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ABSTRACT

Huanglongbing or citrus greening is the most destructive disease of citrus orchids all over
the world. This disease causes the substantial losses in citrus production. HLB is caused by three
species of phloem-limited, unculturable, Gram-negative fastidious o-proteobacteria;
Candidatus Liberibacter asiaticus (Las), Candidatus Liberibacter africanus (Laf) and
Candidatus Liberibacter americanus. Of the three species, Candidatus Liberibacter asiaticus is
widely distributed and most virulent strain. It is transmitted by Asian citrus psyllid (Diaphorina
citri Kuwayama). HLB was mainly identified by blotchy chlorosis /mottling of leaves, yellow
shoot, stunted growth, vein corking. HLB affected fruits are small in size, of lower quality, often
lopsided and contain aborted seeds. HLB disease is seriously affecting the citrus world by
decreasing the lifespan of the citrus trees and lowering the yield as well as the quality of fruits.
Currently, no strategies have been developed to manage the HLB disease and to stop the spreading
of this disease to new citrus areas. The recommended control strategy is to chemically control the

psyllids and removal of the infected trees.

Transition metals such as manganese, zinc and iron sequestration or uptake are essential for
bacterial survival and proliferation in the environment as well as within host. They are essential for
the activity of a wide range of enzymes, involved in DNA replication, protein synthesis, cell wall
synthesis, and oxidative stress management. Metal deficiency greatly inhibits the growth of the
bacteria. Therefore, inhibition of the uptake of metal can be a possible strategy for the
development of antibacterial agents against the pathogenic bacteria. ATP binding cassette (ABC)
family is one of largest family, found in all kingdoms of life. These proteins transport a large range
of substrates such as metals, sugars, amino acids, cholesterol, phospholipids, peptides, proteins,
polysaccharides and other metabolites. Metal ions such as Zn?*, Mn?* and Fe*? uptake across the
membrane is facilitated by the ATP- binding cassette (ABC-type) transport system. This system
works by using the solute binding protein (SBPs) present in periplasm in Gram-negative bacteria
and linked to the cytoplasmic membrane in Gram-positive bacteria, to capture the molecule and
deliver the substrate for translocation by trans membrane domain of ABC transporter powered by
the hydrolysis of ATP by nucleotide binding domain of the membrane. The SBPs involved in the



capture of divalent metal ions like Zn?*, Mn?* , and Fe*2 belongs to Cluster A-1 family of substrate

binding proteins.

The Znu system, a member of ABC transporter family, is critical for survival and
pathogenesis of Candidatus Liberibacter asiaticus (CLA). The two gene clusters have been
identified as homologues of the znuABC transporter in CLA. The studies demonstrated that only
genes from one of the two znuABC clusters were able to functionally complement the system in
these AznuABC E. coli and AznuABC S. meliloti. The ZnuA gene from the znuABC cluster, which
is unable to complement AznuABC E. coli and S. meliloti, encodes for a periplasmic solute-binding
protein (CLas-ZnuAz2), which show homology to Mn/Fe-specific rather than Zn-specific proteins
in Cluster A-1 SBPs. Previously, in our lab, crystal structure analysis of CLas-ZnuA2, a
periplasmic solute binding protein from second of the two gene clusters of Znu system in CLA in
metal-free state, intermediate state of metal binding, Mn?* -bound state and Zn?* -bound state
revealed that the mechanistic resemblance of CLas-ZnuA2 seems to be closer to the Zn-specific
rather than Mn-specific SBPs of cluster A-I family. Biophysical characterization of CLas-ZnuA2
suggested that it is a low metal binding affinity protein. The subtle communications within and
between domains from crystal structure analysis revealed that protein seems to prefer a metal-free
state. The unique features of CLas-ZnuAz2 included a highly restrained loop L3 and presence of a
proline in linker helix. In the present work, we further extended our work by mutation studies,
particularly in L3 and linker helix, to understand the nature of interactions and their overall effect.
Also, in-silico studies on CLas-ZnuAl, a Zn?" solute binding protein from first of the two gene
clusters of Znu system and Esbp, an extracellular solute binding proteins involved in uptake of
iron, in CLA were carried out. The 3-dimensional structures were predicted through homology
modeling and further virtual screening with molecular docking was used to identify the small
molecule inhibitor(s) against these proteins. The thesis has been divided into four chapters.

CHAPTER 1 reviews the literature describing the bacterial ABC transporter system and their
mechanism to transport the substrate across the membrane, importance of metal in biological
processes and mechanism of metal binding and release of Cluster A-I proteins and their role in
virulence of pathogenic bacteria. The chapter also describes the history of HLB disease, causal
Organism, identification, diagnosis, vector and also detection and genome analysis of CLas and it’s

virulence mechanism and strategies to manage the disease.



CHAPTER 2 deals with the mutational studies of CLas-ZnuAz2 and their characterization using X-
ray crystallography, surface plasmon resonance (SPR) and circular dichroism (CD). The ZnuA
gene from second of the two gene clusters encodes for a periplasmic solute binding protein (CLas-
ZnuAz2) which shows homology to Mn/Fe-specific rather than Zn-specific cluster A-1 SBPs. The
subtle internal communications through an intricate network of interactions play a key role in
metal-binding and release and maintaining structural integrity in periplasmic metal uptake proteins.
Six  mutations  Ser38Ala;  Tyr68Phe;  Prol53Ala; GIlul59Ala; Asnl93Ala  and
Pro153Ala/Glul59Ala has been created in CLas-ZnuA2 using site-directed mutagenesis and
expressed in E. coli BL21-DE3 host cell and purified by Ni-NTA chromatography. All mutations
except for S38A and YG68F resulted in destabilization/degradation of the protein. The
bioinformatics analysis revealed the creation of hot spot due to P153A mutation in linker helix
making CLas-ZnuAz2 susceptible to destabilization and degradation. The crystal structure analysis
of S38A and Y68F mutants in metal-free and metal-bound forms showed variations in interactions,
an increase in the number of alternate conformations and distortions in secondary structure
elements. The S38A mutation in CLas-ZnuA2 showed major changes in structure and interactions
at the domain interface in loop L3 at the opening of the metal-binding cleft. The metal-free state of
S38A CLas-ZnuAz2 showed the major sideward shift of part of L3 as compared to metal-free wild-
type CLas-ZnuA2 where L3 is displaced away from metal-binding cleft exhibiting an open
conformation. Due to mutation of Ser38 to Ala, the particular hydrogen bond between the side-
chains of Ser38 and Tyr68 ceases to exist and now the Tyr68 forms hydrogen bond with the main-
chain oxygen of Ala38. This conformation is partly similar to the one which occurs on metal-
binding in wild-type structure where a larger inward shift of part of the L3 loop (residues 38-40) is
observed. The mutation of S38A demonstrated that the sliding of Ser38 present on restrained L3
during metal-binding is part of the metal-binding mechanism for this low metal-binding affinity
protein. The mutation to Ala leads to disruption of that mechanism along with disruption of the
intricate network of interactions affecting the overall fine-tuned structure. While no sideward shift
of L3 was observed in Y68F mutations. The Y68F mutation completely abolished any interaction
between mutated Phe68 and Ser38. In the metal-bound form of Y68F CLas-ZnuAz2, the inward
shift of L3 is not complete to bring His39 within coordinating distance with metal. There were
notable changes in interactions of metal coordinating residues with second shell residues in both
mutant structures as compared to wild-type metal-free and metal-bound structures of CLas-ZnuA2

were observed. The results suggested that any change in critical residues could alter the subtle
i



internal communications and result in disturbing the fine-tuned structure required for optimal
functioning. Both S38A and Y68F mutations in CLas-ZnuA2 resulted in the notable alterations in
the network of interactions which might affect the mechanism of action of the protein. Although
the thermal and binding affinity studies did not show significant change as compared to wild-type
CLas-ZnuA2 may be due to very low metal-binding affinities can be explained by the mutational
study in PsaA (Mn-binding protein from Streptococcus pneumonia), where, two engineered
disulphide bond at the C-terminal helix restricts the flexibility through cross-linking and resulted in
the significant decrease in the binding capacity of the mutant PsaA for Mn?* and Zn?*,

CHAPTER 3 deals with the computational approach to identify the small molecule inhibitor(s)
against CLas-ZnuAl, which can block the binding of Zn and might be able to inhibit the CLA
growth. ZnuA1l is the periplasmic component of ZnuABC transporter system, involved in uptake
of Zn metal ion in CLA. Thus, inhibiting this process may be a promising approach to design a
drug against CLA. CLas-ZnuAl has been cloned in the pET-28c expression vector. In order to
select the novel lead molecules, the model of CLas-ZnuA1 was used for virtual screening of drug-
like molecules from the ZINC database by utilizing virtual screening tool PyRx 0.8. 50 drug-like
molecules were identified having higher binding energy as the comparison to the binding energy of
reference molecule RDS51 (PDB ID: 4BBP) which showed concomitantly binding with Zn (I1)
and inhibit the growth of Salmonella enterica. Five molecules were selected for further analysis on
the basis of comparison of the binding affinity energy of the AutoDock Tools and AutoDock Vina.
Molecular dynamics were performed for determined the dynamics and stability of CLas-ZnuAl-
RDS51 and CLas-ZnuAl-inhibitor(s) complexes. MMPBSA method has been employed for
binding free energy calculations. The results reveal that ZINC15670529, ZINC92774705,
ZINC06510089, ZINC79841324, and ZINC69594834 were found to bind at the active site of
CLas-ZnuAl and inhibit its binding to Zn metal ion.

CHAPTER 4 deals with the computational approach to identify the small molecule against Esbp,
which can block the binding of Fe and might be able to inhibit the CLA growth. Gram-negative
pathogenic microorganisms have developed a range of various high-affinity iron uptake systems
for survival like small iron chelators “siderophores”. Another uptake system is also used, which is
directly involved in the acquisition of iron from transferrin and/or lactoferrin. Further transport

across the membrane is facilitated by the ATP- binding cassette (ABC-type) transport system.



Therefore, affecting the binding process of iron by identifying the small molecule inhibitor at the
metal binding site will interrupt the function of CLas-Esbp and thus inhibit the iron uptake process,
and this strategy could be used in the discovery of antimicrobial agent against the pathogenic
microorganism. CLas-Esbp has been cloned in pET-28c expression vector. The 3-dimensional
structure of CLas-Esbp was predicted by homology modeling. The Drug like molecules was
retrieved from ZINC database and used for virtual screening. 50 molecules were identified on the
basis of binding affinity, fulfilling the range of Lipinski rule of five. Three molecules were selected
for further analysis based on the comparison of binding affinity from AutoDock Tools and
AutoDock Vina. Furthermore, the protein-ligand complexes were subjected to molecular dynamics
simulation to wunderstand the dynamics and stability of the complex(s). Molecular
Mechanic/Paisson-Boltzmann Surface Area (MMPBSA) was employed for binding free energy
calculation. The results revealed that ZINC03143779, ZINC05491830, and ZINC19210425 were
found to be-bind at the binding site of CLas-Esbp protein. This computational approach provides
an idea in the further development of inhibitor designing against essential proteins of pathogenic

microorganisms.
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INTRODUCTION

Introduction

Proteins are the basic biological macromolecule of all living system. Proteins are constructed by 20
different amino acids. They play an important functional and structural role in all living organism.
They are unique for underpinning every reaction of the biological system. The functional
versatility of proteins is due to their structural diversity. They may be existing in the single unit or
in the combination of several units to perform different functions. Protein interaction with other
biomolecules depends upon the three-dimensional structure of the protein and its nature of amino
acid side chains. They are linked covalently or non-covalently to the biomolecule such as lipids,
carbohydrates, nucleic acids, phosphate groups and metal ions. Protein function is linked to the
protein flexibility. The interaction with other molecule causes the conformation changes in the
protein which may be very small like the rearrangement of side chains of few amino acids or it
may be large, like folding of the entire protein. Different inter and intramolecular bond like
hydrogen, electrostatic, van der Waals forces and hydrophobic interaction are formed by the
proteins. These interactions are necessary for the structure and activity of the proteins. A
Component like heme or metal ions called as the prosthetic group. Complex with lipids is called as
lipoproteins, those with carbohydrates known as glycoproteins and with metal ions forms
metalloproteins [1, 2]. Physiological conditions like temperature, pH and salt concentration also
affect the structure and function of the proteins. Proteins play important role in several biological
processes like defense (e.g. antibodies), transport of other-molecules (e.g. hemoglobin), reaction
catalysis (enzymes), regulatory role (hormones), structural role (e.g. collagen and elastin) and gene
regulation by maintaining chromosome structure. Apart from proteins, there are also other factors
which contribute to innate host defenses such as reactive nitrogen species [3]. In microorganisms,
various proteins are involved in adaption to changes in environments by signal transduction [4, 5].
Over a long period of time, proteins evolve in terms of the sequence through mutation and

selection and therefore in structure to perform different biological functions [5, 6].

Metal uptake or sequestration is critical for survival and proliferation of bacteria in the atmosphere

and as well as in the host. Transition metals such as manganese, zinc, and iron are crucial for

various biological processes since it is used as cofactors for a very wide number of enzymes and
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proteins. Manganese acts as the metal cofactor for the range of enzymatic processes including
phosphorylation, hydrolysis, carbon metabolism, decarboxylation and oxidative stress response.
Zinc is essential for many structural and catalytic activities of all major classes of enzymes and
also involved in DNA replication, transcription and cell wall synthesis. Iron is required for the
proliferation of bacteria because it is major components of the large range of enzyme including
ribonucleotide reductase and cytochromes. It is found in many proteins that are involved in
metabolic processes from dioxygen transport and energy transducing pathways to hydrogen and
nitrogen fixation. Therefore, these metal ions are important determinants for survival and virulence
of microorganism. Metal ion uptake across the membrane is facilitated by ATP- binding cassette
type (ABC-type) transport system. This system uses substrate binding protein (SBPS) to capture
the molecule and deliver the substrate for translocation by transmembrane domain of ABC
transporter powered by the hydrolysis of ATP by nucleotide binding domain of the membrane.
SBPs are periplasmic proteins and extracellular lipoproteins in gram negative and gram positive
bacteria respectively. The SBPs which transport divalent metal ions belong to the Cluster A-I

family which includes zinc, manganese and iron transporters.

Citrus Greening (huanglongbing) is a widespread, extremely destructive citrus plant disease. It
causes extensive economic losses by reducing the lifespan of infected trees. HLB is related with
three species of phloem-limited, gram-negative fastidious o- proteobacteria: ‘Candidatus
Liberibacter asiaticus’ (Las), ‘Ca. L. africanus’ (Laf) and ‘Ca. L. americanus’.Of the three species,
Ca. L asiaticus is widely distributed and most virulent strain. It is transmitted by Asian citrus
psyllid (Diaphorina citri Kuwayama). Symptoms include blotchy chlorosis and /or mottling of
leaves: stunted growth: malformed fruits and finally death. Vahling —Armstrong et al.
demonstrated that CLA encodes two ZnuABC homologous systems. To understand the role of
these protein homologs, a complementation assay was devised to check their ability to reinstate a
partially- inactivated Znu system in Escherichia coli and Sinorhizobium meliloti. The Result from
assay proposed that only genes from one of the two ZnuABC clusters were able to functionally
complement the system in these 4znuABC E. coli and 4znuABC S. meliloti. The ZnuA gene from
Znu ABC cluster, which is unable to complement AznuABC E. coli and S. meliloti encodes
periplasmic solute binding protein (CLas- ZnuA2) which show high homology to Mn/Fe- specific
rather than Zn- specific protein in Cluster A-1 SBPs. Earlier in our lab, crystal structure analysis of

CLas-ZnuAz2, a periplasmic solute binding protein from second of the two gene clusters of Znu
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system in CLA in metal-free state, intermediate state of metal binding, Mn?* -bound state and Zn?*
-bound state revealed that the mechanistic resemblance of CLas-ZnuA2 seems to be closer to the
Zn-specific rather than Mn-specific SBPs of cluster A-1 family and it preferred square pyramidal
geometry for both Mn?* and Zn?*. Biophysical characterization of CLas-ZnuAz2 suggested that it is
a low metal binding affinity protein. The unique features of CLas-ZnuAz2 included a highly

restrained loop L3 and presence of a proline in linker helix.

In the present work, we further extended this work through mutational study particularly in
residues critical for structure and function of L3 loop and linker helix and further analyze the
overall effect on the structure of fine-tuned structure of the CLas-ZnuA2 protein. We have done
site-directed mutagenesis in ClLas-ZnuA2, expression, purification of mutant proteins. The
biochemical and biophysical characterization of mutant proteins have been performed by using
circular dichroism and surface plasmon resonance in order to explore the thermal stability and
binding affinity of metal ions towards mutant proteins. We have also determined the high-
resolution crystal structures of two mutant S38A and Y68F CLas-ZnuA2 proteins in metal free and
metal bound states. The comparison of mutant CLas-ZnuA2 proteins to the wild CLas-ZnuA2
suggest that any change in critical residues could alter the subtle internal communications and
result in disturbing the fine-tuned structure required for optimal functioning. Also, in-silico studies
on CLas-ZnuAl, a Zn?* solute binding protein from first of the two gene clusters of Znu system
and Esbp, an extracellular solute binding proteins involved in uptake of iron, in CLA were carried
out. Homology modeling was used to predict the 3-dimensional structures of CLas-ZnuAl and
CLas-Esbp proteins. Virtual screening was used to identify the novel potent molecule against both
proteins. Molecular docking program was used for interaction analysis of small molecule with the
CLas-ZnuAl and CLas-Esbp proteins. Furthermore, molecular dynamics were performed to
understand the stable behaviour of the CLas-ZnuAl-inhibitor(s) complexes. Molecular
Mechanic/Poisson-Boltzmann Surface Area (MMPBSA) assay was used to calculate the binding
free energy of the complexes. We successfully identified the small molecules which might be
suggested as novel potent compounds to inhibit the binding of Zn and Fe metals to the CLas-

ZnuAl and CLas-Esbp proteins, respectively.



CHAPTER -1
REVIEW OF LITERATURE

1.1. ABC transporter

1.1.1. Introduction

ATP-binding cassette (ABC) transporters are well-known among living organisms from
prokaryotes to human representing one of the largest protein families [7, 8]. These transporters are
observed in all species and are related evolutionarily. Nevertheless, they are functionally different
performing roles in a variety of important cellular functions including translocation of various

substrates across membranes such as metabolic products, lipids and sterols, and drugs [9, 10].

ABC transporters may function as an exporter (as in all the kingdoms) or as an importer
(exclusively in bacteria and kingdom Plantae). This group of transport protein maintains a balance
of transport system across the cellular membranes and are responsible for vital activities in living
organisms [11, 12]. Transportation activity of ABC Transporters is regulated precisely so that
balance in the transport system is maintained, which is important whether for the fulfilment of
nutrient requirements or removal of toxic effects of the substrates. ABC exporters transport various
substrates eg. Proteins, Antibiotics, and lipids etc. Whereas, ABC importers transport specific

substrate across the membrane of archaea and bacteria, into their cytoplasm [13].

ABC importers transport a large range of substrates such as metals, sugars, amino acids,
peptides, and other metabolites [14]. The mechanism of binding and transportation of substrate
across the membrane is the same for both importers and exporters [15]. The generic structural
conformation of ABC transporters consists of two transmembrane domains (TMDs) and two
cytoplasmic nucleotide-binding domains (NBDs). TMDs provide a route for the substrate being
transported and NBDs bind and hydrolyze the ATP. The TMDs and NBDs are separate
polypeptide chains in ABC importers while in bacterial exporters; both TMDs and NBDs are
fused, generating a ‘half transporter’ that forms a homodimer or heterodimer to form the functional
unit. In eukaryotes, most of the ABC exporters expressed as a single polypeptide chain consist of
all four domains. The majority of bacterial ABC transporters that import the cargo into the cell
needs an extracellular SBP [16]. In case of gram-negative bacteria, the SBP inhabits the periplasm.
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While gram-positive bacteria use lipoprotein SBPs tethered to the surface of the cell or fused to the
membrane permease. This ABC-SBP complex binds to the cargo with high affinity and with
precise specification and delivered to the membrane permease for transportation into the

cytoplasm.

1.1.2. Mechanism of ABC transporter proteins

Several models on the mechanism of ABC Transporter Proteins have been proposed based
on their architectural and biochemical data. The most notable mechanism models of ABC
Transporter are “alternating site” [17] , “switch” [15] and “constant contact” [18, 19].All of these
models have common elementary steps, like ATP-dependent dimerization of NBD and switching
of the TMD between inward- and outward-facing conformations, the variation is in few details of
the mechanism. - An important. bullet which needs to be mentioned is that there is very. little
evidence that proved all ABC transporters function by the very same mechanism. For instance, the
best-structurally and mechanistically characterized importers are the E. coli maltose [20, 21] (a

type 1) and vitamin B12 [22-24] (a type Il) uptake systems.

