhanced degradation abilities of BPDO. The important feature related to congener
specificity has been highlighted. Through docking studies the binding ability of BPDO
from Pandoraea pnomenusa B-356 w.r.t. PCB congeners were measured and important

residues of active site residues involved in the interaction were acknowledged. Moreover,



the geometrical properties of the congeners such as aromatic benzene dimer ring offset, and
the angle of rotation in between the two aromatic biphenyls influencing the rate of catalysis
are also highlighted. Moreover, structure determination of BPDO with congener 2,3°,5’-
trichlorobiphenyl was also done. The results related to the geometry and electrostatic

properties of chlorinated biphenyls can be useful to rationalize their selective toxicities.
6.2 Material and methods

6.2.1 System preparation

Computational studies were conducted with the purpose to assess the interaction of PCB
congeners with BPDOsgsss from Pandoraea pnomenusa B-356. For that purpose,
coordinates of biphenyl dioxygenase were taken from the available crystal structure of
BPDO bound to substrate biphenyl (PDB ID: 3GZX) from the RCSB protein databank
[357]. Protein was geometrically optimized by utilizing Clean Geometry module from
Discovery Studio (DS version 4.0) suite, the service provided by Accelrys (San Diego, CA,
USA). The protein was minimized in order to remove steric overlaps and clashes, using a

smart minimizer algorithm, for 1000 steps with cut-off of 0.1 RMS gradient [243].

6.2.2 PCB Library preparation

Three-dimensional structure of 209 PCB congeners was drawn using Marvin suite 17.13
[http://www. chemaxon.com/marvin/sketch/index.jsp]. Congener files were saved in Sybyl
Mol2 format.

6.2.3 Screening of library using PyRx

In order to understand the influence of substitution pattern of chlorination in PCBs in
interaction with BPDOggs, a Vvirtual molecular screening of the PCB congener library was
done. For that purpose PyRx, a virtual screening software which provides an easy-to-use
interface was used for the screening of PCB congener library. PyRx ensembles, several
softwares such as AutoDock Vina, AutoDock 4.2, Open Babel, etc. in this study, AutoDock
Vina is used for the docking purpose. Firstly, ligand library was uploaded, and protein
molecule is provided into the PyRx workspace. Then protein and ligand files were
converted to .pdbt AutoDock file format and minimized for the docking purpose. The

docking receptor grid box was constructed within the vicinity of active site iron by



selecting the active site residues such as such GIn226, Phe227, Asp230, His233, Ala234,
Gly319, His321, Leu331, and Phe376.All these residues show important hydrophobic
interactions in case of biphenyl as well. The dimensions of the grid box were as follows 25
A X 25 A x25.76 A and the center point coordinates were set as X = -27.44, Y = 92.94
and Z = 3.56. It is to be noted that, grid box size is big enough to allow the PCB congener
to move freely in the search space and the exhaustiveness factor was increased to 10. Once
the calculations are done, the results appeared depicting the binding affinity (kcal/mol)
values of the ligands. Final results were exported to Pymol (version 1.3) for further visual
analysis [213].

Top 15 congeners along with biphenyl were selected for further analysis. Compounds
showing maximum binding affinity and proper orientation within the active site vicinity
were sorted, selected and docked using AutoDock 4.0 as well [211]. AutoDock utilizes a
semi-empirical free energy forcefield to calculate the binding free energy of a small
molecule to a macromolecule. Receptor molecule was prepared by adding explicit
hydrogen molecules and associated Kollman charges using the AutoDock Tools 1.5.6 and
saved in .pdbqt file format. A grid spacing of 0.375 A was used. The dimensions of the grid
box were as follows 60 A x 60 A x 60 A and the center point coordinates were set as X = -
30.187, Y = 91.916 and Z = 3.328. Lamarckian genetic algorithm and grid supported
energy evaluation method were adopted. All other docking parameters were set as default.
General properties of selected congeners have been shown in Table 6.1.

6.2.4 Determination of pi-stacking interactions

The determination of important interactions in the protein-ligand complex is very important
for deep structural analysis. Here, a web service called protein-ligand interaction profiler
(PLIP) (projects.biotec.tu-dresden.de/plip-web) was used for the detection and visualization
of important non-covalent interactions i.e. pi-stacking interactions, involved in protein-
ligand complexes [362]. It also provides with important parameters related to the
orientation of aromatic ring during complex formation and the values obtained are

compared with that of the PCB-BPDOg356 cOmplex.



Table 6.1. General properties of best scoring PCBs. molecular weight, the characteristic

dipole moment of selected top 15 PCBs, including biphenyl are mentioned.

s1o Compound Mwt E)Dig)ole moment

1. Biphenyl BPO 154.208 0

2. 2-Chlorobiphenyl BP1 188.653 0.764
3. 3-Chlorobiphenyl BP2 188.653 0.765
4. 2,3-Dichlorobiphenyl BPS 223.098 1.306
5. 2,5-Dichlorobiphenyl BP9 223.098 0.056
6. 3,4-Dichlorobiphenyl BP12 223.098 1.283
7. 2,2’,3-Trichlorobiphenyl BP16 257.543 1.238
8. 2,2’ 4-Trichlorobiphenyl BP17 257.543 1.060
9. 2,3,4-Trichlorobiphenyl BP21 257.543 1.490
10. 2,4,4-Trichlorobiphenyl BP28 257.543 0.766
11. 2,4,5-Trichlorobiphenyl BP29 257.543 0.779
12. 2,3”,4’-Trichlorobiphenyl BP33 257.543 1.851
13. 2,3’,5’-Trichlorobiphenyl BP34 257.543 1.289
14, 2,2’,3,4-Tetrachlorobiphenyl BP41 291.988 1.606
15. 2,2°3,4,5-Pentachlorobiphenyl BP86 306.015 2.141




6.2.5 Chemicals

2,3°,5” trichlorobiphenyl was a kind gift from Professor Michel Sylvestre from the
prestigious Institut National de la Recherche Scientifique, INRS-Institut Armand-Frappier,
Laval, QC, Canada. Crystallization chemicals were purchased from Himedia (Himedia,
Mumbai), and Sigma-Aldrich (St. Louis, MO, USA). All chemicals and reagents used in
this study were of ACS grade.

6.2.6 Structure determination of BPDOg3s6-2,3,5’ trichlorobiphenyl complex

Purified and concentrated BPDO protein samples were provided by Professor Michel
Sylvestre. Initial crystallization trials for the complex of BPDOg3s-2,3",5
trichlorobiphenyl were carried out in Macromolecular Crystallography Unit, T Roorkee,
and the final crystallization was done at Purdue University, USA.

Initial crystallization trials for the complex formation were carried out as per the earlier
published purification protocol with few modifications [357]. For initial crystallization
trials, 12 mg/ml of the purified enzyme, in 25 mM HEPES, pH 7.3; 1 mM DTT; 0.25 mM
ferrous ammonium sulfate and 10% v/v glycerol was taken. The crystallization reservoir
solution has 100 mM MES buffer, pH 5.80; PEG 4,000 (15-20% w/v); 10-15% v/v 2-
propanol, 3.5 mM ferrous ammonium sulfate and 12.5 mM NaCl. Final crystallization was
carried out in anaerobic condition. The 96 well sitting-drop vapor-diffusion technique was
used for setting up crystallization. 2 pl of the sample drop volume had an equal protein
sample and reservoir well solution in a 1:1 ratio and the tray was kept at 20°C in a
vibration-free thermostat chamber.