A series of steps involved in the catalytic cycle of ABC transporter from the ground state or
“apo” state. In resting state, the substrate-binding site of permease is found in an inward-facing
orientation and the cytosolic NBDs are apart from each other. When a loaded SBP become
associated with the inward facing permease, both NBDs are brought together. The binding of ATP
to the NBDs initiate a series of conformational changes in all components of the translocation
machinery. The conformational changes in the ATP- bound NBDs reconstitute a productive
catalytic site for ATP hydrolysis and trigger the permease to adopt an outward-facing
conformation. This reorientation of the TMDs is linked to the opening of the SBP, which delivers
the cargo to the permease. Following ATP hydrolysis, the permease returns to its inward-facing
conformation and the substrate is free to diffuse to the cytoplasm and transporter is at the ground

state for the next cycle (Fig.1.1).
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Fig. 1.1: Schematic representation of the mechanism of substrate transport by SBP-dependent
ATP-binding cassette transporter across the membrane of Gram-negative bacteria [25].

Recently, a direct visualization of the mechanism of conformational changes in the
transition of ABC associated SBDs was made using single-molecule FRET which permits a

kinetics and structural information of SBDs [26].
1.1.3. Crystal structures of ABC transporter

There are numbers of crystal structure of ABC importers and exporters are solved. The
vitamin By transporter BtuCD from E. coli, the molybdate/tungstate transporter ModBC from A.
fulgidus [27] reported in complex with ModA protein and the another one is the metal-chelate-
type transporter HI1470/1 from H. influenzae [28], the multidrug transporter Sav1866 from S.
aureus [29, 30] (Fig. 1.2), a high affinity methionine uptake transporter MetNI from E. coli [31],
a homologous of multidrug transporter, TmrAB from Thermus thermophilus[32], the nucleotide-
free and Glutathione-bound Mitochondrial ABC Transporter Atm1 [33], the intact folate ECF

transporter from Lactobacillus brevis [34]
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Current Opinion in Structural Biology

Fig. 1.2: Cartoon representation of the crystal structures of full ABC transporters, with the source
organism, transporter name, and putative function. PDB ID: 2HYD 2HYD and 20NJ for Sav1866,
20NK for ModB2C2A, 1L7V for BtuCD, and 2NQ2 for HI1470/71. Grey box indicate the
position of membrane. TMDs of exporters, like Sav1866 are fused to the NBDs, whereas TMDs
and NBDs are separate subunits in the importers ModBC, BtuCD, and HI1470/71. ModA is the
cognate molybdate/tungstate binding protein of ModBC. The stoichiometries of the assembled
transporters/complexes are (Sav1866)2, ModB,C.A, BtuC2D», (H11470)2(HI11471)2[35].

1.1.4. Role in virulence

The colonization of bacteria is dependent on their ability to get the nutrients from the surrounding
environment. Bacteria have evolved in the variety of genus & species depending upon their ability
to utilize available nutrients to maintain homeostasis and pathogenesis. To restrict the growth of
bacteria, the host may attack the site of infection with anti-bacterial mechanisms or limit the
nutrients available to the pathogen to prevent further colonization [36]. Many of the importers play
the vital role in the delivery of nutrients such as, ECF transporters for delivery of riboflavin are
found in the Listeria monocytogenes, Clostridium difficile and Bacillus subtilis whereas, Type |
importer of zinc, ZnuABC is found in Yersinia pestis, Brucella abortus and Proteus mirabilis [37,
38].

Pathogenic micro-organism quickly adapts to dynamic host microenvironment, through

uptake of nutrient by choosing ABC transporters. The nutrient uptake mechanisms are the main
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virulence determinants employed by the causal organism to mediate the disease. There are several
important nutrients that micro-organism required for survival, however in several cases; there
remains an absence of knowledge linking these systems to infective agent virulence, initially tested
by transporter mutants in the animal model of diseases. Whereas, several key transports stay to be
known, selected ABC importers are shown to be crucial for virulence of the micro-organism,
illustrating these proteins as the factor of virulence in Table 1.1. The virulence factor transports a

long list of a substrate including transition metals, amino acid, and peptides.

Table 1.1: Selected ABC transporters that play a role in full virulence [39].

Substrate Name Organism
Metal  transporters | ZnuABC B. abortus, S. Typhimurium, C. jejuni, M.
Zinc catarrhalis, uropathogenic ‘E. coli, A.

baumannii, Y. pestis, P. mirabilis

Manganese andiron | SitABCD Avian pathogenic E. coli, APEC O78 strain
X7122, B. henselae

Manganese and zinc | MntABC S. Typhimurium, N. gonorrhoea

Manganese and zinc | PsaABC S. pneumoniae

Nickel and cobalt CntABCDF S. aureus

Amino acid | GItTM, SBP | N. meningitides

transporter (NM81964)

Glutamate

Glutamine GInHPQ S. Typhimurium, N. gonorrhoeae, Group

BStreptococci, S. pneumoniae (spd1098—
1099,spd0411-0412)

Alanine Dals, SBP of | S. Typhimurium
putative
Dalaninetransporter

Cysteine CtaP, SBP of | L. monocytogenes
putative oligopeptide
transporter




Lysine, Ornithine SBP1, SBP3, SBPs | M. catarrhalis
putative amino acid
transporter
Methionine MetNIQ M. catarrhalis
Methionine MetQNP S. pneumoniae
Peptide transporter OppABCDF M. catarrhalis and B. thruingiensis
Peptides
AMPs SapABCDF Nontypable H. influenzae and H. ducreyi
AMPs YeJABEF B. melitensis (BMNI_10006-
BMNI_100010)and S. Typhimurium

1.1.5. Periplasmic Solute binding proteins

Periplasm acts as a “nutrient bank” to the cytoplasm by both supplying nutrients and
depletion of the same. Thus, periplasm plays a crucial role in the homeostasis of essential
transition metals [40]. A wide variety of proteins with their various specific functions are present
in the periplasmic space of Gram-negative bacteria which are responsible for nutrient metabolism,
chemotaxis, antibiotic resistance, transport, and energy utilization [41]. There are “about a dozen”
such periplasmic proteins that are responsible for transportation of small polar substrates. itself
across the inner membrane of the bacteria. The actual working of the protein is that it acts as a
mediator by binding with the solute in the periplasm and transfers the solute across the inner
membrane of the bacteria. Further, binding of the periplasmic protein of Gram-negative bacteria
with the solute changes their own molecular rearrangement, this leads to facilitation of
transmembrane chemoreceptors interaction [42]. Transmembrane chemoreceptors are also known

as transport proteins.

The periplasmic binding proteins (also referred as PBPs or PSBPs in further text)
actually represent a widely distributed protein superfamily [41, 43]. The size of PSBPs may vary
from 25-70 kDa, in spite of the varieties of the proteins their overall structural organization is
highly conserved. An exclusive characteristic of the PSBPs is having two large domain connected
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via flexible tethers in its structure; thus binding of ligand induces a crucial conformational change
in a manner that two domain fold simultaneously or say trapping takes place between the two
lobes. Thus the term Venus flytrap has been given to this double-lobed simultaneously folding
formed structure. PSBPs are supposed to function through a mechanism named “Venus-flytrap”
which has an open, solvent-accessible ligand-free state and a closed bound state that exist in
kinetic equilibrium. When the ligand binds with the PSBPs, it shifts the equilibrium towards the
state of closed conformation [44]. Comprehensive list of PSBPs is easily accessible over the

internet in the Entrez program at http://www.ncbi.nlm.nih.gov/Entrez/, enter "periplasmic binding

proteins™) [45]. The PSBPs after binding with the substrate form a complex with membrane-bound
transporters or chemotaxis receptors (CR). This transport complex generally comprises of two
integral membrane proteins and two ATPases subunit attached on the surface of the cytoplasm
[13]. The PSBP-Substrate-CR structure resembles multiple drug-resistant structure that secrets

substrate from the cells but in contrast, this complex commonly transports substrates into the cells.

The substrate-binding domains (SBDs) and Substrate-binding proteins (SBPs) form a class
of proteins that are related to membrane protein complexes employed for transport or signal
transduction [46]. Also, the review of the literature on PSBPs or SBPs says that originally these
proteins were found in prokaryotic ABC-transporters, as well as also the part of other membrane

protein complexes too. The table below is showing such examples with references. Such as:
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PSBPs Complexes explored by researchers

Research Reference

prokaryotic  tripartite  ATP-independent [47-49]
periplasmic (TRAP)-transporters

prokaryotic ~ two-component  regulatory [50]
systems

eukaryotic guanylate cyclase-atrial natriuretic [43,51]
peptide receptors

G-protein coupled receptors (GPCRs) and [52]
ligand-gated ion channels

prokaryotic DNA-binding proteins play role [53-55]

in gene regulation

1.1.5.1. Classification of Substrate binding proteins

The SBPs are classified into various clusters on the basis of overall structural organization
of the proteins [56]. Transporter Classification Database which is available on the web at
http://www.tcdb.org/) divides the ABC superfamily into three different families (ABC1-3) based

on the homology of membrane proteins [57-60]. To correlate the cargo specificity and function, the

further divided into multiple sub-families on the basis of phylogeny [61, 62].

Traditionally, the ABC superfamily was illustrated by homology among the components of

ATPase.

Sequence resemblance was used to group SBPs into 8 classifications [41], and later nine
classifications [63, 64] and topology of secondary structure classified them into 3 broad classes

[65, 66]. A structural classification, classified SBPs in six groups (A-F), on the basis of their

conserved scaffold [46] (Table 1.2).

e A-l subcluster involved in binding to zinc, iron, manganese ions,
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e A-ll involved in binding to chelated metal forms like iron-siderophores and vitamin B12.
These are found to be of particular interest because numbers of studies suggest that they

are main virulence factors for a various number of human disease-causing organisms [67].

Table 1.2: Classification of substrate binding proteins given by Ronnie P.A. Berntsson et al.

Clusters Types of substrates

A I Divalent metal ions

] Siderophores

B Carbohydrates, Leu, lle, Val, Autoinducer-2, Natriuretic peptide
C Di- and oligopeptides, Arg, cellobiose, nickel
D I Carbohydrates

1 Putrescine, thiamine

Il Tetrahedral oxyanions

v Iron ions
E Sialic acid, 2-keto acids, ectoine, pyroglutamic acid
F I Trigonal planar anions

I Methionine

Il Compatible solutes

v Amino acids

1.1.5.2. Cluster A-1SBPs

The Cluster A-1 SBPs are needed for transportation of essential transition metals such as
Mn?*, Zn?*, or Fe?* by using ABC transporter systems in the microorganism. An exclusive
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characteristic of Cluster A is a long a-helix connecting two domains. The helix maintains the
rigidity of the structure; only allow a tiny movement of each domain upon cargo binding (Fig. 1.3).
In many cases, one or number of transport systems may be existing for each element in a particular
bacterium. A knockout study of specific SBP, lead to initiate growth defects in media restricted
within the particular of interest. For instance, disruption of Zinc uptake A (znuA) SBP, specifically
involved in binding to Zn, in Escherichia coli inhibits its growth in Zn-restricted media [68]. For
pathogenic microorganism, this interprets to attenuated virulence in animal models, suggesting
bacterial metal ABC transporter system as a potential target for designing of novel antibiotics [67,
69]. Initially, Cluster A-1 SBPs were detected in Streptococcus species as cell surface adhesions
[70-72]. These genes were found at adjacent to those of ABC transporters and evidence from
experiment linking this type of system with the transport of manganese [64, 73]whereas, a
physiological role in uptake of metal for streptococcal cluster A-1 SBPs, is dynamically established
and uncertainty in their function of cell adhesion [74-77]. It has been prompted that they may act
for both, through zinc mediation, an interaction forms between SBP and extracellular protein like
laminin [78, 79].

Fig. 1.3: Cartoon representation of the Zn-specific cluster A-1 solute-binding protein ZnuA from
Escherichia coli bound to Zn (PDB code: 20SV).
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1.1.5.3. Metal transporter

Essential metals are required by all bacteria to perform various metabolic processes. All the
trace elements like Iron (Fe), Cobalt (Co), Nickel (Ni), Copper (Cu), Zinc (Zn), and Manganese
(Mn) as important in various metabolic activities where they act as precursor (enzyme cofactor),
catalysts in biochemical reactions or structural component of protein [80, 81]. To fulfill the
requirement of trace elements, bacteria employ the various metal transport system for regulation of
the uptake of metal ions, removal of an excess metal ion to avoid toxicity and control homeostasis.
Mammals possess advanced ways to limit the presence of the essential trace element in the host

environment to prevent the invasion of bacteria, this process known as nutritional immunity [82].

Among transition metals, Zinc is needed for stability and proper folding of proteins in a cell
and also acts as a catalyst for several enzymes. Despite the fact, that Zinc is a vital nutrient, It
conjointly plays a role within the host to defend the bacterial invasion, an increased level of zinc is
often toxic to bacteria [83]. In addition to alternative transport proteins, ZnuABC, provide

assistance to the survival of pathogen within the infected host.

Taking another example of Manganese, manganese is required for free radical
detoxification and to protect the cell against oxidative damage prompted by peroxide. MntABC,
PsaABC, YfeABCD, SitABCD have all been involved in transportation of manganese [84, 85].
These importers are associated with virulence of many bacteria likewise; in S. Typhimurium and

Neisseria gonorrhea [86].

In case of iron, several forms of iron are needed for the important functions in bacteria,
like iron deficiency affect the nucleotide synthesis, production of ATP and also affect the activity
of various important enzymes [80, 87]. Gram-negative pathogenic microorganisms have developed
a range of various high-affinity iron uptake systems for survival like iron chelator “siderophores”.
An alternate iron uptake system, also used by Gram-negative bacteria has been found in many
human and veterinary diseases causing microorganism. These bacteria consist of an outer
membrane receptor which directly involved in the acquisition of iron from transferrin and/or
lactoferrin [88-91].
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1.1.5.4. Structures of Cluster A-1 SBPs

Most of the Cluster A-I proteins involved in binding to specific divalent metal ions with
high affinities, but some Cluster A-1 proteins bind to more than one metal with similar affinities
[66, 92]. The first crystal structure of Cluster A-1 SBP member was determined for PsaA from
Streptococcus pneumonia [93] in Zn(I1) bound form although physiologically this protein binds to
Mn(I1).Hitherto, Cluster A-1 protein structures are available for receptors involved in the transport
of transition metals Zn(Il), Mn(Il), and Fe(ll) (Table 1.3).The differences in their 3d-orbital
occupancies of these transition metals make them act rather differently from each other. Mn(ll)
and Fe(Il) have partially filled 3d-orbital and prefer “hard” ligands, like oxygen atoms present in
carboxylate groups in side chains of aspartate and glutamate. These metals prefer ligand
coordination number of 6 with octahedral coordination geometry. In contrast, Zn(ll) has complete
3d orbital and favors “soft” ligands such as the amide group of histidine residues. The preferred
coordination number of Zn(Il) for ligands is 4 with a tetrahedral coordination geometry [94, 95].
The specificity of the metal ion in Cluster A-I proteins is considered to be a result of the particular
coordination chemistry preferred by individual metal-binding sites. However, most Cluster A-I

proteins bind to multiple divalent metal ions in vitro.

Table 1.3: Structurally characterized cluster A-I SBPs. ‘Ligand’ refers to the metal bound in
the structures indicated by PDB code [96].

Protein | Organism Ligand PDB codes Kd References
ZnuA Salmonella Zn 2XQV, 2XY4 | <20 nM, [97, 98]
enterica Apo 2XH8, uM range
(mut)
4BBP Zn*
Zn/PHa
ZnuA E. coli Zn 208V, <20nM [99-101]
20GW,
Zn42
2PS0,
2PRS
Co
2PS9
Apo
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2PS3

ZnuA Synechocystis Zn 1PQ4, 20V3 7 nM, [102, 103]
6803 Apo 20V1 9 uM Zn*
TroA Streptococcus Zn 3MFQ 434nM [104]
suis Zn
254nM
Mn?
TroA Treponema Zn 1TOA 23 nM [66, 105]
pallidum Apo 1KOF Zn7.1nM
Mn?9:50
Lbp Streptococcus Zn 3GI1 nd [78]
pyogenes
MntA Listeria Apo S5HX7 nd Unpublished
monocytogenes
Lmb Streptococcus Zn 3HJT, 4HOF nd [79, 106]
agalactiae
MntC Synechocystis Mn IXVL nd [107, 108]
6803 Zn/Mn 3UJP
MntC Staphylococcus Mn 4K3V 4 nM
aureus Zn 4ANNO Mn>*
Apo/Abb | 4ANNP
PsaA Streptococcus Zn 1PSZ 231nM [93, 109-111]
pneumoniae Mn 3ZTT, 3ZKA Zn 3.3nM
Apo 3ZK7,3ZK8, | Mn®
cd 3ZK9
4UTP, 4UTO
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SitA Staphylococcus Mn 40XR Low nM [111]
pseudintermedius | Zn/Apo 40XQ Zn and
Mn61
ZnuA Bacillus subtilis Mn 201E nd Unpublished
AdcAll | Streptococcus Zn 3CX3 nd [112]
pneumoniae
ZnuA2 | Candidatus Mn 4UDO, 4CL2 | 430 uM [113]
liberibacter Apo 4UDN Zn,
Zinc 5AFS 370 uM
Mn®®
MtsA Streptococcus Iron 3HH8 4.3 uM [114]
pyogenes Fe(Il)
50 uMMn
AztC Paracoccus Zinc 4XRV 0.3nM Zn [115]
denitrificans 52nM Mn

the same types of the ligand are found to be present in three of these positions; two Ne2 atoms
from conserved histidine residues and a carboxylate group from a glutamate or an aspartate
residue. The fourth position is observed to be important in receptor-metal ion specificity. For Zn

specific SBPs, this position is occupied by the by the “soft” Ne2 atom of histidine residue whereas,

In cluster A-1 proteins, four positions are involved for binding to the metal ion. Generally,

in case of Mn and Fe SBPs, this is occupied by a carboxylate group of a glutamate residue.

from Salmonella enterica. In the Zn-bound structure of Salmonella enterica ZnuA, one of the
metal ligands is contributed by the Ne2 atom of histidine residue present in the histidine-rich loop
which is unique to ZnuA homologs [98]. Additionally, ZnuA of E.coli has a second Zn atom

bound to a histidine residue near to the histidine-rich loop, but absent in the primary metal-binding
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site [101]. These structures suggest the presence of low affinity, the secondary metal binding site
in ZnuA, which might play a role in the translocation of Zn in and out of the high-affinity primary
metal binding site [101, 102]. Although the physiological role of the histidine-rich loop in ZnuA-
like SBPs is not yet clear, it has also been suggested to play a regulatory role in ZnuA -like

proteins, functioning as a sensor for high Zn(1l) concentrations [98].
1.1.5.5. Mechanism of metal binding and release

The reported crystal structures of cluster A-1 SBPs, both in apo and bound states, have
disclosed the differences in the mechanism of metal binding and release. In Zn(lIl) binding SBPs,
metal binding and release are mainly through local conformational changes without the
involvement - of any significant change in domain movements and linker helix. In the case of
Trepanoma pallidum TroA and Synechocystis ZnuA SBPs metal binding site remains identical in
apo and bound state with the only minor flipping of side chains was observed while in ZnuA of E.
coli, the loop displacement was also observed. However, in Mn(ll) binding SBPs Staphylococcus
aureus Mntc and PsaA flipping of metal binding residues along with a movement of C-domain and
partial unfolding of linker helix at C-terminal was observed. In ZnuA2 of Candidatus Liberibacter
asiaticus, inward flipping of the side chain of one of the metal coordinating residue has been
observed in the metal bound state [101, 104, 111, 113, 116]. Several techniques have been utilized
to examine the stoichiometry, metal binding affinity and specificity including isothermal titration
calorimetry (ITC), equilibrium dialysis and binding assay with fluorescent chelators or absorbent.
These analyses suggest that Cluster A-1 SBPs have the capability to bind various transition metals.
Specificity explained from the higher affinity for a specific metal within the range from

subnanomolar to low micromolar of dissociation constants (Kd) (Table 1.3).
1.1.5.6. Role of Cluster A -1 in virulence

Pathogenic bacteria secrete many virulence factors including proteins to invade the host
immune system contributing in the pathogenicity and also some toxins for disease development
[117-126]. The transition metal ions requirement is crucial for colonization and virulence of
bacteria and cluster A-1 SBPs have an essential role in this process [69, 81, 127]. Mn(ll) is a metal
cofactor playing role in a broad range of enzymatic processes such as phosphorylation, hydrolysis,

carbon metabolism, decarboxylation and oxidative stress response [128]. ABC permeases which
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transport Mn(ll) have been identified in almost all disease-causing bacteria. The Mn(I1)-ABC
permease of S. pneumoniae, consists of the Cluster A-1 SBP PsaA and the ABC transporter PsaBC,
is required for virulence, although not necessary for growth [111, 129]. The requirement of Mn(ll)
for proliferation and virulence has also been reported in other pathogenic bacteria such as S.
pyogenes, S. mutans, S. suis, Neisseria gonorrhoeae, and S. aureus [130-134]. Iron has the key role
in a wide range of process including respiration, photosynthesis and nitrogen fixation. MtsABC
has been shown to be importantfor manganese and iron transport, oxidative stress resistance and
virulence of S. pyogenes [131].Zn(l1) play significant structural and/or catalytic roles in different
classes of enzymes and has the function in transcription and replication factors [135, 136].
Consequently, acquisition of Zn in vivo is important for determining virulence in numerous
pathogenic bacteria. The Zn(ll)-ABC permease of S. pneumoniae is vital for colonization of the
host environment [63, 137]. ABC permease ZnuABC mediated Zn(Il) acquisition is also involved
in the virulence of E. coli-O157:H7 [138], E. coli CFT073 [139, 140], Listeria monocytogenes, and
Salmonella enterica [141, 142].