The crystal data was collected at Advanced Photon Source (APS) synchrotron facility in
Chicago, USA, 108 K and using monochromatic X-rays of 1 A wavelength. The diffraction
data was indexed, integrated and scaled using the HKL2000 program module [363].
MOLREP program of CCP4i7.0 suite was used with the initial homologous structures of
BPDO with biphenyl complex [364]. Phenix refine was utilized for restrained atomic
parameter refinement and COOTO0.8.7 program was utilized for the electron density map
analysis and suitable model building [365, 366]. The overall quality of the complex
structure was evaluated by various parameters like clash score, outliers, and residues
having bad angles and bad bond distances, as analyzed by Molprobity [367]. Electron
density of ligand 2,3°,5” trichloro biphenyl was verified using Polder maps [368]. It is



implemented in Phenix and removes the related bulk solvent effects and help in an
improved illustration for ligand into the cavity of the active site. Final models of
BPDOgss6- 2,3°,5” trichlorobiphenyl complex for the structure refined using CCP4 refmac
[369]. The final model was analyzed and figures were prepared by using PyMOL 2.0.5.

6.3 Result and Discussion

Pandoraea pnomenusa B-356, a biphenyl degrading bacterium was isolated from
contaminated soil. It has been reported to efficiently degrade hazardous polychlorinated
biphenyls (PCBs), polyhydroxylated biphenyls (PHBs) and various other compounds such
as benzophenone, diphenylmethane, dihydroxybiphenyl, etc. under aerobic conditions [344,
360, 370, 371]. However, it has been shown that the in case of high chlorine substitution or
especially double para-substituted PCBs, the rate of degradation showed some degree of
restriction. Biphenyl dioxygenase (BPDO) is an important enzyme in the degradation
process of PCBs. It has been shown that the a-subunit of iron-sulfur protein of biphenyl
2,3-dioxygenase (BphAl) is involved in the catalytic activities and is also an important
determinant of substrate-related specificity. To envisage the enhanced degradation abilities
of BPDO from Pandoraea pnomenusa B-356 towards various PCBs congeners, PCB
congeners library was prepared, screened using PyRx. Through docking studies conducted
with 209 PCB congeners, the binding affinities of total 209 PCB congeners with BPDO
from Pandoraea pnomenusa B-356 were measured and crucial active site residues
interactionss were identified. The results showed that the average binding affinity of PCBs

varies with a different number of chlorine substituents.

6.3.1 Screening of library using PyRx

Crystal structure of native BPDO and its complex with Biphenyl from Pandoraea
pnomenusa B-356 has been already determined (PDB ID: 3GZY and 3GZX, respectively)
[357]. Structure coordinates of BPDO in complex with biphenyl were used for screening of
the PCB congener library. Screening of the library was carried out by using PyRx a virtual
ligand screening tool, in which AutoDock Vina 1.1.2 is used. PCBs were screened for their
ability to show maximum interaction as well as proper orientation w.r.t. active site residues.
In this study main objective was the evaluation of the effect of position specific

chlorination influencing the binding affinity of different congeners. It has been shown



earlier that the preference of BPDOg3se W.r.t. pattern and position of chlorination is as
follows [349]

Ortho-substituted PCBs > meta-substituted PCBs > para-substituted PCBs

A similar pattern of preference was also observed in our study. Every docked complex of
BPDO and PCB congener was aligned to the template BPDO in complex with biphenyl,
and the variations in active site residues were measured. Categorization of congeners on the
basis of number of chlorine vs binding affinity has been done. It has been seen that as the
level of chlorination increases, the corresponding binding affinity of the group decreases, as
shown in Figure 6.3. Rather, we can elucidate that as the degree of chlorination increases,
the number of congener isomer giving contribution in the calculation of average binding
affinity also decreases. This means that if there are 46 isomers classified in the group of
pentachloro-biphenyls, then 30 isomers contribute to the average binding calculations,
since all the isomers do not give possible or favorable binding pose. None of the 8, 9, or 10

chlorine substituted PCB congener showed any interaction with BPDOggsg.
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Figure 6.3. Screening of PCB congeners and analysis. This represents a comparision of
affinities energy of PCB congeners w.r.t. different number of chlorine substituent.