PsaA has been proposed to be a candidate protein target for antimicrobial development.
Recently, novel pneumococcal PsaA inhibitors have been identified using fragment-based drug
design approaches [143]. PsaA binds to Mn?* reversibly and Zn?* irreversibly, therefore
extracellular Zn 2* inhibits the acquisition of the essential metal Mn?* by competing for binding to
PsaA irreversibly and exploited by the host defense mechanism to inhibit the bacterial growth
[109, 111]. Recently, structure-based functional studies identified an antibody fragment.

FabC1 caused the sterical blockage of the structurally conserved surface of Staphylococcus
aureus MntC. This blockage prevents interaction of MntC with the MntB membrane importer
thereby increasing S. aureus sensitivity to oxidative stress forming the basis for ABC importer
inhibition by an engineered antibody fragment [144].

1.2. Citrus Huanglongbing

1.2.1. Introduction

India occupies the sixth rank in the production of citrus fruit in the world whereas citrus
industry is the third largest fruit industry in India after mango and banana. So citrus occupies an

important place in the horticultural wealth and economy of India. Other countries which are major
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producers of citrus fruit include Spain, USA, Israel, Morocco, South Africa, Japan, Brazil, Turkey
and, Cuba. Citrus fruits originated in the tropical and subtropical regions of South East Asia,
particularly India and China. The native place of many citrus species is North East India. Citrus
fruits are of particular interest because of its refreshing juice and high content of vitamin C. Of the
various types of citrus fruits grown in India, orange (santra or mandarin), sweet orange (mosambi,
malta or satgudi) and lime/lemon are of commercial importance. In India, citrus fruits are mainly
produced in Maharashtra, Andhra Pradesh, Punjab, Karnataka, Uttaranchal, Bihar, Orissa, Assam,
and Gujarat.

Huanglongbing or citrus greening is the most destructive disease of citrus orchids all over
the world. Though there are many diseases which infect citrus plants caused by the number of
pathogens like fungi, prokaryotes, nematodes, viroids, viruses and probable viruses, citrus
huanglongbing has proved to be very devastating and has been reviewed extensively by various
researchers [145-147]. The studies showed that the HLB pathogen co evolves as insect
endosymbiont and later moves into the plant [148]. Initially, HLB-like symptoms were observed in
central India in the 1700s and called to as dieback [149]. Research suggests that the vector can
transmit this disease to a very long distance. On an average basis, this disease can cause the loss in
yield up to 30 -100%, depends on the severity of HLB. After the first appearance of symptoms, it
takes around 2-5 year to become completely unproductive, and the life of the tree is reduced by 7-

10 years.
1.2.2. Historical overview

Citrus fruits were first grown in China 4000 years ago and then India came second in
citriculture [150]. The question first arises of where the disease HLB came from? As there was no
record of any disease resemble this disease until 260 years ago. Maybe pathogens were absent in
these two countries and were introduced in recent times through exotic species or wild rutaceous
species and expansion of the disease took place after commercialization of citriculture. Garden
citricultures were flourished in India for centuries, but the modern commercial industry was
introduced during the last century. In South Africa, the citrus plant was first introduced in Western
Cape during 17 century, [150], however, this disease was not noticed after expansion of citriculture
in the northern part of the country [151]. In Asia, African pathogen was found to establish in the
citrus orchard, transmitted by the insect vector. The first symptom of this disease was “dieback”
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recorded in central part of India in the 18" century [149]. It was suggested that the Citrus tristeza
virus was the main cause of this disease, Raychaudhuri et al, in 1969 explained that dieback was
similar to greening [151]. In Southern China, this disease was first observed in Guangdong
Province during the late 19" century [152], transmitted to the other parts and become a major
problem of citrus orchids [153]. Research showed that the disease was transferred to China from
India through trades of sea passage [154]. Gradually, HLB covers the citrus orchids of many
countries of Asia, like Philippines [155] Taiwan [156], and Indonesia [157]. It was suggested that
common ancestors of causal organism and vector were co-founded in Gondwana, later evolve in
Asian and African species of both. Later suggested that, the disease was original, originated from
Africa, and brought to India from Portuguese, [158], further this hypothesis was rejected and

explained that three species of the pathogen have evolved many years ago [159].

1.2.3. Causal Organism, identification, diagnosis

Transmission of HLB through grafting and insect conclude that it was caused by the virus.
whereas, Electron microscopy (EM) studies of infected plant suggest that mycoplasma-like
organisms (MLOs) were found in phloem element, which was related to “yellows” diseases [160].
But on deeper study, it was found that the microorganism has thicker covering as compared to
MLOs, showed that they were real bacteria [161]. Isolation of pure culture of this bacterium was
remained unsuccessful, however, the combined study of EM along with enzymes treatments
explained that this bacterium possesses a cell wall similar to Gram-negative bacteria [162]. 16S
ribosomal DNA of two strains of these bacteria was amplified using universal primers and
compared with GeneBank sequence and showed that these bacteria belonged to a- proteobacteria.
The Asian bacteria has been called Candidatus Liberibacter asiaticus and African bacteria named
Candidatus Liberibacter africanus [163]. And the Brazilian species were named

Candidatus Liberibacter americanus [164]. Distribution Map of HLB disease is shown in Fig. 1.4.

Current evidence showed that HLB was caused by three species of unculturable bacteria
belongs to a-Proteobacteria. These are limited to phloem, made up of a very thin cell wall, so can
easily cross the sieve pores. Candidatus Liberibacter asiaticus is a heat tolerant species, can easily

survive above 30°C. However, Candidatus Liberibacter africanus is suppressed by the increase in
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temperature. The Brazilian species, Candidatus Liberibacter americanus have the resemblance to
the temperature sensitivity of Candidatus Liberibacter africanus and latest report suggests that

evidence of Asian form is gradually increasing [165].

Fig. 1.4: Current global distribution of HLB disease as per CABI, current year. Invasive Species
Compendium. Wallingford, UK: CAB International. www.cabi.org/isc.

1.2.4. Symptoms

HLB symptoms are varied and share many common symptoms with other diseases as well.
Some specific characteristics of HLB are that the trees infected with HLB will usually develop one
or more yellow shoots thus the name “Yellow Shoot” disease. If the rest of the tree is seems

healthy or without any visible symptom, the disease will take a sectoral appearance.
1.2.4.1. Foliage symptoms:

Leaves usually on the lower part of the branches i.e. older ones turn yellow along their
primary and secondary veins. The “yellow-vein” appearance later changes to a blotchy-mottle as

the discoloration spreads towards the periphery of the leaves. Also leaves on short branches back
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in the tree, and those on the more vigorous shoots that develop during the late summer flush
develop these symptoms. The yellow discoloration usually develops post maturation of the leaves
(Fig. 1.5A). Another symptom is that leaves of weak terminal twigs become small, show chlorosis,
suggesting the iron and zinc deficiencies. Initially, small leaves become pale and later on, shows
chlorosis on maturity. Sometimes, green blotches and green spots were also developed. The
intensity of the symptoms of this disease varies a lot. It may be slight or well defined like small
leaves at terminal mostly green and few of them showing chlorosis [43, 166] (Fig. 1.5B). Primary
and secondary symptoms were distinguished based on the time of appearance. The primary
symptoms become visible on leaves after normal maturation, while secondary symptoms

developed on leafy shoots, grows from branches already having primary symptoms [167].
1.2.4.2. Fruit symptoms:

Citrus greening affected fruits are small in size, of lower quality, often lopsided. In the
earlier season, they possess bitter and salty taste. Some fruits remain very small and start falling
prematurely while those that enlarge which remain on the tree but the colour of the fruit never
reach to colour of normal fruits. Very less sized fruits have no seed or possess abortive seed. More
number of seeds may be observed in larger fruits, out of them mostly sterile (Fig. 1.5C).

1.2.4.3. Internal changes:

The HLB symptom shows resemblance to the symptoms caused by minerals deficiencies
and initiate starvation caused by dislocation of food in the tree [167], and observed that local sieve
tube damage in leaves, suggests blockage of translocation which causes the starch accumulation
and faulty multiplication of cambial cells. The midribs of infected leaves have four fold more
phloem with most of the sieve element faces necrosis. Thus, veins of infected leaves become

swollen.

The phloem necrosis affects the normal development of fruits due to saccharide deficiency,
and starch becomes failed to move out of the leaves. It commonly occurs in yellow leaves and

typically within the vascular tube of undeveloped fruits [146, 166].

The symptoms of both Asian and African species are typically the same but Asian species
affect the citrus more extensively and lead to the death of the tree.
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Fig. 1.5: Symptoms of HLB in infected citrus plants. A) Yellowing of citrus tree B) chlorosis of
citrus leaves C) HLB-affected sweet orange (adapted from the book entitled “Asian Citrus
Psyllids).
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1.2.5. Disease vector and population dynamics

Transmission of citrus greening takes place through various means such as insect vector,
diseased branched and cuscuta. The identified most potent vector of this disease is citrus psylla
(Fig. 1.6). Diaphorina citri and Trioza erytreae are referred to vectors of Asiaticus, Americanus
and Africanus species [168, 169]. The heat tolerance and sensitivity of these vector species similar
to HLB type, Diaphorina citri is temperature tolerant whereas, Triozaerytreae is sensitive to

increase in temperatures.

Fig. 1.6: HLB-associated vector Asian citrus psyllid and bacteria Candidatus Liberibacter asiaticus
(CLas). A) and B) Asian citrus psyllid (Diaphorina citri) feeding on citrus plants [148].

1.2.5.1. Transmission of pathogen

Research has been found that adults, as well as nymphs, can transmit the causal
organism of HLB disease [170]. It was observed that nymphs are comparatively more efficient in
transmitting and establishing the CLas pathogen [171]. Electron microscopy study shows the
presence of bacteria similar to those found in citrus greening affected citrus [172]. HLB causing
organism release a volatile chemical in host tree, which attracts the insect vector to feed on the host

tree and pathogen also become injected in the insect vector [173]. The vector can have the
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pathogen up to twelve weeks [174]. Multiplication of CLas pathogen in the haemolymph of
D.citri suggests that it has all essential nutrient for CLas [168, 175, 176] .

The population of the vector was also affected by variation in temperature and humidity.
The growth of African psyllid is negatively associated with the increase in temperature and
saturation [177]. There is also great variation in times for acquisition and transmission of both
species. Once the pathogen is established, the vector will retain and transmit the pathogen

throughout its life.

1.2.5.2. Pathogen detection system

Scoring of HLB was done on the basis of different symptoms of the disease. While, HLB
is a fastidious micro-organism which can survives within the host tissue for several years, beneath
covert conditions. Thus, the presence of subtle technology that enables the fast detection of the
causal organism is pre-requisite. A PCR-based detection system can be used for detection of the
pathogen. It is cheaper to apply to different traditional technologies. In 2004, Das compared this
method to the conventional method of HLB indexing. This PCR- based technique showed many
advantages like rapid detection, need less time for completing the procedure and not affected by
the uneven distribution of the pathogen in the host. Two type of PCR protocol was employed i.e.
long and standard suggested that long protocol was more accurate and reliable as compared to
standard. The long protocol has another set of DNA polymerase enzyme for proofreading. Studies
suggest that long protocol PCR is more reliable in detecting the HLB in the host [178]. Loop-
mediated isothermal amplification (LAMP) was also utilized for detection of the pathogen in the
host [179]. Real-time PCR was also found to be highly sensitive in detection of HLB. It can
recognize and quantify the HLB concentration in the host tissue. Real-time PCR is most effective
in comparison to other PCR methaod for calculating the pathogen concentration in the host tissue,
and it can also detect the pathogenicity at early stages. The pathogen detection system can increase
the capability of the disease control system for the production of HLB free citrus trees. The
digoxigenin labeled probe was proposed for Candidatus Liberibacter asiaticus for fast, simple and
non-radioactive detection of the causal organism [180] Imaging techniques were also used for
detection of HLB [181]. This technique measures the reflectance of infected and healthy leaves
and observed a significant variation in values at 560 nm and 710 nm.In the same manner, Pourreza

et al. (2013) measures reflectance at 591 nm and observed infected foliage with 100% accuracy
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[182]. Extended spectral angle mapping (ESAM) was also proposed for detection and translocation
of HLB disease.

1.2.6. Genome analysis of CLas

In spite of the limitation of culturing CLas, therefore, it’s difficult to obtain genomic DNA
in pure form; it’s been sequenced successfully and provides an idea for the evolution of metabolic

and functional processes of the infectious agent [183, 184].

Genomic analysis of CLas provided helpful insight in the study of biology and
pathogenicity of the HLB. The identification of essential gene allows us to understand the
requirement of nutrition for growth as well as give an idea of the potential target for the

development of the antibacterial drug [185].

CLas contains genetic features characteristics to obligate intracellular bacteria [186]. A
complete circular genome of CLas has been retrieved through metagenomics, by using the
extraction of DNA from one CLas-infected psyllid. The size of the genome is 1.23-Mb and it
contains 36.5 % of GC content. Annotation discloses that a high percentage of genes concerned
with cell motility (4.5%) and active transportation (8.0%), which can be responsible for its
virulence. CLas seems to possess a restricted capability for aerobic respiration and is probably
auxotrophic for a minimum of 5 amino acids. Multiprotein phyletic analysis showed that CLas is

an extremely divergent member of the Rhizobiaceae family.
1.2.6.1. Metabolic pathway

CLas have all fourteen genes that encode NADH dehydrogenase subunits [A-N] which is a
significant component of the electron transport chain of respiration. While there is no homolog of
the terminal stage of oxidative phosphorylation were found. Similarly, No, homologs of
cytochrome bcl complex ,cytochrome c oxidase, the cbb3-type, or the cytochrome bd complex
were found in genome of CLas while, all four cytochrome O ubiquinol oxidase subunits [I to 1V]
were observed, and the CLas respiratory complex show resemblance with the citrus infectious
agent X. fastidiosa [187], that has 1 terminal oxidase encoded for by the cyo-operon, and active

solely beneath high oxygen condition [188, 189]. Thus, due to an absence of important enzymes
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concerned with the oxidative phosphorylation as well as lack of various terminal oxidases, it can
be suggested that CLas has restricted capability for aerobic respiration. CLas encodes an
ATP/ADP translocase additionally to its ATP synthase, which permits it to synthesize ATP and
direct uptake of energy from its environment. Moreover, the genes which are important for TCA
(tricarboxylic acid ) cycle like, gene for citrate synthase (gltA), the main port of acetyl CoA entry
in the TCA cycle that is typically associated with functional TCA cycle, were found in CLas which

can make it use long range of amino acid for source of energy.
1.2.6.2. Transport proteins and types of secretion systems

Total 137 transport protein were identified in ‘Ca. L. asiaticus’, out of the nine protein refer
to the channels/pores category of transporter, twenty-four proteins refer to electrochemical
potential-driven transporters, ninety-two proteins come under the primary active transporter, 1
refer to the class of translocators and remaining eleven proteins can be put under incompletely
characterized transport system of the transporter class. Out of the ninety-two primary active
transporters, forty belongs to ABC transporter, that is of a-Proteobacteria which have wide host
range but in contrast to the similar sized intracellular bacterium, in which 15 ABC transporter is
present [190]. It’s quite possible that a number of these transporters have an effect on virulence,
the range of host or symptoms stimulation, alone or conjointly. For instance, znuABC (zinc
transport system) are needed for virulence in various organisms [191]. The znuABC genes in CLas
involved in uptake of zinc from phloem, which result in localized zinc deficiency, therefore,
mimicry of symptoms between the zinc deficient and HLB affected the plant.

1.2.6.3. Secretion systems

According to the intracellular life pattern of the disease causal organism whose passage of
infection involves direct injection by psyllid into the host tissue, there is no type Il or IV secretion
systems including avirulence genes were identified. Also, cell wall degradation enzymes like
cellulases, xylanases, pectinases, or endoglucanases which need type Il secretion were not
identified. While, all proteins needed for the general secretory pathway, the first step of the type Il
secretion system, that is responsiblefor the export of proteins to periplasm [192], were identified in
CLas from Psy62. Additionally, ten putative proteins needed for pilin secretion and assembly as a

28



part of MTB (main terminal branch) were identified, which indicated its potential for type IV pilus

secretion and assembly.

Various complete secretion systems of type | were found. Two main functions of the
type | secretion system are elucidated. The primary one is defensive which involves the efflux of
multidrug, protection of bacteria against harmful surrounding chemicals, antibiotics formed by
another bacterium and phytoalexins released by hosts. Multidrug effluence has been reported as an
important mechanism for microorganism survival in different genera like Erwinia , Rhizobium,
Agrobacterium, Bradyrhizobium, and Xanthomonas [193]. Another function is offensive, which
involves the secretion of a range of degradative enzymes and offensive effectors, some of them are
antibiotics and others responsible for pathogenicity in plants and animals. Type | system involved
n secretion of offensive enzymes and effectors includes a limited range of hydrolases such as
(proteases, phosphatases, esterases, nucleases, and glucanases and a large number of toxins of

proteins like RTX hemolysins and bacteriocins [194, 195].
1.2.6.4. Proteome and transcriptome analysis of citrus plants and CLas infection

Fan et al., uses the relative and absolute quantification (iTRAQ) technique, and found that
important upregulation of protein related with defense/stress response, likewise four
miraculin- like proteins, Cu/Zn superoxide dismutase, chitinase, and lipoxygenase sweet orange
plants (Citrus sinensis ). Also, Microarray technique suggests that stress associated genes were
considerably upregulated during transcription in Cu/Zn superoxide dismutase and miraculin-like
proteins. Moreover, the transcription patterns of both Cu/Zn superoxide dismutase and miraculin-
like proteins were checked at different stages of disease development. In the combination of the
transcriptomic study, the proteomic study may provide a better understanding of citrus
stress/defense responses to HLB [196]. Similar results have been observed for grapefruit plants

(Citrus paradise) on the basis of protein profiling by 2DE and mass-spectrometry [197].
1.2.7. Virulence mechanism

In order to design management strategies against CLas and controlling HLB, it is critical to
understand the interaction between citrus and CLas and the virulence mechanism employed by
CLas. However, due to the complexity in obtaining CLas in culture, limited information is

available regarding the understanding of virulence mechanism with some promising improvement.
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1.2.7.1. Phloem blockage and aberrations

The main cause of development of citrus greening disease symptoms is might be suggested
from blockage of phloem results from sieve pores plugging not from the aggregation of HLB
bacteria [167, 198]. The blockage of phloem is due to a large amount of deposition of phloem
protein and callose. The deposition of callose is confirmed by aniline blue staining whereas,
phloem protein may be involved because PP2 gene was induced in diseased citrus [198]. PP2 gene
has been suggested to involve in host defence response to limit the spreading of the pathogen in the
sieve tubes. The callose deposition was also observed in sieve plates and around plasmodesmata
units (PPUs) connecting companion cells and sieve tubes (Koh et al). The deposition of callose
around PPUs was observed to be followed by deposition of starch in the chloroplast. The decrease
in phloem loading efficiency was also observed due to blockage of the symplastic flow of solute
from companion cell into sieve tubes caused by deposition of callose around PPUs in diseased
leaves. This type of blockage is harmful to both plants as well as CLas. CLas might not be capable

to survive in blocked sieve elements[198].

The accumulation of sucrose in diseased leaves, that the major photoassimilate of phloem,
transported from mature leaves to sink organs, showed that photoassimilate translocation becomes

disrupted by infection of CLas, might be due to phloem blockage [198-201].

This decreased photoassimilate transportation might be responsible for the tiny, distorted,
and inadequately colored fruit having undeveloped or partially developed seed. Deficiency of
sucrose has been linked with seized fruit growth [202]. However, it’s been noticed that many of the
genes associated with the photosynthesis are repressed presumably due to higher levels of
sucrose/glucose [198, 199, 203]. The establishment of HLB symptoms was correlated with
microscopic aberrations increment including phloem necrosis, enormous deposition of starch in the
plastids, abnormal cambial activity and excessive development and collapse of phloem [167, 198].
As a result, these changes are accountable for the mottling, leatheriness, yellowing, and vein

clearing in diseased leaves[167].
1.2.7.2. Metabolic imbalances by nutrient depletion

CLas causes the imbalances of metabolism in the host by nutrient exhaustion or disturbed

transportation resulting in symptoms of HLB [183]. The disruption in host cellular metabolic
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functions might be due to the import of host-cell metabolites for growth and development
eventually leading to the appearance of the disease. It was suggested that CLas make use of
fructose preferentially causing fructose reduction and the glucose accumulation in the infected host
tissues[199]. The accumulation of glucose consequently leads to the suppression of enzymes
responsible for photosynthesis causing the development of HLB symptom. CLas encodes
comparatively less number of genes implicated in the biosynthesis of compounds, which are used
from the host without much difficulty. Recently, Li et al. [204] found fourteen ABC transporter
systems and seven non-transporting ABC proteins which could be used by the bacterium for
importing metabolites and enzyme cofactors to resist organic solvent, lipid-like drugs, and heavy
metal maintaining the composition of the outer membrane and secreting virulence factors. These
numerous transporter proteins play a crucial role to provide necessary nutrients to CLas resulting

in a metabolic imbalance in citrus.
1.2.7.3. Hormone

Phytohormones play important role in determining the set of citrus fruit, productivity, and
plant response to infectious agent [205]. On the basis of comparison between symptomatic and
asymptomatic fruits from infected and healthy sweet orange trees, Rosales and Burns found that
ethylene production was reduced in infected plants whereas content of indole-3-acetic acid (IAA)
and abscisic acid (ABA) in the stylar end, middle section, or stem end of fruit were more in
symptomatic plants [205]. The lower content of IAA in symptomatic stem end suggested
acceleration in abscission, while ethylene production in whole fruit is lower contrasting its role in
abscission promotion. The content of IAA was higher in the deformed area in comparison to the
normal-growing regions of symptomatic plants. The size of the hypodermal cell was also enlarged
in the analogous regions. Thus, IAA has been found to play important role in the development of
distorted fruits [205].

1.2.7.4. Suppression or avoidance of plant defense

CLas elicits a delayed defense response plants [198] and this manipulation of defense
response is crucial for its survival in the plant. The reduced genome of CLas and psyllids mediated
transmission might facilitate it to avoid pathogen-associated molecular pattern (PAMP)-triggered

immunity. Peptidoglycan recognition proteins (PGRPs) are involved in the recognition of PAMP
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[206]. Additionally, an absence of type Il plant cell-wall degrading enzymes helps it in inhibition
of defense responses on the basis of autodegradation products of the plant cell wall [207].
However, CLas has 57 genes for biogenesis of cell envelope [183] which might function as
PAMPs. It has been revealed that a functional flagene is present in CLas which encodes flagellin
and hook-associated protein of 452 amino acids that have the conserved flg22 [208]. Studies
suggested that CLas flagellin may act as a PAMP and elicit host plant resistance to the bacteria
[208]. Microarray analysis suggested that the ClLas infection in citrus does not produce a
noteworthy induction of defense-associated genes in the earlier stages [198, 203]. Besides, CLas
could further inhibit the host defense. CLas contain a gene encoding a salicylate hydroxylase
which is causing the conversion of salicylic acid (SA) into catechol for resistance suppression
[209]. This gene is highly induced in planta in comparison to psyllid. SA has the role in plant
defenses against pathogens for basal defense, the hypersensitive response and systemic acquired
resistance [210]. Salicylate hydroxylase expression in plants demolishes plant defenses by
degrading SA [211] which could be one of the mechanisms utilized by CLas to avoid responses of
plant defense [212, 213] in accordance with the down-regulation of defense-related genes in CLas-
infected citrus [92, 203].

1.2.7.5. Prophages SC1 and SC2

CLas contains an excision plasmid prophage, SC2 and a chromosomally integrated
prophage, SC1 that gets lytic in citrus [214] and might impart in the pathogenicity of CLas. A Iytic
burst of CLas within phloem cell, mediated through SC1 genes, might elicit an apoptosis cascade,
leading to death [198, 215]. SC1 and SC2 also contain many genes for virulence that might be the
reason for the pathogenicity of CLas, for example, i) two peroxidases that might protect CLas
against reactive oxygen species ii) two adhesins, which might be helpful in transmission by
psyllids [214]. However, SC1 and SC2 involvement in the pathogenicity of CLas need to be

further investigated.
1.2.7.6. Serralysin and hemolysin

The antimicrobial peptides and proteins production is one of the important defense
strategies used by the plant in response to infection by disease-causing organisms. CLas encodes a

putative type | secretion system (T1SS), serralysin, and its expression was observed to be up-
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regulated in planta in comparison to psyllid [216]. Serralysin is a metalloprotease secreted by
various microorganisms which inactivate antimicrobial proteins and peptides [217]. The
upregulation of the serralysin biosynthesis gene in planta suggests that CLas may exploit serralysin
to alter the plant defenses, probably by degradation of plant antimicrobial peptides. It also helps in
the acquirement of carbon and nitrogen by the proteolysis of host proteins and uptake of nutrient
[218, 219], further aiding to bacterial survival in hosts. Due to possible challenge in selecting
effective antimicrobial peptides against CLas, the serralysin of CLas could be suggested as a
potential target in the screening of antimicrobial compounds for controlling HLB disease.
Hemolysin is secreted by animal and insect pathogens which helps in survival of bacteria in plants
by the various mechanism like cell lysis, necrosis, and apoptosis stimulation [220], availing the
iron for pathogen [221], and induction ions, water, and small molecules leakage across plant cell
[222]. Hemolysin is believed to play a significant role in proteins degradation produced
responsibly for the defense reaction or uptake of crucial nutrients [223]. Therefore hemolysis
production by CLas might also play a significant role in the survival of CLas by contributing to the

acquisition of nutrient, ion transfer, and phloem necrosis.
1.2.8. Metabolite signature of CLas infection

Symptoms of HLB include starch accumulation in the leaves and phloem impairment.
Studies have reported that the concentration of sugars including fructose, glucose, sucrose, and
proline decreases during CLas infection reflecting altered carbohydrate transport. However
phenylalanine, histidine, asparagine and limonin concentration is increased during CLas infection
in Valencia or Hamlin fruit [224]. In Citrus sinensis Valencia fruits, the concentration of sucrose is
found to be reduced upon CLas infection. Additionally, in infected fruits, many of the amino acids
concentration like alanine, arginine, isoleucine, leucine, proline, threonine, and valine is reduced
except the increased concentration of phenylalanine, asparagine, and histidine. Ascorbate, citrate,
limonin and limonin glucoside concentrations were observed higher in infected fruits [225]. Micro
X-ray fluorescence investigation discloses that Zin concentration in the phloem of healthy leaves

of grapefruit was more than ten times higher than that in the HLB-affected leaves [226].
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1.2.9. Management practices to control the pathogen

Currently, no strategies have been developed to manage the HLB disease and to stop the
spreading of this disease to new citrus areas. The only control strategy is to prevent trees from
infection by removing the infected tree and minimizing the psyllid population. Recently, the
combination of antibiotics was found to be effective in elimination or suppression of the CLas
bacteria and providing a therapeutically, effective level to control the HLB disease, However more

evaluation is needed [227].
1.2.9.1. Cultural Practices

Agronomical and horticulture practices have additionally been shown to manage the
intensity of disease symptoms. Hand selective pruning in summer reduce the disease and observed
a positive impact on citrus yield and fruit size [228]. Grafting in conjunction with pre-heat
treatment additionally reduced the HLB disease with good efficiency [229]. “Intensive farming”
was introduced, which has insect protection, pruning, and application of fertilizer to enhance the
growth and production in diseased plants[230]. The continual foliar application of micronutrient
like (ZnSO4 + MnS0Og4) for seven weeks was found to be effective in enhancing the growth and
production in diseased plants [231]. Recently, a new method, trap cropping was suggested to
control the spreading of HLB disease in which an alternative insect host plants were grown to get
away the insect from harvested agriculture. However, this method has not yet applied in citrus
production [232].

1.2.9.2. Biological control of the vector population

The insect vector population was also regulated by natural occurring enemies like the wasp
and fungal mycelia [233]. In France, the populations of the vector were regulated by the discharge
of parasites on the island. In Indonesia, fungal mycelia were also used to control the HLB
disease[234]. Recently, a toxicity test was performed on a strain Serratia marcescens KH-001
which is isolated from diseased D. citri nymph and analyses its effect on microbe’s community in
D. citri by utilizing high-throughput sequencing. Results suggested that Serratia marcescens KH-
001 kills 83%of D. citri nymph, [235] however, more work has to be done before applying this
method.

34



1.2.9.3. Chemotherapy

Several types of antibiotics have recommended for disease management even,
chemotherapy is not new. Various antibiotics suppress the symptoms of the disease in the infected
plant [236]. Antibiotics such as achromycin and ledermycin effectively reduce the symptoms of the
disease [237]. Combined dose of antibiotic and fertilizer was most effective in enhancing the
quality and fruit yield [238]. An integrated approach of micropropagation and antibiotics was also
helpful in reducing the disease symptoms. Two chemical agents, 2,2-dibromo-3-
nitrilopropionamide (DBNPA) and penicillin G sodium were identified to eliminate and suppress
the ‘Ca. L. asiaticus’ bacterium [239]. A combination of penicillin and streptomycin was also
found to effectively reduced or eliminate the ‘Ca. L. asiaticus’ [240, 241]. A cryopreservation
method has been employ for complete removal of pathogens which suppress the virus, bacteria,
and phytoplasmas.

Other approaches for controlling HLB might involve targeting essential proteins for
survival and developing inhibitor molecules against them to impair the protein function. Essential
proteins of many pathogenic bacteria are potential targets for developing anti-bacterial drugs [242-
251].

1.2.10. ABC transporters in CLas

ABC transporters of CLas may be involved in host metabolic imbalances in infected plants
and development of HLB [183]. Wenlin Li et al have identified 14 ABC transporter systems and
seven non-transporting ABC systems in CLas. In the CLas proteome, out of 14 ABC systems, 8
are responsible for uptake of essential nutrient from its environment. The substrate includes the
amino acids, B family vitamins, ions and lipids [204]. Because it is advised that CLas might
exhaust the host’s nutrient supply, which ultimately results in disease symptoms, these ABC
systems might contribute to the death of the tree.The other 6 ABC systems have a wider range for
substrates. These are associated with the biogenesis of the outer membrane, multiple drug
resistance, and secretion of toxin proteins. These are predicted to function as the L-amino acid
transporter, phosphate transporter, thiamine transporter, choline transporter, zinc transporter, and
manganese and iron transporter. Vahling-Armstrong et al. demonstrated that the zinc transport

ABC system (znuABC gene cluster #1) of CLas is involved in high-affinity zinc uptake [252].
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Their studies showed that both ZnuB and ZnuC genes from CLas were able to complement
respectively AZnuB and AZnuC Escherichia coli and Sinorhizobium meliloti strains, however,
CLas-ZnuA gene was not able to functionally complement AZnuAE. colistrain and only partially
complement the AznuA S. meliloti strain. Therefore, this system might contribute to the zinc
deficiency associated with HLB-affected trees. Their studies have also shown that the gene cluster
of Mn and Fe ABC transport system (znuABC gene cluster #2) was not able to functionally

complement AznuABC E. coli and S. meliloti strain.
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CHAPTER 2
MUTATION STUDIES IN PERIPLASMIC METAL UPTAKE PROTEIN

ClLas-ZnuA2 FROM CANDIDATUS LIBERIBACTER ASIATICUS

2.1. Introduction

The ATP-binding cassette-type (ABC-type) transport systems comprises of three
components: a solute-binding protein (SBP),which is either found in the periplasm (Gram-negative
bacteria) or linked to the cytoplasmic membrane (Gram-positive bacteria), a trans-membrane
permease, and a nucleotide-binding protein (ATPase) [253]. The SBPs involved in the transport of
metal ions across the membrane belong to cluster A-I family which include manganese, zinc and
iron transporters. The crystal structures reported for zinc, manganese and iron transporting SBPs of
the cluster A-1 family [66, 93, 99, 101, 107, 113, 114] in metal-free and metal-bound states suggest
that overall structure comprises a pair of N- and C-terminal (o/f)4 sandwich domains linked
through a long backbone a-helix running across the two domains. The N- and C-terminal domain
interface constitutes the metal binding site. The crystal structures in metal-free and metal-bound
states, despite having similar overall fold, have revealed differences in the mechanism of metal
binding and release for different metal ions. In Zn-specific SBPs, metal binding and release occurs
without any significant change in the relative domain position and the linker helix [99, 103, 105].
In contrast, Mn/Fe-transporting SBPs accomplish metal-binding and release through a rigid body
movement of C-domain and unfolding and refolding of the C-terminal end of the linker helix
[109]. Also, the changes in interaction among different secondary structural elements contribute
towards the metal binding and release. The differences in their mechanisms could be to cater to

subtle differences in their specificities in a particular system.

One of the clusters A-1 family proteins characterized from Candidatus Liberibacter
asiaticus (CLA) showed low metal-binding affinity [254]. The CLA, a phloem-limited, un-
culturable, Gram-negative bacterium causes Huanglongbing (HLB) or citrus greening, an
extremely destructive, fast-spreading disease of citrus which causes severe economic losses
worldwide[255]. The ZnuA gene from second of the two gene clusters encodes for a periplasmic
solute binding protein (CLas-ZnuA2) which shows high homology to Mn-specific rather than Zn-

specific cluster A-1 SBPs. However, the crystal structure analysis in metal-free, intermediate and
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metal-bound states revealed that the mechanistic resemblance of CLas-ZnuA2 seems to be closer
to the Zn-specific rather than Mn-specific SBPs of cluster A-1 family [113].This seems to be the
case of evolution of typical Mn-specific protein to a low affinity metal-binding protein to cater to
specific needs. A detailed comparative analysis of interactions in all three states indicated towards
a relative tendency of ClLas-ZnuA2 structure to attain metal-free state. The key features, quite
different from typical Mn-specific SBPs, included a highly restrained loop L3and presence of
proline in linker helix. The movement of L3 loop and flipping of His residue towards metal-
binding site in metal-bound forms of CLas-ZnuA2 were achieved only at a very high concentration
of metal in crystallization condition indicating a role of restrained loop in low metal affinity of the
protein. Also, square pyramidal geometryand pentavalent coordination different from preferred
octahedral and tetrahedral geometry for Mn?* and Zn?* respectively allows reversible binding for
both metals. The presence of proline in linker helix results in disruption and bending of linker
helix, with higher angle as compared to other Mn-specific SBPs, resulting in almost fixing and
positioning of C-domain similar to metal-bound state of SBPs. The fixed domain positioning due
to a curved rigid linker helix and the coordination geometry seems to be responsible for low metal-
binding affinity of CLas-ZnuA2. This evolutionary change in Mn-specific SBPs, particularly in

plant pathogens, could be attributed to avoid Zn-toxicity.

In the present work, we have carried out the crystal structure analysis, both in metal-free
and metal-bound states, of CLas-ZnuA2 mutants to unravel the subtle changes in internal
communications. All mutations, except for in L3 (Ser38Ala) and helix ¢ (Tyr68Phe), resulted in
destabilization or degradation of the protein. The crystal structures of S38A ClLas-ZnuA2 and
Y68F CLas-ZnuA2, in both metal-free and metal-bound states, revealed significant differences in
interactions as compared to wild-type protein. We have also characterized the binding affinities
and thermal stability of these mutants using surface plasmon resonance and circular dichroism and

compared with the wild-type CLas-ZnuA2.
2.2. Materials & Methods
2.2.1. Site directed mutagenesis, expression and purification of mutant CLas-ZnuA2

Six mutations Ser38Ala; Tyr68Phe; Prol53Ala; Glul59Ala; Asnl193Ala and
Prol153Ala/Glul59Ala have been created in CLas-ZnuA2 using site directed mutagenesis. The
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primers used for mutagenesis are shown in Table 2.1. The resulted plasmids were confirmed by
DNA sequencing. All recombinant mutated CLas-ZnuA2 were expressed in E.coli BL21-DE3 host
cell by induction with 0.4mM IPTG at 25 °C and purified by Ni-NTA chromatography similar to
wild-type CLas-ZnuAz2 purification [113].

Table. 2.1: Primers used for site directed mutagenesis.

S.N | Mutation Forward primers and reverse primers
O.
1. Ser38Ala (5’-GGGCAATGATGCTCATAGTTATC-3’), (5’-

GCTTCTACTAAAGTGGTTAC-3")

2. Tyr68Phe (5’TGAAGAAACTTTTATGAAGTATTTCACTAATTTAAAAAA
AG-3’), (5>-AGATGCAAGCCATTGCATAG-3")

3. Pro153Ala; (5" CAACAGCATTCTGGCGCTGAAAACCCG-3), (5'
CGGGTTTTCAGCGCCAGAATGCTGTTG-3Y)

4. Glul59Ala 5- TTAAAAACTAGAATTGCAAAAGTGGACCCTG-3), 5'- CAG
GGT CCACTTTTGCAATTCTAGTTT TTAA -3)

5 Asnl193Ala (5’-CTGGCCAATTGCTTCCGATTCTGAAAG-3’), (5°-
AGATATAGTGATTTGAAACCAAAATC-3)

6. Pro153Ala/Glul59Ala | (5- TTAAAAACTAGAATTGCAAAAGTGGACCCTG -3), 5'-
CAG GGTCCACTTTTGCAATTCTAGTTTTTAA -3)

2.2.2. Crystallization and data collection

Two mutants (Ser38Ala andTyr68Phe) of ClLas-ZnuA2 were concentrated up to 7-
10mg/ml. The crystallization experiments were undertaken as described for wild type CLas-ZnuA2
[113] using sitting drop vapour diffusion method in 96-well plates at 4 °C in 0.1 M sodium acetate
trihydrate buffer, pH 4.6 containing 2.0 M ammonium sulphate. The drops contained 1ul of protein
solution and 1pl of reservoir solution and equilibrated against 50ul reservoir solution. Metal-free
and metal-bound states of mutant protein were prepared in similar manner as for wild-type CLas-
ZnuA2 [113]. However, as no electron density was observed for metal, therefore both mutants
(Ser38Ala; Tyr68Phe) were obtained in metal-bound state by soaking the crystals in precipitant
solution containing 50mM MnCI, for 5 min. For cryo-protection, crystals of both the mutants
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wereexposed to well solution containing 20% glycerol, mounted in cryo-loop prior to collection of
X-ray diffraction data. The data of metal-free and metal-bound states were collected on MAR 345
image plate detectors mounted on Rigaku Micromax 007HF rotating anode generator. The crystals
and data collection parameters are given in Table 2.2. The diffraction data were processed and
scaled with iMOSFLM and SCALA program in CCP4i suite.

2.2.3. Structure solution and refinement

The structure were solved by molecular replacement method using Molrep [256], with the
structure of metal-free and metal-bound state of wild-type CLas-ZnuA2 (PDBID: 4UDN and
4UDO) as search model. The initial models were subsequently rebuilt manually using COOT [257,
258] and refined using REFMAC 5.7 [259, 260] and PDB _REDO web server
(http://xtal.nki.nl/PDB_REDOY/). The quality of final models were validated by PROCHECK [261]
and MOLPROBITY [262]. Structure alignments were done using superpose [263]. Structure
figures were prepared using PyMOL [264] and Chimera [265].

2.2.4. Accession number

The coordinates have been deposited in Protein Data Bank with accession code 5Z2]
(S38A metal-free state), 522K (S38A metal-bound state), 5235 (Y68F metal-free state) and 5ZHA
(Y68F metal-bound state).

2.2.5. CD spectroscopy

The CD studies were performed using JASCO-1500 CD spectrophotometer equipped with
peltier thermostat in sodium cacodylate buffer pH 7.0. Far UV-CD spectra (190-260) were
recorded using 0.2mg/ml of mutant CLas-ZnuAz2 in 1mm quartz cell. The spectra were recorded at
different temperature (20°C-90°C) to examine the thermal stability of CLas-ZnuA2 mutant forms.
The intensities of CD spectra were expressed as mean residue ellipticity (MRE) in deg. cm?

dmol-1,
2.2.6. Surface plasmon resonance

All the SPR experiment were performed on BlAcore T200 (GE, Healthcare, USA)

instrument with research grade CM5 sensor chips (BIAcore AB, Uppsala, Sweden). The
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instrument operated with BlIAcore T200 control software version 2.0. The analysis and sample

preparation compartment temperature was set at 25 °C for all binding and Kinetic experiment.

The amine coupling kit was purchased from (GE health care, BR-1000-50).The dextran surface of
CM5 (carboxy methylated ) sensor chip was first activated by solution containing 0.05M N-
hydroxy- succininimide (NHS) and 0.2M 1-ethyl-3-(3-dimethyl amino propyl carbodiimide (EDC)
with flow rate of injection of solution of 10 ul/min. For immobilization of ligand on sensor chip
surface, final concentration of 100pg/ml was achieved by dissolving the 20ul of 1 mg/ml mutant
CLas-ZnuA2 in 180ul immobilization buffer (100mM sodium acetate pH 4.5). The mutant CLas-
ZnuAZ2 protein was injected and passed through the activated sensor surface at the flow rate of
10pl/min. After successful immobilization of ligand on sensor surface, 5S0mM NaOH was injected
to remove any remaining ligand molecule. The effectiveness of protein coupling was monitored
according to sensogram obtained after mutant CLas-ZnuAz2 injection. The difference in response
unit (RU) at the beginning and at the end of coupling reaction represents the quantity of mutant
CLas-ZnuAz2 bound on the chip.