It is to be noted that, top 15 compounds, including biphenyl as a substrate, have been
selected for further analysis, as shown in Figure 6.4. 15 congeners along with biphenyl
were evaluated within a cut-off range of -8.3 kcal/mol, since this the binding affinity shown
by biphenyl. AutoDock 4.2.6 was used to perform the docking of top 15 congeners along
with biphenyl with BPDOgsss. High-ranking dockings were found with BPDOgsss that
shows very less variation from one another and that to biphenyl in the crystal structure, as
shown in Table 6.2. The criteria for selecting them includes highest binding affinity scores,
a respective distance of nearest proximate ring carbon atoms from mononuclear iron and

water molecule present at the active site, as shown in Table 6.3.



Table 6.2. Binding affinities (kcal/mol) of PCBs. Binding affinity (kcal/mol) details of

top 15 PCBs congeners along with biphenyl are shown.

AutoDock Vina

AutoDock

S.no Ligand Compound Binding affinity Binding affinity
(kcal/mol) (keal/mol)
1. BPO  Biphenyl -8.3 -6.27
2. BP1  2-Chlorobiphenyl -8.5 -6.92
3. BP2  3-Chlorobiphenyl -8.4 -6.83
4. BP5  2,3-Dichlorobiphenyl -8.6 -7.66
5. BP9 ~  2,5-Dichlorobiphenyl -8.8 -7.17
6. BP12  3,4-Dichlorobiphenyl -8.9 -7.58
a BP16  2,2’,3-Trichlorobiphenyl -9.3 -8.07
8. BP17  2,2’,4-Trichlorobiphenyl -8.6 -7.87
Q. BP21  2,3,4-Trichlorobiphenyl -8.4 -8.21
10. BP28  2.4,4’-Trichlorobiphenyl -8.3 -7.53
11. BP29  2,4,5-Trichlorobiphenyl -8.2 -7.53
12. BP33  2,3’,4’-Trichlorobiphenyl -8.7 -7.82
13. BP34  2,3’,5’-Trichlorobiphenyl -8.3 -7.62
14. BP41  2,2’,3.4-Tetrachlorobiphenyl -9.2 -8.64
15. BP86 2,2’3,4,5-Pentachlorobiphenyl -8.9 -8.13
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Figure 6.4. Pictorial representation of binding of top 15 congeners along with biphenyl
in the active site. The ribbon diagram of BPDO binding active site cavity with selected
PCB congeners and biphenyl. Residues of the BPDO are shown in stick form, active site
Iron is shown as a sphere in metallic orange color and the water molecule is represented by
a blue sphere. A) Biphenyl B) 2-Chlorobiphenyl C) 3-Chlorobiphenyl D) 2,3-
Dichlorobiphenyl E) 2,5-Dichlorobiphenyl F) 3,4-Dichlorobiphenyl G) 2,2°,3-
Trichlorobiphenyl H) 2,2°,4-Trichlorobiphenyl 1) 2,3,4-Trichlorobiphenyl J) 2,4,4’-
Trichlorobiphenyl K) 2,4,5-Trichlorobiphenyl L) 2,3’,4’-Trichlorobiphenyl M) 2,3°,5’-
Trichlorobiphenyl N) 2,2°,3,4-Tetrachlorobiphenyl O) 2,2°3.4,5-Pentachlorobiphenyl



Table 6.3. The distance of mononuclear iron and active site water from proximate

ligand ring carbon. Important interactions of BPDOgsss active site iron and water

molecule with nearest carbon atoms of the ligand.

Distance (A) of .
nce (A) Distance (A) of
S.n : . ligand :
Ligand Ligand T ligand
0 from active site I
i from active site water
Iron
Biphenyl C12-4.0 C12-3.7
1| BrO C17-4.0 C17-3.1
2 BP1 2-Chlorobiphenyl C12-3.9 C12-35
' C17-3.9 C17-2.9
3 BP2 3-Chloraobipheny!l g%gg C12-35
i C17-2.9
sa. BP5 2,3-Dichlorobiphenyl gisgg C12-35
] C17-2.9
5 BP9 2,5-Dichlorobiphenyl gigji C12-3.9
] C17-3.2
6. BP12 3,4-Dichlorobiphenyl g%gg C12-3.7
. C17-2.7
7, BP16 2,2°,3-Trichlorobipheny!l g%gg C12-3.7
] C17-2.8
8 BP17 2,2’,4-Trichlorobiphenyl gigjé C12-3.9
B C17-3.5
9 BP21 2,3,4-Trichlorobiphenyl gigjg C12-3.9
] C17-3.3
C12-2.1
C12-34
10. BP28 2,4,4>-Trichlorobiphenyl C17-35 Cl7-2.6
11. BP29 C12-4.1 C12-4.0
C17-3.8 C17-3.1




2,4,5-Trichlorobiphenyl
12 BP33 2,3°,4’-Trichlorobiphenyl gggg gi;gg
13 BP34 2,3’,5’-Trichlorobiphenyl g;gg gi?gg
14. BP41 2,2’,3,4-Tetrachlorobiphenyl gﬁgg gi;g?
13 Py 2,2°3,4,5-Pentachlorobiphenyl gﬁ_gg gi%gi

6.3.2 Importance of pi-stacking interactions

It is to be noted that, the important interactions occurring between the protein aromatic
amino acid residues have a significant influence on the overall protein structures [372].
Such non-covalent interactions, which are present in aromatic m systems are essential for
biological events such as protein-ligand recognition [373]. It is to be noted that, on an
individual note, these interactions provide a less stability to the overall protein-complex
structure; on the other hand, jointly they contribute considerably to the conformational
stability of the overall protein structure [374, 375]. In this study, we focused on the
important aromatic amino acid residues present at the active site and their interactions with
ligand compound. These pi-stacking interactions are illustrated in order to establish the
extent to which their orientation and the number contribute to the stability of protein
complex structures. In general, pi-stacking refers to attractive, non-covalent interactions
present between aromatic rings, since these rings contain pi-bonds. These interactions are
important in protein folding and molecular recognition during complex formation. In our
study, the importance of these non-covalent interactions is highlighted.

For every 15 PCB congener-BPDOg3s56 complexes, including biphenyl, different ring
associated parameters were calculated and compared with the values obtained in the case of
biphenyl BPDOg3s56 complex as shown in Table 6.4. Ring offset is also calculated which
refers to the alignment of a positive electrostatic potential on one ring with negative

electrostatic potential on another ring forming a stack. In all the cases PCB congener-




BPDOg3ss complexes and biphenyl BPDOgsss complex T type stack is formed. The

geometry of these stacking interactions implies that electrostatics play a function in the

attraction between these aromatic systems.

2,3”,5’-trichlorobiphenyl was selected because it has 80% of its poses within the perfect

orientation w.r.t. active site iron and a water molecule and it has analogous interactions like

that of biphenyl with BPDOgg3se.

Table 6.4. Aromatic interaction of top 15 PCBs, including biphenyl with BPDOggse.

Important amino acids of BPDPB356 involved in aromatic interactions are shown. The

angles between the ring planes and offset between the ring centers are mentioned.

n-Stacking
S.no | Ligand
BPDO Distance Angle Offset Ligand residue
Residue between ring | between ring | between ring involved
centers (A) planes centers