2.2.7. Determination of kinetics and affinities

After immobilization of CLas-ZnuA2 mutant, sodium cacodylate buffer, pH 7.0 was passed
continuously until steady state was reached. For all SPR measurement, two flow cells monitored
the responses for buffer flowing through two sensor chips that were coated with and without
mutant CLas-ZnuA2 simultaneously and difference in RU value detected from two cells were
referred as baseline value. Dilutions of different concentration of metal ions ranging from
0.0125mM to 1.6mM were prepared from 10mM stock solution of MnCl; and ZnCl; in 10mM
sodium cacodylate buffer, pH 7.0. The metal solution was injected over the immobilised mutant
protein at flow rate of 30 pl/min with contact time 180s and dissociation time of 600s. The
difference in response detected between two flow cells was subtracted from baseline value stating
the bound quantity of metal ions over the sensor chips. For monitoring the dissociation, sodium
cacodylate buffer was flown continuously over the sensor surface. After returning to stable
baseline, the sample can be injected again. After each injection, sensor chip was regenerated by
injecting 200mM EDTA. All the buffers used in this study were filtered using 0.22 uM Millipore

filters and degassed using Millipore degassing unit to avoid the formation of micro-bubbles. The

41



sensor chip could be stored in tube and stored dry at 4 °C for >5 months. Kp value was determined

by using BIAcore T200 evaluation software version 2.0 as described earlier [254].

2.2.8. Prediction of Aggregation effect of mutation

AGGRESCAN programme was used to study the Aggregation effect of mutation;
Prol53Ala, Glul59Ala, Asnl93Ala and Prol53Ala/Glul59Ala on CLas-ZnuA2 protein.
AGGRESCAN is based on an aggregation propensity scale of natural amino acid. It predicts the
aggregation “hot spot” and variation in aggregation propensity induced by the mutation in protein

sequence [266].

2.3. Results
2.3.1. Crystal structures of CLas-ZnuA2 mutants
2.3.1.1. Crystal Structure of S38ACLas-ZnuA2

2.3.1.1.1. Quality of the model

The crystal structure of S38A CLas-ZnuA2 has been determined in metal-free and metal-
bound states to 1.8 A resolutions. The refinement data statistics in Table 2.2 show that both models
are well refined with excellent stereochemistry and crystallographic R-factor values. The overall
electron density in both states is well defined except for the three N-terminal residues and two loop
regions. Residues 96-100 had weak electron density and 196-197 had no density in metal-free
state; residues 98-99 had no density and 194-197 had weak electron density in metal bound state.
The three N-terminal residues and some residues in loops (196-197 in metal-free state and 98-99 in

metal bound state) were not included in the models.

The final model of metal-free state consists of 270 amino acid residues, 324 waters, 7
glycerol molecules, 8 acetate ions and 3 sulphate ions. Of the 270 residues, 14 residues (Ser9,
Ser4d5, Thr73, lle147, Argl48, Argl57, 11e158, Glul80, Ser186, 11e192, Ser212, Argl98, Leu260
and Val271) have been refined with alternate conformations. The final model of metal-bound state
consist of 270 amino acid residues, one metal ion, 376 waters, 7 glycerol molecules, 6 acetate ions

42



and 1 sulphates ion. Of the 270 residues, 20 residues (Ser9, 1le13, Ser45, Met69, Thr73, Asp86,
Ser94, 1lel47, Argl48, Serl50, Argl57, 1le158, Glul80, Aspl81, Serl86, Ser212, Asp253,

Leu260, Val271 and Thr273) have been refined with alternate conformations. The metal ion was

modelled as Mn(Il).

Table 2.2: Crystal parameters, data collection and structure refinement.

Metal free - Mn-bound Metal free - Mn bound
S38A Clas- S38A CLas-  Y68F CLas-  Y68F ClLas-
ZnuA2 ZnuA2 ZnuA2 ZnuA2

Wavelength (A) 1.5418 1.5418 1.5418 1.5418
Resolution range (A) 42.12-1.87 42.14-1.80 40.8-1.79 40.8-1.84

(1.96-1.87) (1.89-1.8) (1.89-1.79) (1.87-1.84)
Space group P 3,21 P 3,21 P 3,21 P 3,21
Cell dimensions
a, 94.1 94.2 94.2 93.9
b, 94.1 94.2 94.2 93.9
c(A), 94.7 94.3 94.3 94.6
wBy (©) 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120
Total no of Reflections 232160 254539 260695 1086897
Unique reflections 40167 44692 44757 45940
Multiplicity 5.8 (5.3) 5.7(5.1) 5.8 (5.4) 6.4 (6.1)
Completeness (%) 97.9 (85.6) 97.9(85.8) 97.6 (84) 99.9 (100)
Mean I/sigma(l) 10.2 (2.3) 20.6(5.1) 10.1 (2.4) 23.5(2.1)
Reflections used in refinement 38248 42404 42469 40046
Reflections used for R-free 1885 2254 2256 2040
Rwork (%) 15.8 14.6 17.0 14.0
Rree(%6) 19.1 16.4 19.7 18.9
RMSD (bonds) 0.019 0.014 0.015 0.018
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RMSD (angles) 1.9 1.57 1.65 1.85

Number of non-hydrogen atoms 2640 2714 2590 2636
Macromolecules 2227 2266 2202 2155
Number of protein residues 270 270 268 263
Ramachandran favored (%) 96.3 96.4 95.8 97.9
Ramachandran Allowed (%) 3.7 3.6 4.2 2.1
Ramachandran outliers (%) 0 0 0 0
Clash Score 6.0 4.0 5.0 7.0
Side chain outliers (%) 25 1.7 1074 1.3
Wilson B factor 19.7 18.3 20.4 25.3
Average B-factor (A% Protein 28.4 24.6 28.3 28.5
Water atoms 37.0 3 g 38.7 39.7
All atoms 29.0 26.4 29.0 34.0

Values in parentheses are for the outermost shell.

2 Rmerge = ZhkIZi|li(hkl) - <I(hkl)>|/ ZhkIZili(hkl), where li(hkl) is the intensity of an observation and
<l(hkl)> is the mean value for its unique reflection; summations areover all reflections.

2.3.1.1.2. Overall structure and its comparison with wild-type CLas-ZnuA2

The overall structural organisation of S38A CLas-ZnuAz2 is similar to previously reported
CLas-ZnuAz2 [113] consisting of a pair of N and C-terminal domains linked through a long rigid
linker helix with the interface of two domains constituting the metal-binding cleft. The
superposition of metal-free and metal-bound states of S38A CLas-ZnuA2 gave r.m.s.d values of

0.36 A and 0.23 A with metal-free and metal-bound states of wild-type CLas-ZnuA2 respectively.

However, there are notable differences in length of B-strands in C-domain of metal-free
state of S38A CLas-ZnuAz2 as compared to previously reported wild-type metal-free CLas-ZnuA2
structure (Fig. 2.1). The C-domain is made up of shortened parallel B-sheets (residues 167-169,
185-187, 217-221 and 239-244 forms strands E-H) in metal-free state of S38A CLas-ZnuA2, while

no differences was observed in metal-bound S38A CLas-ZnuA2. The N-terminal domain is made
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of four parallel B-sheets (residues 6-11, 27-32, 56-59 and 80-83 forms strands A-D) of similar
length in both states of metal-free and metal-bound of S38A CLas-ZnuA2 as compared to both
states of wild-type CLas-ZnuA2. There are no significant difference in number and length of
helices in each domain of S38A CLas-ZnuA2. Each domain is made up of four helices (residues
12-23, 44-54, 69-72 and 110-129 forms helices a-d in N-domain and residues 175-183, 199-213,
226-237, 258-275 forms helices e-h in C-domain) in both metal-free and metal-bound state of
S38A CLas-ZnuA2.The strands and helices are linked through loop (L1-L7 in -N and L10-L16 in
C-domain) in similar manner as in wild-type CLas-ZnuA2. A long backbone a-helix
d’(residues132-159) links N- and C-terminal domains in S38A CLas-ZnuA2 as in wild-type

structure.

Fig. 2.1 Superposition of S38A CLas-ZnuA2 with wild type CLas-ZnuAz2 i) The superposition
involving metal-free states of S38A CLas-ZnuA2 (green) and wild-type CLas-ZnuA2 (pink)
(PDBID: 4UDN). ii) The variation in secondary structure elements in C- domain is shown.
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The S38A mutation in CLas-ZnuA2 showed major changes in structure and interactions at
domain interface in loop L3 at the opening of metal-binding cleft. The positions of metal and
metal-coordinating residues His106 and Glul72 are almost same as in wild-type structure. The
minor differences in orientation of Asp247 in S38A CLas-ZnuA2 as compared to wild-type CLas-
ZnuA2 were observed. Also, changes in interactions of second shell residues were observed. The
metal-free state of S38A CLas-ZnuA2 showed major sideward shift of part of L3 including residue
36-43(~0.4A, ~0.7A, ~1.9A, ~2.5A, ~2.5A, ~0.8A, ~0.8A,~ 0.3ACa displacement of Asn36,
Asp37, Ser38, His39, Ser40, Tyr4l, GIn42 and Val43 respectively) as compared to metal-free
wild-type CLas-ZnuA2 (Fig. 2.2A and B) where L3 is displaced away from metal-binding cleft
exhibiting an open conformation. The inward shift (~2.5A Co displacement of His39) was
observed in wild-type CLas-ZnuA2 on metal binding only. This shift seems to be due to change in
the interaction between Ser38 and Tyr68.

In wild-type CLas-ZnuA2 structure, the side-chains of Ser38 and Tyr68 forms hydrogen
bond. However, due to mutation of Ser38 to Ala, the particular hydrogen bond ceases to exist and
now the Tyr68 forms hydrogen bond with main-chain oxygen of Ala38. This conformation is
partly similar to the one which occurs on metal-binding in wild-type structure (Fig. 2A and C)
where a larger inward shift of part of the L3 loop (residues 38-40) is observed. Due to this inward-
shift in metal-free state of S38A CLas-ZnuAz2, there is only minor C, displacement of His 39 with
flipping of side-chain towards metal-binding site on metal-binding as compared to wild-type
protein where a substantial movement of part of L3 was observed on metal-binding. This inward-
shift of L3 in metal-free state of S38A CLas-ZnuAz2 leads to the alterations of many interactions as

compared to wild-type structure.
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A Linker helix

Fig. 2.2: The shift observed in L3 in CLas-ZnuA2 mutants. A) The superposition of metal-free
(green) and metal-bound (cyan) states of S38A CLas-ZnuA2 with metal-free (pink) and metal-
bound states of wild-type CLas-ZnuA2 (yellow) revealing inward shift of the L3 loop (shown in
box). B) And C) The residues of all superposed structures involved in shifting of L3 loop are
shown (same color scheme was used). His39 and Ser40 shifted ~2.5A sideward in metal-free state
of S38A CLas-ZnuA2. The interactions are shown as broken lines.

In metal-free state of S38A ClLas-ZnuA2, the main-chain NH of Ala38 makes water
mediated interaction with main-chain oxygen of Asp247, direct interactions with main-chain
oxygen of Asn36 and side-chain of Asp37. The main-chain oxygen of Ala38 interacts with side
chain OH of Tyr 68. The main-chain oxygen of Asn36 also makes water-mediated interaction with
Asp247 of C-lobe (Fig. 2.3A). In metal-free state of wild-type CLas-ZnuAz2, the main-chain NH
and side chain of Ser38, the side-chain of Asp37 and main chain oxygen of Asn36 interact with
Asp247 through three water molecules. The main-chain NH of Ser38 also interacts with side-
chain of Asp37. The interaction of OH of Tyr68 happens only with side-chain OG and not main-
chain oxygen of Ser38. The main-chain oxygen rather interacts with Ser40, Tyr41 and Thr67 (Fig.
2.3B). The metal-binding in S38A CLas-ZnuA2 showed a rather strong H-bond (2.6 A from 2.9 A
in metal-free-state) between main-chain oxygen of Ala38 and side-chain OH of Tyr68. The NH of
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Ala38 makes interactions with Asp37 and water interacting directly with Asp37. The side-chain of
Asp37, through two water molecules, makes interaction with main-chain oxygen and side-chain of
Asp247. The interactions shown by Asn36 in metal-free state are lost on metal-binding in S38A
CLas-ZnuA2 (Fig. 2.3C). In contrast, metal-binding in wild-type CLas-ZnuA2 results in direct
interaction of main-chain oxygen of Asp247 with one of the alternate conformations of side-chain
of Ser38. The main chain oxygen and other alternate conformation of side-chain of Ser38 make
interaction with Tyr68. The interactions of main-chain oxygen of Ser38 are lost in metal-bound
state. There is also a water mediated interaction between Asp247 and Ser38 and main-chain
oxygen of Asn36. Asp37 only interacts with NH of Ser38 in metal-bound state of wild-type protein
(Fig. 2.3D).

Fig. 2.3. The comparison of interactions of residues Ser/Ala38 and Asp247 between wild-type
and S38A CLas-ZnuA2. A) In metal-free S38A ClLas-ZnuA2 (green), the main-chain Ala38
forms water mediated interaction with main-chain oxygen of Asp247, direct interactions with
main-chain oxygen of Asn36 and side-chain of Asp37. The main-chain oxygen of Ala38 interacts
with side-chain OH of Tyr68. B) The superposition of metal-free state of S38A CLas-ZnuA2
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(green) with wild-type CLas-ZnuA2 (pink) shows loss of main-chain interaction of Ala38 with
Serd40, Tyr4l, Thr67 and side-chain interaction with Tyr68 in S38A CLas-ZnuA2. C) The
superposition of metal-free (green) and metal-bound (cyan) states of S38ACLas-ZnuA2 reveals the
presence of strong hydrogen bond network in metal-bound state. The interactions of Asn36 were
lost after metal binding. D) The superposition of metal-bound states of S38ACLas-ZnuA2 and
wild-type CLas-ZnuA2 shows loss of direct interaction of side-chain of Ala38 with main-chain
oxygen of Asp247 and Tyr68 after mutation. The interactions are shown as broken lines.

There were notable changes in interactions of metal coordinating residues with second shell
residues and water as compared to wild-type metal-free and metal-bound structures of CLas-
ZnuA2. In S38A ClLas-ZnuA2, one of the metal coordinating residues His39 on L3 directly
interacts with Glu66 (L5) whereas this interaction is water mediated in metal-free CLas-ZnuAZ2.
His39 interacts with one water molecule only in S38A CLas-ZnuA2 as compared to wild-type
structure where it forms additional H-bond with Tyr41 and three water molecules. Side-chain of
His106, metal coordinating residue on L7, interacts with side-chain of Asn104 (L7) in metal-free
state of S38A CLas-ZnuA2 while it is absent in metal-free wild-type CLas-ZnuA2. An interaction
of main -chain of His106 with main-chain of Asn104 (L7) was observed in metal-bound state of
S38A Clas-ZnuA2 but it was absent in wild-type CLas-ZnuA2. His106 interacts with Glyl173
(L11) in present structure but absent in wild-type CLas-ZnuA2. The interaction of Glul72 side
chain (metal coordinating residue on strand E) with Asn193 N°2 (L12), present in wild-type metal-
free state of CLas-ZnuAz2, is lost in metal-free state of S38A CLas-ZnuA2. Asn193 (L12) interacts
with -Glul72 (strand E) in metal-bound states of both wild-type CLas-ZnuA2 and S38A ClLas-
ZnuA2 with distances of 3.45 A and 3.35A respectively (Fig. 2.4A and B). The metal coordinating
residue Asp247 on L16 interacts with 5 water molecules only, whereas in wild-type CLas-ZnuA2,
it interacts with Thr223 (L14) and seven water molecule. The water mediated interaction was

observed between Asp247 and Ala38 at the opening of the cleft have been described above.
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Fig. 2.4: The comparison of interactions involving metal coordinating residues in S38A CLas-
ZnuA2 and wild-type CLas-ZnuA2 inA) metal-free (green-mutant; pink-wild-type) and B)
metal-bound states (cyan-mutant; yellow-wild-type). The interactions are shown as broken lines.

There are major alterations in interactions between and within secondary structure elements as
compared to wild-type metal-free and metal-bound forms. These include, i) Ser9 (strand A)
showed alternate conformations in metal-free and metal-bound states of S38A mutant whereas
only metal-bound state of wild-type showed alternate conformation. The alternate conformations
led to a change in interactions between wild-type CLas-ZnuA2 and mutant forms. In wild-type
protein, it interacts with main-chain of Gly15 (3.35A), whereas in metal-free mutant form one
conformation interacts with Thr30 (strand B), Glyl5(helix a) and Thr29(strand B) and other
conformation interacts with main-chain of Gly15 (3.41A) only, ii) Ser40 (L3) interacts with Asp37
(L3) in the present structure but this interaction is absent in the wild-type CLas-
ZnuAz2,additionally, an interaction of main-chain of Asp37 with main-chain of Tyr41(L3) is
observed in metal-free state of S38A CLas-ZnuA2 but not in wild-type CLas-ZnuAz2, iii) Glu66
O (L5) interacts with His63 N9t (L5) in present structure while this interaction is water mediated
in wild-typeCLas-ZnuA2;the distance between His63 N°! and Glu102 O%' (L7) is 2.61 A in metal-
free wild-type CLas-ZnuA2, while in metal-free state of mutant, this distance is higher (3.41A),
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iv) A water mediated interaction between Met69 (helix c) and Phe72 (helix ¢) was observed in
metal-free S38A CLas-ZnuAz2 but not in metal-free state of wild-typeCLas-ZnuA2, v) Thr73 (L6)
shows two alternate conformations in metal-free S38A CLas-ZnuA2but no additional interaction
was observed whereas no alternate conformation was observed in wild-type CLas-ZnuA2. In
metal-bound state of S38A CLas-ZnuA2, Thr73 (L6) shows two alternate conformation with one
conformation interacting with Lys70 (helix ¢) and other with Asn74 (L6). No alternate
conformation of Thr73 was observed in metal-bound state of wild-type CLas-ZnuA2 and it only
interacts with Lys70, vi) Thr83 (strand D) interacts with Asp86 (L7) in metal -free state of wild-
typeCLas-ZnuA2 while it is absent in the metal-free state of present structure. Asp86 (L7) shows
two alternate conformation in metal-bound S38A CLas-ZnuA2, one interacts with Gly87 (L7) and
other interacts with Thr83 (strand D) whereas no alternate conformation was observed in metal-
bound wild-type CLas-ZnuA2 and it only interacts with Thr83, vii) Ser94 (L7) makes interaction
with side chain of Serl01 (L7) in metal-free wild-typeCLas-ZnuA2 while it is lost in present
structure where it interacts with Asp96. In metal-bound state of S38A CLas-ZnuA2, Ser94 (L7)
shows two alternate conformation, both interacting with main chain Asp96 (L7) with distances
2.56A and 3.16 A, Additionally one conformation interacts with Ser101 with distance 2.85A. In
metal-bound state of CLas-ZnuA2, no alternate conformation for Serl01 was observed and it
interacts with side-chain of Asp96 and Ser101(L7) with distances 2.81A and 3.20A respectively,
viii) Ser131 (L8) interacts with Asp129 (helix d) and one water molecule in wild-typeCLas-ZnuA2
while Ser131 interacts with 4 water molecules only in metal-free S38A CLas-ZnuAz2, ix) Argl57 (
helix d’) shows two alternate conformations and broken density in metal-free S38A CLas-
ZnuA2with one conformation interacting with Asp272 (helix h) and Phe275 (helix h) mediated
through a water molecule whereas no alternate conformation and interaction was observed in
metal-free wild-type CLas-ZnuA2. Argl57 (helix d’) shows two alternate conformation in metal-
bound states of both wild-type and S38A CLas-ZnuA2, one conformation of both interacts with
Asp272(L16) with distances 3.26A and 3.12A in wild-type and S38A CLas-ZnuA2respectively, X)
Glu159 O (helix d’) interacts with Argl66 NM (L10) and Arg166 N" of distances 3.15A and
3.26A respectively in wild-type CLas-ZnuA2 metal-free state whereas, Glu159 O interacts with
Arg166 NM of distance 2.53A in mutant metal free S38A Clas-ZnuA2. Glul159 O¢' (helix d’)
interacts with Arg166 N (L10) and Argl66 N" of distances 2.93A and 2.86A respectively, in
wild-type CLas-ZnuA2 metal bound state whereas, Glu159 O¢°' interacts with Arg166 N of