1 BP0 PHE 227 4.67 62.28 0.30 3570, 3573, 3574, 3577,

' HIS 233 4.89 87.19 1.08 3578, 3580
5 BP1 PHE 227 471 61.16 0.39 3569, 3571, 3572, 3575,

' HIS 233 4.94 85.16 1.37 3576, 3579
3 BP2 PHE 227 4.63 64.61 0.31 3569, 3570, 3571, 3574,

: HIS 233 4.88 89.22 1.11 3575, 3578
3569, 3570, 3571, 3574,

4. BP5 HIS 233 4.95 84.17 1.35 3575, 3577
5 BP9 PHE 227 4.79 66.54 0.40 3569, 3570, 3571, 3573,

' HIS 233 4.88 88.28 1.04 3574, 3575
PHE 227 4.66 74.28 0.26 3569, 3570, 3571, 3572,

6. BP12 HIS 233 4.80 78.76 0.94 3573, 3577
PHE 376 5.49 86.82 1.87 3574, 3575, 3576, 3578,

3579, 3580




PHE 227 4.56 73.47 0.33 3570, 3571, 3573, 3575,
7. BP16 HIS 233 4.84 81.15 1.24 3576, 3578
PHE 376 5.19 77.77 1.24 3569, 3572, 3574, 3577,
3579, 3580
PHE 227 455 75.02 0.42 3569, 3571, 3572, 3573,
8. BP17 HIS 233 4.83 78.46 1.24 3575, 3578
PHE 376 5.38 75.42 1.58 3570, 3574, 3576, 3577,
3579, 3580
PHE 227 4.61 72.06 0.29 3569, 3570, 3571, 3573,
9. BP21 HIS 233 4.83 81.29 0.90 3574, 3576
PHE 376 5.36 74.04 1.39 3572, 3575, 3577, 3578,
3579, 3580
3570, 3571, 3573, 3574,
10. BP28 HIS 233 4.90 85.06 1.66 3575, 3577
11 BP29 PHE 227 4.68 69.10 0.34 3569, 3570, 3571, 3573,
1 HIS 233 4.86 84.72 0.83 3574, 3575
12 BP33 PHE 227 4.56 75.73 0.38 3569, 3570, 3571,
) HIS 233 481 77.75 1.25 3573, 3575, 3578
13 BP34 PHE 227 4.63 71.43 0.54 3569, 3570, 3571,
i HIS 233 4.90 83.55 1.34 3573, 3575, 3578
PHE 227 452 74.81 0.37 3570, 3571, 3572, 3573,
14. BP41 HIS 233 4.83 79.38 1.31 3575, 3577
PHE 376 5.35 75.83 151 3569, 3574, 3576, 3578,
3579, 3580
PHE 227 458 72.80 0.46 3569, 3570, 3571, 3572,
15. BP85 HIS 233 4.86 81.91 131 3574, 3577




6.3.3 Structure determination of 2,3’,5’trichlorobiphenyl-BPD0g355 complex

Initial crystallization trials were carried out in the reservoir solution, with the composition
as follows: 100 mM MES, pH 5.80; PEG 4000 (15-20% w/v); 3.5 mM ferrous ammonium
sulfate; and 10-15% v/v 2-propanol and NaCl 12.5 mM. After optimizing the conditions
final crystallization was carried out in anaerobic conditions (Purdue University) and the
crystals grew within one to two weeks of time. The complex of BPDOgsse-
2,3’,5’trichlorobiphenyl complex was attained by the addition of small amounts of 2, 3°, 5’
trichlorobiphenyl powder to the crystals and further incubation for a period of 48 hours.
The reddish-brown colored crystals have a rhombic morphology with space group R3.
BPDO0g3ss complex crystals complexed with PCB congener 2,3,5’-trichlorobiphenyl has
diffracted up to 1.3 A resolutions. The overall structure showed less variation. All the
residues except first seventeen residues at the N-terminus could be efficiently built-in the
electron-density map and none of the residues lies in the outlier region in the
Ramachandran plot. The structural superposition of 2,3’.5’-trichlorobiphenyl-BPDOg3s6
complex with native BPDOg3s6 (PDB I1D: 3GZY) and biphenyl- BPDOg3ss complex (PDB
ID: 3GZX) give r.m.s. deviation of 0.093 A for 382 Ca atoms and 0.121 A for 407 Ca
atoms respectively. The observed structural differences between the proteins are located in
the substrate binding loop region, as shown in Figure 6.5. Minor differences in the binding
of 2,3°,5’-trichlorobiphenyl congener and biphenyl to BPDOggss, are shown in Table 6.5.
Crystallographic details of 2,3°,5’-trichlorobiphenyl-BPDO0g3ss complex, is shown in Table
6.6. A ligand moiety, 2,3”,5’-trichlorobiphenyl was partially visible in the initial difference
Fourier maps in subunit A, as shown in Figure 6.5. Partial occupancy of the ligand was
verified by using Polder omit maps, an utility available in the Phenix. It generally removes
bulk solvent effects and provides a better representation of the ligand into the active site of

the protein.