distance 2.44A and one water molecule in mutant metal-bound S38A CLas-ZnuA2, xi) one of the
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most important water mediated interaction was observed in between side-chain of Glul80 (helix
e) and main-chain of Asn89 (L7) in both wild-type CLas-ZnuA2 and S38A CLas-ZnuAz2in metal-
free state. The Glu180 shows alternate conformation in metal-free state of S38A CLas-ZnuA2 and
both conformation interact with Asp181 (helix e) mediated through water. The Glu180 (helix e)
shows alternate conformation in both wild-type and mutant metal-bound CLas-ZnuA2, one
conformation interacts with Asn89 (L7) through water in both wild and mutant metal-bound states
but with shorter distances in metal-bound S38A ClLas-ZnuA2 and other conformation interacts
with Asp181 (helix e) through water in wild-type metal-bound CLas-ZnuA2 whereas it is absent in
mutant metal-bound S38A CLas-ZnuAz2, xii) Ser186 (strand F) shows two alternate conformations
in mutant metal-free S38A CLas-ZnuA2, one conformation interacts with Phel68 (strand E)
mediated through water and additionally a water mediated interaction was also observed with
Vall76 (helix e), whereas, it directly interacts with Phel68 and no alternate conformation was
observed in wild metal-free CLas-ZnuA2. Ser186 (strand F) shows alternate conformation in both
wild-type and mutant metal bound S38A CLas-ZnuA2, it directly interacts with Phel68 (strand E)
in wild metal-bound CLas-ZnuA2 whereas it is water mediated in mutant metal-bound CLas-
ZnuA2, xiii) Asn193 (L12) makes interaction with both alternate conformations of Arg198 (L12)
while no interaction and alternate conformations were observed in wild-type CLas-ZnuA2and it
interacts with Ser194. Asn193 (L12) interacts with Arg198 (L12) in mutant metal-bound S38A
CLas-ZnuA2 while it is absent in wild metal-bound state of CLas-ZnuA2. Asn193 (L12) interacts
with Glul72 (strand E) in metal-bound state of both wild-type CLas-ZnuA2 and S38A ClLas-
ZnuA2of distances 3.45 A and 3.35A respectively (Fig. 2.5A and B). xiv) Arg211 (helix f)
interacts with Asn237 (helix g) in present structure whereas in wild-type CLas-ZnuA2 it is
interacting with one water molecule only. Ser212 (helix f) shows two alternate conformation in
mutant metal-free S38A CLas-ZnuA2 one conformation interacts with His213 and other
conformation interacts with Asn208 (helix f) whereas, in wild-type CLas-ZnuA2, no alternate
conformation was observed and it only interacts with Asn208; Ser212 (helix f) shows two alternate
conformations in mutant metal-bound S38A CLas-ZnuAz2, one interacts with Asn208 and other do
not interacts, whereas in wild metal-bound CLas-ZnuAz2, no alternate conformations was observed
but interacting with His213 (helix f) and GIn209 (helix f), xv) 253Asp (L16) shows two alternate
conformations in mutant metal-bound S38A CLas-ZnuAz2, no alternate conformation was observed
in wild-type CLas-ZnuA2 but interacting with Lys251 (L16) whereas it was lost in mutant metal-

bound S38A CLas-ZnuA2,xvi) Thr273 (helix h) shows two alternate conformations in mutant
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metal-bound S38A CLas-ZnuA2, it interacts with 11e270 (helix h) whereas no alternate

conformation and interaction was observed in wild metal- bound CLas-ZnuA2.

Fig. 2.5: The comparison of the interaction involving residues Asn193, Glu172 and Arg198 of
S38A CLas-ZnuA2 and wild-type CLas-ZnuAz2 are shown inA) metal-free (green-mutant; pink-
wild-type) and B) metal-bound states (cyan-mutant; yellow-wild-type). The interactions are shown
as broken lines. In metal-free state, the loss of interaction between Asn193 and Glul72 and higher
distance between Asn193 and Asp247 was observed in S38A CLas-ZnuA2 along with additional
interactions with both conformations of Arg198. In metal-bound state, Asn193 interacts with both
conformation of Arg198 in S38A CLas-ZnuAz2.

xvii) Ile147(helix d’), Argl48(helix d’), lle158(helix d’) , Mle192 (L12), Leu260 (helix h) and
Val271 (helix h) shows two alternate conformations in mutant metal-free S38A CLas-ZnuAz2 but
no additional interaction was observed whereas no alternate conformation was observed in wild-
type metal-free CLas-ZnuA2. The detailed list of all interactions and bond distances as compared

to wild type protein is given in Table 2.3 and 2.4.
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Table 2.3: Comparison of Exclusive interactions of Metal-free S38A CLas-ZnuA2 and wild-
type CLas-ZnuA2. The distance <3.5A is considered as interaction.

Residue | Atom Location | Residue | Atom | Location | Metal- | Wild-type | Distance
_ in free Metal- free (A
in secondary S38 ClLas-
secondary structure | Clas- ZnuA2
structure ZnuA?2
Tyr 41 N L3 His 39 @) L3 - + 3.24
Tyr 41 N L3 Asp 37 @) L3 + - 3.27
Gln 42 N L3 Ser 40 @] L3 - + 3.39
Main v/l 43 N L3 Tyr4al | O L3 - + 3.41
chain-
Main ™ His 106 N L7 Asn104 | O L7 + - 3.40
chain
Ile 121 N helix d Glu 119 @) helix d + - 3.39
strand A + - 3.25
Side | Thr30 | OG1 | strand B Ser 9 0G
chain-
side - ™"His39” | NE2 L3 Glu66 | OE2 L5 + 3 2.64
chain
His63 ND1 L5 Glu66 | OEl L5 + - 3.49
His39 ND1 L3 Serl94 | OG L12 " - 2.45
Ser 40 oG L3 Asp37 | OD1 L3 + - 3.12
Thr83 OGl1 | Strand D | Asp 86 oD L7 - + 2.77
1
Asnl04 | OD1 L7 His106 | ND1 L7 + - 2.67
Arg211 | NH1 helixf | Asn237 | OD1 helix g + - 3.24
Thr223 0G1 L14 Asp 247 | OD2 L16 - + 3.49
Ser40 N L3 Asp 37 | OD1 L3 + - 2.83
Main Ser40 N L3 Thr67 | OG1 L5 - + 3.17
chain —
side Thr 67 0G1 L5 His 39 O L3 + - 3.06
chain
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Thr 79 0G1 L6 Asp 55 @) L4 - + 3.37
Thr 112 N helixd | Ser110 | OG helix d + - 3.38
Ser150 | OG helixd” | Lys146 | O helix d’ - + 3.35
Ser 186 oG strand F | Phe 168 o) strand E - + 3.11
Arg198 NH2 L12 Asn193 @) L12 + - 3.43
Arg 211 | NH1 helix f Thr 236 @) helix g - + 2.93

Table 2.4: Comparison of interactions of Mn-bound S38A CLas-ZnuA2 and wild -type CLas-
ZnuA2. The distance <3.5A is considered as interaction.

Residue | Atom | Location | Residue | Atom | Location Mn- Wild-
) in bound | type ]
in secondary | S38A | Mn- | Distance
secondary structure | ClLas- | bound A)
structure ZnuA2 | ClLas-
ZnuA2
Main | Asn 36 N L3 Ala34 O L3 + - 3.47
chain
Main
chain | Alad6 N L3 Thr44 (0] L3 + - 3.43
His 106 N L7 Asn 104 L7 + - 3.44
(@)
Thr268 N helix h Ser 266 N helix h + - 3.47
helix h Lys269 helix h + - 341
Asp272 N
Side His 39 NE2 L3 His 106 | NE2 L7 + - 3.45
Chain
— Side
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Chain | Ser110 | OG helix d Asn 113 | ND2 helix d + - 3.47
Arg NH1 helix f Asn237 | OD1 helix g + - 3.23
211
Main Arg NH1 helix f Thr 236 @) helix g it - 3.38
chain- 211
side
chain | His 213 | ND1 helix f GlIn 209 @) helix f + - 3.12

2.3.1.2. Crystal structure of Y68F CLas-ZnuA2

2.3.1.2.1. Quality of the model

The crystal structure of Y68F CLas-ZnuA2 has been determined in metal-free state and
intermediate state of metal-binding to 1.8 A resolutions. The refinement data statistics in Table 2. 2
show that both models are well refined with excellent stereochemistry and crystallographic R
factor values. The overall electron density in both states is well defined except for the three N-
terminal residues and two loop regions. The residues 95-99 and 194-197 showed weak electron
density in metal-free state and residues 95-99 and 194-197 had no electron density in intermediate
form of metal-binding. The N-terminal residues and some residues in loop regions (residues 98-99,
196-197 in metal-free form, and residues 95-99, 194-197 in intermediate form) were not included

in the models.

The final model of metal-free Y68F CLas-ZnuA2 consist of 268 amino acid residues, 337
waters, 4 glycerol molecules , 3 sulphate ions and 3 acetate ions. Of the 268 residues, 12 residues
(Ser9, Serd5, Thr73, Asn89, llel47, Argl48, 1le158, GIn227, Glu235, Leu260, Val271 and
Thr273) have been refined with alternate conformations. The final model of metal-bound state of
Y68F ClLas-ZnuA2consist of 263 amino acid residues, one metal ion, 374 water, 8 glycerol
molecules, 14 acetate ions and 1 sulphate ion. Of the 263 residues, 8 residues (Ser9, lle13, Ser45,
Glul45, Argl57, 1le158, Glul80 and Ser186.) have been refined with alternate conformation and

56



one residue with partial occupancy (His 39 with occupancy of 0.6). The metal ion was modelled as

Mn(Il) (refined to 0.6 occupancy).
2.3.1.2.2. Overall structure and its comparison with wild-type CLas-ZnuA2

The overall structure of Y68F CLas-ZnuAZ2is similar to the previously reported wild-type
CLas-ZnuAz2 [113]. It consists of a pair of N-and C-terminal domains linked through a long rigid
linker helix. The superposition of metal-free and metal-bound Y68F ClLas-ZnuA2 with
corresponding wild-type ClLas-ZnuA2 forms gave r.m.s.d values of 0.39 A and 0.26 A
respectively.

However, there are significant difference in length of parallel p-sheets in C-domain of
metal bound state of Y68F CLas-ZnuA2 as compared to previously reported wild-type CLas-
ZnuA2. The C-domain is made of shortened parallel B-sheets (residues 167-169, 185-187, 217-
221, 239-244 form strands E-H in metal bound state of Y68F CLas-ZnuA2 as shown in Fig. 2.6
while, no differences were observed in metal-free state of Y68F CLas-ZnuA2. The N-terminal
domain is made of four parallel B-sheets (residues 6-11, 27-32, 56-59, 80-83 form strands A-D) of
similar length in both state of metal-free and metal-bound state of Y68F CLas-ZnuA2 as compared
to metal-free and metal bound state of wild-type CLas-ZnuA2.There are no major differences in
number and length of helices in Y68F CLas-ZnuA2. Each domain is made of four helices (residues
12-23, 44-54, 69-72 and 110-129 forms a-d in N-domain and residues 175-183, 199-213, 226-237
and 258-275 forms helices e-h in C-domain) in both metal free and metal bound state of Y68F
CLas-ZnuA2.
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Linker helix ii)

Fig. 2.6: Superposition of Y68F CLas-ZnuA2 with wild-type CLas-ZnuA2 i) The superposition
of metal-bound states of Y68F CLas-ZnuA2 (brown) and wild-type CLas-ZnuA2 (grey) (PDBID:
4CL2). (ii) The variation in secondary structure elements in C-domain.

The overall architecture and positions of metal-binding residues in metal binding cleft of
Y68F CLas-ZnuA2are comparable to wild-type CLas-ZnuA2. The metal-bound form of Y68F
CLas-ZnuA2 exhibited a-partial metal-bound state. The Y68F mutation resulted in notable
differences at the opening of the metal-binding cleft. The L3 architecture remains unchanged and
no sideward shift of L3 like S38A CLas-ZnuA2 was observed in metal-free state. Similar to metal-
free wild-typeCLas-ZnuA2, main-chain oxygen of Ser38 in Y68F CLas-ZnuA2 interacts with
Ser40, Tyr41l and Thr67 but the side-chain interaction between Ser38 and Y68 present in wild-type
structure is lost in Y68F CLas-ZnuA2. The network of four water molecules, present at the
opening of the cleft between N- and C-domain in Y68F CLas-ZnuA2, mediates interactions
between Asp247 and Ser38, Asp37 and Asn36 (Fig. 2.7A). In metal-free state of wild-type CLas-
ZnuA2, the same interactions were mediated through three water molecules and the side-chain of
Asp247 was not involved in any interaction in contrast to Y68F CLas-ZnuA2 where water
mediated interaction is observed (Fig. 2.7B). In metal-bound form of Y68F CLas-ZnuA2, the
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inward shift of L3 is not complete to bring His39 within coordinating distance with metal. This
partial inward shift of L3 results in a water mediated interaction among side-chain of Ser38, main-
chain of Asp247 and side-chain of one of the alternate conformations of His39. Also, main-chain
oxygen of Ser38 interacts with Ser40 in Y68F CLas-ZnuA2 whereas all the interactions of main-

chain Ser38 in metal-free state are lost in metal-bound form in wild-type protein (Fig. 2.7C and D).

Fig. 2.7: The comparison of interaction of residues Tyr/Phe68 and Asp247 between wild-type
and Y68F CLas-ZnuA2.A) In metal-free Y68F CLas-ZnuA2 (blue), the side-chain Ser38 forms
water mediated interaction with Asn36, Asp37 and Asp247. The main-chain Ser38 interacts with
Ser40, Tyr4l and Thr67. B) The superposition of metal-free state of Y68F CLas-ZnuA2 (blue)
with wild-type CLas-ZnuA2 (pink) shows loss of side-chain interaction of Ser38 with Phe68. C)
The superposition of metal-free (blue) and metal-bound (brown) states of Y68F ClLas-ZnuA2
reveals the loss of main-chain interaction of Ser38 with Ser40, Tyr41l and Thr67 in metal-bound
state. The water mediated side-chain interaction of Ser38 with Asn36 and Asp37 were lost after
metal binding. D) The superposition of metal-bound states of Y68F CLas-ZnuA2 and wild-type
CLas-ZnuAz2 shows loss of direct interaction of Ser38 with Phe68 after mutation. The interactions
are shown as broken lines.
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The differences in interactions of metal coordinating residues with second shell residues
and water as compared to wild-type structures were observed. A water mediated interaction was
observed between His39 (L3) and Leu64 (L5) in metal-free Y68F CLas-ZnuA2 whereas it is
absent in metal-free wild-type CLas-ZnuA2. In metal-bound form of Y68F CLas-ZnuA2, main-
chain of Ser38 (L3) interacts with Ser40 only and a water mediated interaction was observed
between Asp247 (L16) and Ser38 (L3). His39 (L3) has been refined with two alternate
conformations with partial occupancy of 0.6 and 0.4 in metal-bound Y68F CLas-ZnuA2. A break
in electron density was also observed in His39 side-chain along with main-chain and between
Ser40 and Tyr41 (Fig. 2.8).

Fig. 2.8:The electron density map A)The electron density shown around residues in L3 in metal-
bound state of Y68F CLas-ZnuA2. The 2F,-Fc map (cyan) and Fo-Fc map (magenta) were shown
for His39 exhibiting two alternate conformations with partial occupancy of 0.6 and 0.4 and broken
density for side-chain. The break in electron density between Ser40 and Tyr41 is also observed. B)
The superposition of metal coordinating residues of metal-bound states of both Y68F CLas-ZnuA2
and wild-type CLas-ZnuAz2 are shown in brown and yellow respectively.

The side-chain of His106 one of the metal coordinating residues on L7, interacts with side-chain of

Asn104 (L7) in metal-free state of Y68F CLas-ZnuA2 while it is absent in metal-free wild-type
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CLas-ZnuA2. The side-chain of metal coordinating residue Glul72 (O« and O¢) on strand E
interacts with Asn193 N°2 (L12) in metal-free wild-type CLas-ZnuA2 whereas in Y68F ClLas-
ZnuA2 Asnl93 interacts with only Glul72 O:.Asp247 interacts with Thr223 (L14) and seven
water molecules in wild-type CLas-ZnuA2 whereas, interaction of Asp247 with Thr223 and two
waters are lost in present structure. In metal bound Y68F CLas-ZnuA2, Asn193 N% and 0% (L12)
interacts with Glu172 O#? (2.85 A and 3.22A) whereas, in wild metal bound CLas-ZnuA2, Asn193
N®? interacts with Glu172 O of distance 3.45 A only (Fig.2. 9A and B).

Fig. 2.9: The comparison of interaction of metal coordinating residues of Y68F CLas-ZnuA2
with wild-type CLas-ZnuAz2 inA) metal-free and B) metal-bound state. The metal-free and metal-
bound states of Y68F CLas-ZnuA2 are shown as blue and brown color whiles those of wild-type
CLas-ZnuA2 as pink and yellow color respectively.

The comparison of Y68F CLas-ZnuA2 and CLas-ZnuAz2 structure revealed a number of
differences in interactions between and within the secondary structure elements. These include, i)
Ser9 (strand A) has been refined with two alternate conformations in metal-free state of Y68F
CLas-ZnuA2 where one conformation interacts with Thrl8 (helix a) and Gly15 (helix a) and other
conformation interacts with Thr29 (strand B), Thr30 (strand B) and Gly15 (helix a) whereas no
alternate conformation for Ser9 was observed and it only interacts with Gly15 in wild-type metal-
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free CLas-ZnuA2. In all metal-bound states Ser 9 (strand A) showed alternate conformation. In
metal-bound Y68F CLas-ZnuA2, one conformation interacts with Glyl5 (helix a) and Thr30
(strand B) whereas, in wild-type metal-bound CLas-ZnuAz2, one conformation interacts with Gly15
(helix a),Thr30 (strand B) and Thr29 (strand B) and other interacts with Gly15(helix a) and
Thr18(helix a) ii) lle13 (helix a) shows two alternate conformation in both wild-type and mutant
metal-bound state of CLas-ZnuA2 but no alternate conformation was observed in intermediate
form of CLas-ZnuA2 and no additional interaction was observed in mutant metal-bound state of
CLas-ZnuAz2, iii) Ser 45 (helix b) has been refined with three alternate conformations in metal-free
state of Y68F CLas-ZnuA2whereas no alternate conformation was observed in wild-type metal-
free state of CLas-ZnuA2 and no additional interaction was observed, iv) His 63 N°' (L5) interacts
with Glu102 O®' (L7) within distance of 2.61A in metal-free CLas-ZnuA2 while in metal-free
Y68F Clas-ZnuAz2, it interacts with higher distance (2.98A). His 63 N°' (L5) interacts with
Glu102 O (L7) in intermediate and metal- bound state of CLas-ZnuA2 of distances 3.23A and
3.08A respectively, while in mutant metal-bound state of Y68F ClLas-ZnuA2, it interacts with
slightly higher distance 3.37A, v)Thr73 (L6) shows two alternate conformation in mutant metal
free Y68F Clas-ZnuAz2, both conformation interact with Lys70 (helix c) of distances 3.40A and
2.43A and no alternate conformation was observed in wild-type metal-free CLas-ZnuA2 and it
interact with 70Lys (helix c) of distance 3.30A. A water mediated interaction in between Met69
(helix c) and Phe72 (helix c) was observed in metal-free Mutant Y68F- CLas-ZnuA2 whereas it is
absent in wild-type metal-free State of CLas-ZnuAz2, vi) Ser94(L7) make interaction with side-
chain of Ser101 (L.7) in both wild (3.12A) and mutant metal-free state Y68F CLas-ZnuA2 (2.45A)
although distance is shorter in mutant Y68-CLas-ZnuA2, vii) Aspl29 (helix d) interacts with
Asnl32 (helix d’) in wild-type and mutant metal-free CLas-ZnuA2 having distances 2.88A and
2.68A respectively. Glul45 (helix d’) shows two alternate conformations in mutant metal-bound
Y68-CLas-ZnuA2 , where one interacts with Argl48 (helix d’) and other conformation makes
interaction with Argl41 (helix d’) while no alternate conformation of Glul45 was observed in
intermediate and metal- bound CLas-ZnuA2 here it only interacts with Arg148, viii) Glu235 (helix
g) shows two alternate conformation in mutant metal-free Y68F CLas-ZnuAz2, it interacts with
GIn231 (2.60A) whereas no alternate conformation was observed in wild-type CLas-ZnuAz2 and it
interacts with GIn231 (helix g) (2.49A), ix) Argl57 (helix d’) interacts with Asp272 (helix h) in
mutant metal-free Y68F-CLas-ZnuA2 whereas it was absent in wild-type metal-free state of CLas-

ZnuA2. Two alternate conformation of Argl57 (helix d’) were also observed and one
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conformation interacts with Asp 272 (helix h) of distance 2.82 A in mutant metal bound Y68F-
CLas-ZnuA2 which is lesser than the interaction in wild metal-bound CLas-ZnuA2 (3.26A) and
3.13A in intermediate CLas-ZnuA2, x) Glu159 O¢! ( helix d’) interacts with Argl66 N™ (L10 ) and
Arg166 N" of distances 3.15A and 3.26A respectively in wild-type CLas-ZnuA2 metal-free state
whereas, Glu159 O¢! interacts with Arg166 N of distance 2.53A in mutant metal-free state of
Y68F- CLas-ZnuA2. Glu159 O ( helix d’) interacts with Argl66 NMand Arg166 N"?(L10) of
distances 3.32A, 2.90A and 2.93A and 2.86A respectively, in intermediate and wild-type metal-
bound Clas-ZnuA2 whereas, Glu159 O¢ interacts with Arg166 N" of distance 2.59A in mutant
metal- bound state of Y68F CLas-ZnuAz2, xi) Asn89 (L7) shows two alternate conformations and
one conformation of Asn89 interacts with Pro90 in mutant metal-free state of Y68F- CLas-ZnuA2
and No water mediated interaction was observed in between side-chain of Glu180 and main- chain
of Asn89 (L7) in mutant metal-free Y68F ClLas-ZnuAz2, xii) A water mediated interaction was
observed in-between Glul80 (helix e) and Asn89 (L7) in all wild, intermediate and mutant metal-
bound state of CLas-ZnuA2, xiii)Thr273 (helix h) shows two alternate conformation in mutant
metal-free Y68F ClLas-ZnuA2, and it interacts with Lys269 (helix h) mediated through water
whereas it was not observed in wild-type metal-free CLas-ZnuA2, xiv) Ile147 (helix d’), Argl48
(helix d”), Tleul158 (helix d”), GIn227 (helix f), Leu260 (helix h) and Val271 (helix h) shows two
alternate conformations in mutant metal-free Y68F CLas-ZnuA2 but no additional interaction was
observed whereas no alternate conformation was observed in wild-type metal- free CLas-ZnuAZ2.
Thr156 (helix d’) form H-bond with Pro153 (helix d’) in both wild-type and mutant metal-bound
ClLas-ZnuA2 of distance 3.45A and 3.39A respectively, whereas it is absent in intermediate CLas-
ZnuA2; Serd5 (helix b) and Ser186 (strand F) shows two alternate conformations in all, wild-type
metal-bound, intermediate and mutant metal-bound Y68F CLas-ZnuA2 but no additional
interaction was observed whereas no alternate conformation was observed in wild-type metal-free
CLas-ZnuA2. Ile158 (helix d’) shows two alternate conformations in metal-bound Y68F ClLas-
ZnuAz2 and intermediate CLas-ZnuA2 but no alternate conformation was observed in wild-type
CLas-ZnuAz2 and no additional interaction was observed. A detailed list of all the interactions and

bond distances as compared to wild-type protein is given in Table 2.5 and 2.6.
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Table 2.5 : Comparison of interactions of Metal-free Y68F CLas-ZnuA2 and wild-type CLas-

ZnuA2. The distance <3.5A is considered as interaction.

Residue | Atom | Location | Residue | Atom | Location | Metal- | Wild- | Distance
_ in free type (A
In secondary | Y68F | Metal-
secondary structure | CLas- | free
structure ZnuA2 | CLas-
ZnuA2
Main | Ala 46 N helix b Thr 44 (@) helix b + - 3.41
chain
—Main
chain
Leu 56 N strand C Val 6 (@] strand A - + 3.39
Phe 72 N helix ¢ Lys 70 @) helix ¢ - + 3.45
His 106 N L7 Asn 104 0 L7 + = 3.43
lle121 N helix d Glu119 (0] helix d + : 3.37
Thr 156 N helix d’ Pro 153 0 helix &’ - + 3.23
Leul25 N helix d Argl22 @) O helix d + - 341
Side Thr30 0G1 strand B Ser 9 oG strand A + - 3.30
chain
—side
chain
Tyr 41 OH L3 Asp 47 | OD1 helix b + L 3.49
Asn104 | OD1 L7 His 106 | ND1 L7 + = 2.61
His 106 | NE2 L7 Glu 172 | OE1 strand E + L 3.06
Ser110 | OG helix d Asn 113 | ND2 helix d - + 3.43
Arg 211 | NH1 helixf | Asn237 | OD1 helix g + - 2.98
Thr223 | OG1 L14 Asp 247 | OD2 L16 - + 3.49
Main Ser 9 oG strand A Thr 29 (@] strand B + - 2.92
Chain-
side Gly 15 N helix a Ser 9 oG strand A + - 3.16
chain
+ - 3.37
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His 106 | ND1 L7 Gly 173 O L11

Thr 112 N helix d Ser110 | OG helix d + - 3.42
Arg 166 | NH2 L10 Phe 182 0] helix e + - 3.15
Argl98 | NH1 L12 Asnl193 O L3) + - 2.21
Ser212 | OG helixf | Asn 208 @] helix f) - + 2.64
Glu 221 | OE2 helix g Phe 219 0] strand G - + 3.33
Ser239 | OG strand H | Lys 216 O L13 - + 3.43
Tyr240 | OH strand H | Gly 242 @) strand H - + 3.32

Table 2.6: Comparison of interactions of Metal-bound Y68F CLas-ZnuA2 and wild -type

CLas-ZnuA2. The distance <3.5A is considered as interaction.

Residue | Atom | Location | Residue | Atom | Location | Mn- Wild — | Distance
) in bound | type
in secondary | Y68F | Mn- A)
secondary structure | CLas- | bound
structure ZnuA?2 | CLab
ZNnuA?2
Main Ser38 N L3 Asn 36 (0] L3 - ils 3.48
Chain-
Main Ser40 N L3 Asp37 (0] L3 s + 3.4
Chain
Ser40 N L3 Ser38 (0] L3 + - 3.25
Tyrdl N L3 Asp37 (0] L3 + - 3.37
Tyr4l N L3 His39 O L3 + - 3.34
Alad6 N helix b Thr4d4 (0] helix b + - 35
Side Thrl8 0G1 helix a Ser 9 OG strand A - + 3.45
chain —
Side His63 ND1 L5 Glu66 | OE1 L5 - + 3.3
chain
Argl4l | NH1 helix d’ Glul45 | OE1 helix d’ + - 2.84
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Thrl70 | OGl | StrandE | Cysl74 | SG L11 3.98

Thr223 | OG1 L14 Asp37 | OD1 L3 3.34

Thr223 | OG1 L14 Asn 193 | ND2 L12 3.45

Main Asn36 | ND2 L3 Glu33 ) L3 2.78
Chain-

Side Ser38 0G L3 Asp247 @] 3.46
Chain

Ser40 0G L3 Asp37 O L3 3.49

Tyr4dl OH L3 Leu3l O Strand B 3.4

Tyr68 OH Ser38 O L3 2.93

Thr73 | OG1 L6 Lys 70 ) helix ¢ 3.19

His106 | ND1 L7 Gly 173 @) L11 3.4

Arg 198 | NH1 L12 Asn193 @] L12 3.13

2.3.2. Circular dichroism

as reported previously [254]. Far UV circular dichroism (wavelength range 200-250nm) for metal-
free-states was performed in the absence and presence of different concentrations of MnCl, and
ZnCl, (10 pm, 500pum, 1mM and 10mM) at an increasing temperature range (20-70°C). Efforts to
record the data below 205nm was not successful because of excessive noise. CD-spectra of metal-
free S38A Clas-ZnuA2 and Y68F CLas-ZnuA2 showed negative peaks around 208 nm and

222nm similar to wild-type CLas-ZnuA2 (Fig. 2.10).
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Fig. 2.10: The comparison of CD spectra ofA) metal-free S38A CLas-ZnuA2, Mn?*-bound ,
Zn?*-bound CLas-ZnuA2, and B) metal-free Y68F CLas-ZnuA2, Mn?*-bound , Zn?*-bound CLas-
ZnuA2 showing almost similar secondary structure and conformation. The metal-free Mn?*-bound,
Zn?*-bound states are shown in blue, dark red and green respectively.

On increasing temperature, both metal-free mutants began to unfold at 45°C similar to
wild-typeCLas-ZnuA2. On addition of MnCl, to 50, 100 and 1000 fold, the unfolding temperature
of both mutant protein was increased to 60 °C, 65°C and 70°C respectively (similar to wild-type
CLas-ZnuA2) (Table 2.7, Fig. 2.11 and Fig. 2.13). Upon addition of 10 fold of zZnCl, , both
mutant proteins remained stable up to 60°C similarly observed in wild-type CLas-ZnuA2. Further
addition of 50 and 100 fold ZnCl, in S38A CLas-ZnuA2 increased the unfolding temperature to
65°C, however, addition of 1000 fold ZnCl, destabilized the protein (Table 2.7 and Fig. 2.12).In
case of Y68F CLas-ZnuA2, addition of ZnCl, up to 50 fold increased the temperature of
unfolding to 65°C, however, further addition of ZnCl, resulted in protein destabilization (Table
2.7 and Fig. 2.14).

67



w4 Apo-S38A CLas-ZnuA2 10 $38A CLas-ZnuA2-10pM MnCl:

5 g
0 0
i o = 0§ s —
s 10 —30 @ 10 .
T s —_35 = |
E _— E OB —35
- ——a5 -0 a0
-25 - N0 =25 —Ad5
30 = .30 4 | - = e
e T . 203 213 23 233 243
Wavelength (nm) Wavelength (nm)
S3SA CLas-ZnuA2-500pM MnCl: = 538A CLas-ZnuA2-1mM MnCl:

mdegrees

g7 S e D Ee B =
03 213 223 233 243

30 4 -— |
202 212 222 232 42
Wavelength (am) Wavelength (nm)

107, )| S38A CLas-ZuuA2-10mM Mucl:

203 13 3 FEE 243
Wavelength (nm)

Fig. 2.11: CD spectra showing differences in temperature of unfolding of Apo S38A CLas-ZnuA2
and after adding MnClin different concentrations. Concentrations of MnCl, added were 10 uM
(1:1), 500 uM (1:50), 1 mM (1:100) and 10mM (1:1000).
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Fig.2.12: CD spectra showing differences in temperature of unfolding of Apo S38A CLas-ZnuA2
and after adding ZnCl; in different concentrations. Concentrations of ZnCl, added were 10 uM
(1:1), 500 uM (1:50), 1 mM (1:100) and 10mM (1:1000).
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Fig. 2.13: CD spectra showing differences in temperature of unfolding of Apo Y68F CLas-ZnuA2
and after adding MnClin different concentrations. Concentrations of MnCl, added were 10 uM
(1:1), 500 uM (1:50), 1 mM (1:100) and 10mM (1:1000).
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Fig. 2.14: CD spectra showing differences in temperature of unfolding of Apo Y68F CLas-ZnuA2
and after adding ZnCl. in different concentrations. Concentration of ZnCl, added were 10 uM
(1:1), 500 uM (1:50), 1 mM (1:100) and 10mM (1:1000).

71



Table2.7 : Effect of Metal ions concentration on Temperature of unfolding of Mutants CLas-
ZnuA2 Protein.

Mutant protein + metal | Temperature of unfolding | Protein : metal
ions

Apo S38A ClLas-ZnuA2 45° C None
Apo + 10uM MnCl, 45° C o
Apo + 500uM MnCl; 60° C 1:50
Apo + 1ImM MnCl, 65° C 1:100
Apo +10mM MnCl; 70° C 1:1000
Apo + 10uM ZnCl, 45° C 11
Apo + 500pM ZnCl, 65° C 1:50
Apo + 1mM ZnCl, 65° C 1:100
Apo + 10mM ZnCl, 60° C 1:1000
Apo Y68F CLas-ZnuA?2 45° C None
Apo + 10uM MnCl, 45° C 1:1
Apo +500uM MnCl, 60° C 1:50
Apo + 1ImM MnCl; 65° C 1:100
Apo +10mM MnCl; 70° C 1:1000
Apo + 10uM ZnCl, 45° C 1l
Apo +500uM ZnCl, 65° C 1:50
Apo + 1mM ZnCl, 60° C 1:100
Apo +10mM ZnCl, 60° C 1:1000
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2.3.3. Surface plasmon resonance

Binding experiment of S38A CLas-ZnuA2 and Y68F CLas-ZnuA2 to Mn?* and Zn?" ions
has been carried out using surface plasmon resonance technique in a similar manner as reported
previously for wild-type CLas-ZnuA2 [254]. Binding affinity of both Mn?" and Zn?'to the
immobilized S38A ClLas-ZnuA2 and Y68F CLas-ZnuA2 proteins were determined separately.
Analysis was done using BIAcore T200 evaluation software version 2.0 using model 1:1 binding.
The response curves generated for Mn?* and Zn?* binding to S38A CLas-ZnuA2 and Y68F ClLas-
ZnuA2 are shown in Fig. 2.15. Steady state response level has also been shown for Mn?* and Zn?*
concentration. The Kp values calculated for binding of Mn?* and Zn?"to S38A CLas-ZnuA2 and
Y68F CLas-ZnuA2 were comparable to the already reported Kp values for wild-type CLas-ZnuA2
(3.7*10*M for Mn?* and 4.3*10*M for Zn?"). The Kp values calculated for Mn?* and Zn?* binding
to S38A ClLas-ZnuA2 were 3.4*10*M and 4.3*10 M respectively and the Kp values for Y68F
CLas-ZnuA2 for Mn?* and Zn?* were 5.4*10*M, 6.5%10* M respectively. The results indicate that
there is a very slight increase in metal binding affinity for S38A CLas-ZnuA2 and a slight decrease
in binding affinity in case of Y68F CLas-ZnuA2.
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Fig. 2.15: SPR sensogram showing S38A Clas-ZnuA2 and Y68F Clas-ZnuA2 interaction with
Mn* 2and Zn* 2, A, C, E and G represent the curves showing the binding of 100 uM immobilized
S38A Clas-ZnuA2 and Y68F Clas-ZnuA2 with MnCl, and ZnCl, between concentrations
0.0125mM-1.6mM . in presence of 10mM sodium cacodylate buffer pH 7.0 respectively. B, D, F
and H indicate representative graph showing plot of response Req against concentration of Mn* 2
and Zn* 2injected. Vertical line crossing the plot represents the equilibrium constant Kp calculated
(concentration at which half of binding site is saturated).

2.3.4. Aggregation effect of mutation

AGGRESCAN program calculates the average aggregation propensity of sequence
(a3vSA), number of hot spots (nHS) and normalized aggregation propensity (Na4vSS). The change
in value of normalized Na4vSS is the indicator of change in aggregation properties of sequence
due to mutations. The comparison of AGGRESCAN output results (Table 2.8 and Fig. 2.16) of all
mutants Pro153Ala, Glu159Ala, Pro153Ala/Glul59Ala and Asn193Ala CLas-ZnuA2protein with
wild-type CLas-ZnuAz2 indicate the tendency of mutation to promote the aggregation.
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Table 2.8: Comparison of different AGGRESCAN parameters for CLas-ZnuA2, P153A
CLas-ZnuA2, E159ACLas-ZnuA2 , P153A&E159A CLas-ZnuA2 andN193ACLas-ZnuA2.

P153A E159A
ClLas- ClLas- ClLas- P153A&E159A | N193ACLas-
Sequence Name ZnuA2 ZnuA2 ZnuA2 CLas-ZnuA2 ZnuA?2
a3v Sequence
Average (a3vSA): -0.005 -0.004 0 0.001 -0.001
Number of Hot
Spots (nHS): 10 11 10 11 10
Normalized nHS for
100 residues
(NnHS): 3.636 4 3.636 4 3.636
Area of the profile
Above Threshold
(AAT): 42.171 42.461 42.599 42.92 42.617
Total Hot Spot Area
(THSA): 39.016 40.595 39.016 41.053 39.297
Total Area (TA): 3.095 3.393 4471 4.769 4.361
Normalized adv
Sequence Sum for
100 residues
(Na4vss): -0.8 -0.7 -0.3 -0.2 -0.4
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Fig. 2.16: Hot spot area graphics. Hot spot areas plot for A) Wild CLas-ZnuA2 protein B)
P153A CLa-ZnuAz2 protein C) P153A&E159A CLas-ZnuAz2 protein. Change in the hot spot area
plot caused by mutation in CLas-ZnuAz2 protein can be seen from sequence 150-160 in B)P153A
CLas-ZnuA2 and B) P153A&E159A CLas-ZnuA2 protein.
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2.4. Discussion

The subtle internal communications in structure, during metal-binding and release, through
intricate network of interactions play an important role in cluster A-1 family proteins. The effect of
alteration in single amino acid on this intricate network of interactions is key highlight of the
present study. The studies on CLas-ZnuA2 mutants, in present work, highlighted the importance of
some of the critical residues present in different secondary structure elements apart from metal
coordinating residues in cluster A-1 family proteins. The amino acid residues mutated were
carefully selected considering their importance in structure and function of CLas-ZnuA2 as
revealed from the crystal structures in metal-free, intermediate state of metal-binding and metal-
bound states. The Ser38 (S38A) on L3 and Tyr68 (Y68F) on helix ¢ were chosen as they play an
important role in evolved mechanism of metal-binding and release in CLas-ZnuA2. The Prol153
(P153A) on linker helix was selected as the presence of a proline results in relatively higher
bending and rigidity of the linker helix in CLas-ZnuA2 as compared to related Mn-specific
proteins. The Glul59 (E159A) was mutated alone as well in combination with P153A as it is
involved in making interactions at the C-terminal end of the curved linker helix in CLas-ZnuA2.
The unfolding at C-terminal end of linker helix is observed in PsaA (Mn-binding protein from
Streptococcus pneumonia) but not in CLas-ZnuA2. The fact that except for the S38A and Y68F
mutations, site-directed mutagenesis resulted in destabilization and subsequently degradation of
protein indicated a major disturbance in otherwise fine-tuned structure. The bioinformatics analysis
of amino acid sequences after single mutations revealed the generation of hot spot in P153A CLas-
ZnuA2 and P153A/E159A ClLas-ZnuA2. An increase in the values of normalized average
aggregation propensity in all mutations indicate that the protein is highly susceptible to
destabilization and degradation. The results indicated that the divergence and development of
different mechanisms and specificities of this group of proteins seem to have been perfected in
long course of evolution and any change in critical residues may have a substantial effect on

structure and function.

The importance of network of interactions between and within different secondary structure
elements which maintains the overall architecture is demonstrated from the high resolution crystal
structures, in both metal-free and metal-bound-states, of S38A CLas-ZnuA2 and Y68F CLas-

ZnuA2. The disruption and therefore alterations in network of interactions through internal
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communications was quite evident in both metal-free and metal-bound forms of mutant structures.
The single amino acid change affected the whole structure in terms of interactions and secondary
structure elements. Also, the effect of two single mutations was quite different demonstrating the
role of each amino acid in intricate balance. Due to S38A mutation in S38A CLas-ZnuA2, the
interaction between side chains of Ser38 and Tyr68 is disrupted and an inward/sideward shift of
part of the L3 is observed. In wild-type CLas-ZnuA2, comparatively a larger inward shift towards
metal-binding site is observed on metal-binding where alternate conformations of Ser38 interact
with Tyr68 and Asp247. This sliding of Ser38 inwards during metal-binding disrupts all the
interactions of main-chain oxygen in metal-free state and brings it in hydrogen bonding distance to
side-chain of Tyr68 in wild-type CLas-ZnuA2. It is to be noted that the inward shift of part of L3
observed in S38A CLas-ZnuA2 in metal-free state occurs only on metal-binding in presence of
high metal-ion concentration in wild-type CLas-ZnuA2. The mutation of S38A demonstrated that
the sliding of Ser38 present on restrained L3 during metal-binding is part of the metal-binding
mechanism for this low metal-binding affinity protein. The mutation to Ala leads to disruption of
that mechanism along with disruption of intricate network of interactions affecting the overall fine-
tuned structure. The role of Y68, on which Ser38 slides through, during metal-binding and release
was demonstrated from the detailed analysis Y68F CLas-ZnuA2 structure in metal-free and metal-
bound states. The Y68F mutation completely abolished any interaction between mutated Phe68
and Ser38 and therefore the interplay of interactions during metal-binding and release. No inward
shift of part of L3 and change in interactions of main-chain oxygen of Ser38, like S38A CLas-
ZnuA2, were observed in metal-free state of Y68F CLas-ZnuA2. It showed almost similar
structure as wild-type ClLas-ZnuA2, although now only. three interactions restrained L3 as
compared to wild-type structure. The role of interaction between Y68 and S38 was quite evident
where only partially closed metal-bound state was observed for Y68F ClLas-ZnuA2, even after
soaking the crystals in very high concentration of metal-ion like wild-type and S38A CLas-ZnuAz2.
A relatively smaller inward shift of L3 towards metal-binding cleft as compared to wild-type
CLas-ZnuAz2 results in disruption of direct interaction of Ser38 side-chain with main-chain of
Asp247 (coordinating residue on L16). Rather, a water mediated interaction of Ser38 and one of
the alternate conformations of His39 (one of the coordinating residues) with Asp247 is observed.
Also, the main-chain interactions of Ser38 are not completely disrupted unlike wild-type CLas-
ZnuA2 on metal-binding. These disruptions in interactions at the opening of the metal-binding

cleft involving N- and C-domains are relayed through internal communications and showed-up as
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distortions in otherwise fine-tuned structure. Another important indicator of relatively less stability
of mutant structures was increased number of alternate conformations for amino acid residues.
There are 14 and 12 alternate conformations in metal-free states of S38A CLas-ZnuA2 and Y68F
ClLas-ZnuAz2 respectively as compared to metal-free wild-type CLas-ZnuA2 where no alternate
conformations were observed. The metal-free wild-typeCLas-ZnuA2 is therefore considered as
most stable and preferred state as compared to metal-bound form where the presence of high
number of amino acid residues, particularly in L3, in alternate conformations was observed.
Likewise, 20 alternate conformations in metal-bound state of S38A CLas-ZnuA2 as compared to 7
alternate conformations in wild-type CLas-ZnuAz2 indicated less stable structure. However, Y68F
CLas-ZnuAz2 showed less number of alternate conformations in metal-bound form depicting rather

a relatively stable form as compared to metal-free state.