2,3°,5- biphenyl-

trichlorobiph BPD0g3s6

. enyl- complex

Distance between (A) BPDOgscs (PDB ID:

complex 3GZX)

(dist. in A) (dist. in A)
His233(NE2)- Active site Fe™ 2.1 2.1
His239(NE2)- Active site Fe** 2.1 2.1
Asp386(0OD1)- Active site Fe** 2.3 2.2
(OD2)- Active site Fe** 2.3 2.5
C4 of 2,3°,5” trichlorobiphenyl/biphenyl (3GZX)- Active site Fe?* 4.2 4.0
C5 of 2,3”,5” trichlorobiphenyl/biphenyl (3GZX)- Active site Fe** 3.8 4.0
C4 of 2,3°,5 trichlorobiphenyl/biphenyl(3GZX) - Active site water 3.8 3.7
C5 of 2,3”,5” trichlorobiphenyl/biphenyl(3GZX) - Active site water 2.4 3.1

Table 6.5. Differences in the binding of 2,3”,5’-trichlorobiphenyl congener and biphenyl to

BPDOg3s6 are shown.

Figure 6.5. Structural superposition of the complex

structure of 2,3°,5-

trichlorobiphenyl-BPDO0g3ss complex with biphenyl-BPD0gsss complex (PDB ID:

3GZX). The ligand 2,3’,5’-trichlorobiphenyl is shown in (green color) and biphenyl from

3GZX is shown in ( cyan color). Active site iron is shown as a brown colored sphere and

active site water is represented as a dark blue sphere.
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Figure 6.6. Display of 2,3°5’-trichloro biphenyl-BPDOg355 complex formation (in ball
and stick models). Electron density 2Fo-Fc map of Ligand substrate 2,3’5’-trichloro
biphenyl-BPDOgsss (sticks form cyan color) is displayed as blue mesh with 1.0 contour

level. All active site amino acids are presented as lines (green colored).



Source APS-CHICAGO
Resolution range (A) 79.58-1.3
Space group R3

Cell dimensions

a’ b’ C (A)’ a”ﬁ’y (O)

136.3, 136.3, 107.6, 90, 90, 120

Total no of Reflections 260419
Unique reflections 179483
Completeness (%) 99.6 (99.2)

Mean I/sigma(l) 17.0(5.1)
Reflections used in refinement 170917
Reflections used for R-free 9035

Ruork (%) 12.8

Riree(%0) 16.1

RMSD (bonds) 0.017
RMSD (angles) 1.89

Number of non-hydrogen atoms 6044
Macromolecules 5163
Number of protein residues 626
Ramachandran favored (%) 96.5
Ramachandran Allowed (%) 35

Ramachandran outliers (%) 0

Wilson B factor 12.7

Average B-factor (A%)




Chain A 18.4

Chain B 15.9
Water atoms 34.4
All atoms 19.0

Table 6.6. Crystallographic details of 2,3’,5°trichlorobiphenyl-BPDO0g3s complex.

Details of the data are shown.

6.4 Conclusion

The binding ability of BPDO greatly affected the PCBs degradation abilities of BPDO.
Hydrophobic interaction and pi-stacking interactions are important interactions between the
active site residues site and PCB congeners as substrates. The exact number and site
specificity of chlorine substituent, the orientation of ring planes, would influence and play
an important role in the PCBs binding ability of BPDOgss6 significantly. The changes of
physical, electronic and geometrical properties of the ligand molecule could influence the
rate of degradation and binding affinity of PCBs as well. Different analysis pertaining to
structural information, binding affinity and influences of molecular properties of ligands
could be used for modification of BPDOgsss to improve biodegradation capabilities of

PCBs congeners and other halogenated aromatic compounds.






7. SUMMARY

Xenobiotic compounds such as phthalates and PCBs present in the environment have been
degraded by a consortium of microbial populations. Various microorganisms have been
reported which degrade these pollutants with good efficiency. Examples include different
strains of aerobic degrading bacteria includes Arthrobacter sp., Pseudomonas sp.,
Sphingomonas sp., Burkholderia sp. Acinetobacter sp. Gordonia sp. Rhodococcus sp etc.
The genetic organization of the genes involved in degradation has been studied extensively
in different model organism including Burkholderia sp., Acinetobacter sp. Rhodococcus sp
etc.

Different enzymes are involved in the phthalate degradation pathways, but the most
important enzyme for phthalate degradation is Phthalate dioxygenase. This performs the
hydroxylation of aromatic rings. These are categorised under Rieske dioxygenases (RDOSs).
This enzyme has two parts: phthalate dioxygenase reductase (PDR) a flavo iron sulphur
protein with NADH-dependent oxidoreductase activity and phthalate dioxygenase
oxygenase (PDO), a non heme iron protein with oxygenase activity. The 3D structuree of
PDR was characterized using X-ray crystallography. As the complete structural
information of PDO is not there, further structural studies are needed to understand these
important proteins. In our study, PDR an important protein in the PDO system has been
characterized from Ralstonia eutropha CH34. Further, to investigate the important
interaction occurring between RcPDO and RcPDR, protein-protein docking has been done,
as protein-protein docking helps in the prediction of the structure of the protein complex.
Molecular docking provides a means for fundamental structural studies of protein
interactions during complex formation. Important interface residues from both the
individual counterparts, i.e. RcPDO and RcPDR have been elucidated. The evolutionary
relationship between important interface residues of RcPDO and RcPDR has also been
established. This class of enzymes shows conserved structural features despite of having
sequence variation. This proves that these enzymes are versatile catalysts and have been
used in nature extensively for degradation of a variety of compounds.

Pandoraea pnomenusa B-356 is a biphenyl degrading bacterium was isolated from
contaminated soil. It has been reported to efficiently degrade hazardous polychlorinated

biphenyls (PCBs), polyhydroxylated biphenyls (PHBs) and various other compounds such



as benzophenone, diphenylmethane, dihydroxybiphenyl, etc. under aerobic conditions [344,
360, 370, 371]. However, it has been shown that the in case of high chlorine substitution or
especially double para-substituted PCBs, the rate of degradation showed some degree of
restriction. Biphenyl dioxygenase (BPDO) is an important enzyme in the biodegradation
process of PCBs. It has been shown that the a-subunit of iron-sulfur protein of biphenyl
2,3-dioxygenase (BphA1l) is involved in catalytic activities and is also an important
determinant of substrate-related specificity. To envisage the enhanced degradation abilities
of BPDO from Pandoraea pnomenusa B-356 towards various PCBs congeners, PCB
congeners library was prepared, screened using PyRx, a virtual screening tool. Through
docking studies conducted with 209 PCB congeners, the binding affinities of total 209 PCB
congeners with BPDO from Pandoraea pnomenusa B-356 were measured and crucial
active site residues interaction involved in interactions were identified. Furthermore, in
order to determine and analyze the of molecular properties of congener 2,3°,5°-
trichlorobiphenyl with BPDO, a tri-chloro substituted biphenyl is crystallized with the
purified enzyme. The results showed that the average binding affinity of PCBs varies with
a different number of chlorine substituents.

So we can conclude here that a better knowledge of these xenobiotic compounds
occurrences and their degradation in the natural environment will help in the development
of strategies to efficiently degrade these pollutants. The related degradation genes and
catabolic enzymes in phthalate and PCB degrading bacteria should be further characterized

to improve the efficiency of these xenobiotic removal.
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