The disturbance in subtle internal communication between secondary structure elements,
due to a single amino acid mutation, is demonstrated through alterations in intricate balance of
interactions. The effect is, quite interestingly, different for two mutants signifying their roles in
overall architecture and mechanism. Some of the notable alterations in interactions between
different secondary structure elements in both mutant structures as compared to wild-type protein
included: i) L3 and L5 where S38A mutation resulted in direct interaction between metal
coordinating residue His39 (L3) and Glu66 (L5) as compared to a water mediated interaction in
ClLas-ZnuA2 and no interaction was observed after Y68F mutation, ii) L5 and L7 where a rather
weak interaction between His63 (L5) and Glu102 (L7)in metal-free S38A CLas-ZnuA2(3.4 A) was
observed as compared to wild-type metal-free (2.6 A) and metal-bound (3.08A) ClLas-ZnuA2
signifying the loosening of interaction between L5 in N-domain and L7 at the interface of two
domains. The loosening of interaction in metal-free Y68F CLas-ZnuA2 (2.98 A) was relatively
smaller as compared to S38A CLas-ZnuA2signifying the difference in effects of two mutants (Fig.
2.17A, B and C). However, partially metal-bound state of Y68F CLas-ZnuA2 showed slightly
higher bond distance (3.37 A) as compared to intermediate state of metal-binding (3.23A) and
metal-bound state (3.08A) of wild-type CLas-ZnuA2. The role of this interaction where a high
mobility of Glul02 is evident from broken and poorly defined electron density for side-chain in
only intermediate state in wild-type CLas-ZnuA2 and, iii) L7 and strand D where interaction
between Asp86 (L7) and Thr83 (strand D) is absent in metal-free and metal-bound states of S38A

CLas-ZnuA2but present in metal-free states of CLas-ZnuA2 and no interaction was observed in
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Y68F CLas-ZnuA2, iv)L7 and helix e where a water mediated interaction between one of the
alternate conformations of Glu180 (helix e) and main chain of Asn89 (L7) and additionally a water
mediated interactions were also observed between both conformation of Asp180(helix €) and
Aspl81l(helix e) in metal-free states of S38A CLas-ZnuA2. The metal-free CLas-ZnuA2 makes
similar interaction with Asn89 (L7) but does not show any alternate conformation for Glu180. In
metal-bound states, the alternate conformations of Glul80 in CLas-ZnuA2, S38A CLas-ZnuA2
and Y68F CLas-ZnuA2 showed similar water mediated interaction but with shorter bond lengths
for S38A CLas-ZnuA2. In metal-free states of Y68F CLas-ZnuA2, Glul80 does not show alternate
conformation and interaction with Asn89 while Asn89 shows alternate conformation and one
conformation makes interaction with Pro90 (L7). v) Strand F with strand E and helix e where
Ser186 (strand F) shows two alternate conformations in metal-free S38A CLas-ZnuA2, one
conformation interacts with Phel68 (strand E) mediated through water and additionally a water
mediated interaction was also observed with Val176 (helix e), whereas, it directly interacts with
Phel68 and no alternate conformation was observed in wild metal free CLas-ZnuA2. Ser186
(strand F) shows alternate conformation in both wild-type and mutant metal-bound S38ACLas-
ZnuA2, it directly interacts with Phel68 (strand E) in wild-type metal-bound CLas-ZnuA2
whereas it is water mediated in mutant metal-bound CLas-ZnuAz2, while no alternate conformation
and direct interaction of Ser186 with Phel68 was observed in metal-free state of Y68F CLas-
ZnuA2 and Ser186 shows two alternate conformation in metal-bound state of Y68F CLas-ZnuA2
where one conformation directly interacts with Phe168 additionally, water mediated interactions
with Phel68, Thr170(strand E) and Leul87(strand F)vi) Strand E and L12 where Asn193 (L12)
interacts with Glul72 (strand E) in wild-type metal-free state of CLas-ZnuA2 whereas it is lost in
metal-free S38A CLas-ZnuA2. Asn193 (L12) makes interaction with both alternate conformations
of Argl98 (L12) while no interaction and alternate conformations were observed in wild-type
CLas-ZnuAz2 and it interacts with Ser194. Asn193 (L12) interacts with Arg198 (L12) in mutant
metal-bound S38A CLas-ZnuA2 while it is absent in wild-type metal-bound state of CLas-ZnuA2.
Asn193N®? (L12) interacts with Glu172 O®(strand E) in metal-bound state of both wild-type and
S38A ClLas-ZnuA2 of distances 3.45 A and 3.35A respectively, while in metal-free state of Y68F
CLas-ZnuA2, Asn193 interacts with Glu172 and one alternate conformation of Arg198and Asn193
N»and O%'interacts with Glu172 O% of distances 2.85A and 3.22A respectively, and additionally

makes interaction with one conformation of Arg198 in metal bound state of Y68F CLas-ZnuA2.
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Fig. 2.17: The comparison of interactions between L3, L5, L7and helix e are shown in metal-
free state of A) wild-type CLas-ZnuAz2, B) S38A CLas-ZnuA2, and C) Y68F CLas-ZnuA2.
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2.5. Conclusion

In conclusions, the high resolution crystal structures of two CLas-ZnuA2 mutants
demonstrated the role of critical residues, apart from primary metal-binding residues, in preserving
the intricate network of interactions important for structure and function of the protein. Both S38A
and Y68F mutations in CLas-ZnuA2 resulted in the notable alterations in the network of
interactions which might affect the mechanism of action of the protein. The C-domain of S38A
CLas-ZnuA2 and Y68F ClLas-ZnuA2 are made up of shortened B-sheets in metal-free state and
metal bound states respectively, while no differences was observed in metal-bound S38A ClLas-
ZnuA2 and metal free Y68F CLas-ZnuA2.

The S38A mutation in CLas-ZnuA2 showed major changes in structure and interactions at
domain interface in loop L3 at the opening of metal-binding cleft. The metal-free state of S38A
CLas-ZnuA2 showed major sideward shift of part of L3 including residue 36-43 as compared to
metal-free wild-type CLas-ZnuA2, where L3 is displaced away from metal-binding cleft exhibiting
an open conformation. This shift seems to be due to change in the interaction between Ser38 and
Tyr68. In wild-type CLas-ZnuA2, side chain of Ser38 and Tyr68 forms hydrogen bond, while after
mutation of Ser to Ala, this particular hydrogen bond ceases to exist and now the Tyr68 form
hydrogen bond with main chain oxygen of Ala38. The inward shift of part of L3 observed in S38A
CLas-ZnuA2 in metal-free state occurs only on metal-binding in presence of high metal-ion
concentration in wild-type CLas-ZnuA2. The mutation of S38A demonstrated that the sliding of
Ser38 present on restrained L3 during metal-binding is part of the metal-binding mechanism for
this low metal-binding affinity protein. The mutation to Ala leads to disruption of that mechanism
along with disruption of intricate network of interactions affecting the overall fine-tuned structure.
The Y68F mutation completely abolished any interaction between mutated Phe68 and Ser38 and
therefore the interplay of interactions during metal-binding and release. No sideward shift of part
of L3 and change in interactions of main-chain oxygen of Ser38, like S38A CLas-ZnuA2, were
observed in metal-free state of Y68F CLas-ZnuA2. It showed almost similar structure as wild-type
CLas-ZnuA2. There were notable changes in interactions of metal coordinating residues with
second shell residues and water as compared to wild-type metal-free and metal-bound structures of
CLas-ZnuA2. Although the thermal and binding affinity studies did not show significant change as

compared to wild-type CLas-ZnuA2 may be due to very low metal-binding affinities, which can be
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explained by mutation in PsaA protein. In this, two disulphide bonds were engineered at the C-
terminal helix and studied that cross-linking resulted in the significant decrease in the binding
capacity of the Cys-mutant PsaA for Mn?* and Zn?*. However, P153A, E159A, P153A/E159A and
N193A mutations in CLas-ZnuAz2 resulted in destabilization and degradation suggests the major

disturbance of internal communication in fine-tuned structure.
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CHAPTER 3
CLONING OF ZnuAl FROM CANDIDATUS LIERIBACTER ASIATICUS

AND STRUCTURE BASED IDENTIFICATION OF INHIBITORS AGAINST
ZnuAl

3.1. Introduction

Huanglongbing (HLB), also known as citrus greening, is one of the most destructive
diseases of citrus, causing substantial losses in citrus fruit production throughout the world [255].
HLB is related with three species of phloem-limited, gram-negative fastidious o- proteobacteria:
‘Candidatus Liberibacter asiaticus’ (Las), ‘Ca. L. africanus’ (Laf) and ‘Ca. L. americanus’ [146,
267, 268]. Of the three species, Ca. L asiaticus is widely distributed and most virulent strain. It is
transmitted by Asian citrus psyllid (Diaphorina citri Kuwayama) [169]. HLB symptoms include
blotchy chlorosis /mottling of leaves, yellow shoot, stunted growth, vein corking, and fruits are
small, green, lopsided and contain aborted seeds [269]. HLB is difficult to manage, and currently,
no cure is available for infected trees. The recommended control strategy is to chemically control
the psyllids and removal of the infected trees [270]. In this study, CLas-ZnuAl, first, of the two
gene clusters of Znu system, protein was selected as a target for virtual screening and molecular

docking to identify the compounds against the Candidatus Liberibacter asiaticus.

Uptake of the metal ion is critical for vitality and growth of bacteria in the atmosphere as
well as within the host [271]. Among transition metal, Zinc is essential for the various biological
process since it is used as cofactors for a very wide number of enzymes and proteins involved in
DNA replication, cell wall synthesis and oxidative stress management [25]. Additionally, it is
bound to several proteins involved in the gene expression management, [272], RNA polymerase
[273], tRna synthetases [274]. Zn®>" metal ions sequestration or uptake is possible through
bacterial ABC-metal ions transport system, belongs to the Cluster A-1 family of solute binding
protein. This system comprises three proteins; ZnuA, ZnuB, and ZnuC. ZnuB is integrated into the
membrane, ZnuC is an ATPase component of ABC transporter system and, ZnuA is a soluble
periplasmic component which efficiently captures the Zn(ll) in the cellular compartment and

delivers to the membrane permease whose opening is regulated by channel ATPase.
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Prior microbial pathogenesis studies stated that bacteria compete with their host for Zn (I1).
In spite of the apparent abundance of Zn in the host cell, most of the zinc is tightly bound to
proteins, only picomolar range is available for infectious bacteria [272]. Therefore, bacteria must
produce high- affinity importer for growth and multiplication in the host. Notably, it becomes clear
that ZnuABC transporter play a major role in bacteria pathogenicity as evidence by series of
investigation that its disruption dramatically reduced the pathogenicity and colonization of host in
various bacteria. Bacterial pathogen which has been shown to critically dependent on ZnuABC to
infect their hosts such as Salmonella enterica [141, 142], pathogenic E. coli strains [138, 140] and

Campylobacter jejuni [275].

Several crystal structure have been described for metal-free state and metal-bound closed
forms for Zinc transporting SBPs belongs to Cluster A-family [66, 93, 99, 113]. An overall
structural organization consists of two sandwich domain connected through a long backbone of
linker a-helix running across the two domains. The inter-domain cleft comprises the metal binding
site. Thus, affecting the binding process of Zinc metal ion by identifying small molecule inhibitor
at the metal binding site will intrude the function of CLas-ZnuAl and thus stop the uptake of metal
ion, and this could lead to the discovery of potent antibacterial agent against the pathogenic

bacteria.

In the present study, CLas-ZnuAl gene has been cloned. Homology modeling was used for
the prediction of the 3-dimensional structure of CLas-ZnuAl for the screening of novel lead
compound through virtual screening from the ZINC database. 50 molecules were screened fulfilled
the Lipinski rule of five. Out of 50, 10 molecules were showing maximum binding affinity.
Molecular docking program, AutoDock Tools and AutoDock Vina showed that 5 compounds
having more binding affinity score as compared to reference molecule RDS51(PDB ID: 4BBP). In
order to better understand the stable behaviour of the CLas-ZnuAZl-inhibitor(s) complexes,
complexes were subjected to molecular dynamics (MD) simulation and molecular
mechanic/Poisson-Boltzmann surface area (MMPBSA) binding free energy calculations. This
newer approach will be helpful in designing the antibacterial agent against pathogenic bacteria
CLA to control the spreading of Huanglongbing disease in the citrus world.
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3.2. Material & Method
3.2.1. Cloning and expression of CLas-ZnuAl

Isolation of genomic DNA of CLA from HLB infected sweet orange plants (Citrus
sinesis) was performed at Nagpur, Maharashtra. CLas ZnuAl gene (CLIBASIA 03020) encoding
protein of 272 amino acids lacking signal peptide was amplified using specific forward (ZnuAl F;
5- AAT ACA TAT GGG TTC TTT GCA AGT GGT TGT CTC -3' ) and reverse (5'- GGT ACT
CGA GTC AAC AGT TCT TAG CTA TTG AAT TAG AC -3') primers with Ndel and Xhol
restriction sites respectively. The 50 pL of PCR amplification mixture had SpuL of 5X reaction
buffer, 1uL of ANTP mixture (each dANTP, 2.5 mmol/pL), 1uL of each primer (20 pmol/uL), 2 pLL
of the template DNA (100 ng/puL) and 0.5uL of Taqg DNA polymerase enzyme (New England
BioLabs, USA). The Thermocycler program was set as initial denaturation occurred at 94-C for 4
min trailed by 32 cycles at 94°C for 45 s, at 58°C for 45 s, at 72°C for 90 s, and further final
extension was at 72°C for 10 min and finally stored at 4°C. Further, purification of PCR product
was done using QlAquick Gel Extraction Kit (QIAGEN, Germany). The restricted amplicon was
ligated in restricted pET-28c and transformed in E. coli XL1-Blue cells and sequenced from
Eurofins Scientific India Pvt Ltd, Bengaluru, India. The recombinant expression vector pET-28c
having CLas-ZnuALl insert was transformed into freshly prepared E.Coli BL21 DE3 host cells for
expression in the presence of antibiotics; kanamycin (30 pg/ml) and chloramphenicol (35 pg/ml).
Expression was tried to optimize using the different concentration of IPTG (0.1-1.0mM) at
different temperatures (16-37 °C).

3.2.2. Sequence analysis

Initially, BLAST tool was used for sequence search at the NCBI website

(www.ncbi.nlm.nih.gov). SignalP 3.0 server was used for prediction of putative signal peptide

[276]. The ProtParam - (http://web.expasy.org/protparam/), an expasy tool was used for

determination of Physico-chemical properties, such as GRAVY (grand average of hydropathy),
aliphatic index (Al), extinction coefficients, isoelectric point (pl), and molecular weight. Multiple
sequence alignment was performed by Clustal Omega web server
(http://www.ebi.ac.uk/Tools/msa/clustalo/) with default parameters and sequence similarity was
rendered by Espript 3.0 (http://espript.ibcp.fr/ESPript/ESPript/) [277, 278]. Phylogenetic
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analysiswas made using MEGA X program from the alignment of amino acid utilizing the
Maximum Parsimony method [279-281]. The validation of the tree branch was examined by the

bootstrap test (500 replicates).
3.2.3. Homology modeling and Structure validation

Homology model of CLas-ZnuAl was built by using Phyre2 involving four steps: fold
assignment, sequence alignment, model building and model refinement [282]. The refinement of
the disordered loop regions of the model was performed using ModLoop program [283]. Swiss
PDB Viewer 4.10 has been utilized for the energy minimization of the predicted model [284].
Structure analysis validation server, PROCHECK was used to check the quality of the predicted
model [261]. The Figure of the model was prepared using Chimera [265].

3.2.4. Virtual screening

Drug like molecules were retrieved from ZINC DATABASE (http://zinc.docking.org),

further energy minimization and changed to pdbgt format using Open Babel in PyRx 0.8 for virtual
screening [285-287] . All the retrieved compounds were subjected for molecular docking against
the Zn binding site of modeled protein by using PyRx 0.8 along with AutoDock Vina [286]. The
grid for molecular docking calculations was centered on Zn binding site of the CLas-ZnuAl
protein. An online tool SWISSADME was used to check the molecular properties i.e. Lipinski rule
of five of the screened ligand subsets [288, 289]. This rule states that most “drug-like” molecules
exhibit molecular weight < 500 Da, logP < 5, number of hydrogen bond donors<5, and number of

hydrogen bond acceptors <10.
3.2.5. Molecular docking

AutoDock was used to carry out the docking of screened compounds with modeled CLas-
ZnuAl protein. AutoDock uses a semi-empirical free energy force field to determine the binding
free energy of ligands to protein receptor. AutoDock Tools 4.2.6 was used to add the explicit
hydrogen molecules and associated Kollman charges (8.028) to the receptor molecule and saved in
pdbgt format [290]. 10 compounds used for docking with model are: ZINC15670529,
ZINC92774705,  ZINC06510089,  ZINC79841324,  ZINC69594834,  ZINC67523096,
ZINC89866566, ZINC90938461, ZINC91444996 and ZINC9104096. Already reported RDS51
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(PDB ID: 4BBP) which showed concomitant binding with Zn(lI1) in SeZnuA was used as positive
control [97]. RDS51 was docked with CLas-ZnuAl and compared with binding affinity scores of
CLas-ZnuAl-inhibitor complexes. The chemical name and structure of all compounds are shown
in Table. 3.1 and 3.2. Gasteiger charges were added to the ligand and saved in pdbqt format. The
torsional degrees of freedom of ligand molecule were specified by ligand flexibility. AutoGrid 4
was utilized to generate the grid map with a spacing of 0.375 A. The grid for the molecular
docking was created by selecting the key residue involved in the binding of Zn to CLas-ZnuAl.
The dimension and centre point coordinates of the grid box were set as 60 A x 60 A x 60 A and
46.958, -16.172, -4.658 respectively. Lamarckian genetic algorithm was used for molecular
docking. Default parameters were used for docking; only total GA runs number was increased
from 10 to 100. The highest binding affinity pose was studied along with interactions. PyMol
protein viewer tool was used for structural analysis and visualization of the protein [264].

Molecular docking interactions figures were prepared using PyMol and Maestro [291].

Table 3.1: Chemicals name and structures of selected compounds from the ZINC database.

S.No | Compound ID | Chemical hame Structure

s ZINC15670529 | (4R)-4-(2,3-difluorophenyl)-1-[5-(3-
methoxyphenyl)-1,2,4-triazin-3-yl]-3-
methyl-5,7-dihydro-4H-pyraz

Zﬁ’z\i/g g

éi

2. ZINC92774705 | N-[1-(2-dimethylaminoethyl)-4-piperidyl]- .
4-(m-tolyl)-3,6-dihydro-2H-pyridine-1-
carboxamide

o4
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ZINC06510089

N-(1H-benzoimidazol-2-yl)-1-(2,3-
dimethylphenyl)-5-oxo-pyrrolidine-3-
carboxamide

ZINC79841324

2,3-dimethyl-N-[4-(4-methylpiperidine-1-
carbonyl)phenyl]benzamide

ZINC69594834

1R,2R)-N-(5-isoquinolylsulfonyl)-2-
phenyl-cyclopropanecarboxamide

ZINC67523096

3-(5-butyl-1,2,4-oxadiazol-3-yl)phenyl

%
£

ZINC89866566

(4S)-4-[4-(1H-indol-3-yl)-3,6-dihydro-2H-
pyridine-1-carbonyl]imidazolidin-2-one

=T

ZINC90938461

2-[(28)-2-[[(AR)-1~(p-
tolylmethyl)propyl]amino]propyl]phthalazi
n-1-one
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thienyl)ethyl]-N'-(2-furylmethyl)oxamide

9. ZINC91444996 | 4-methyl-9-[2-(5-0x0-2-phenyl- e
cyclopenten-1-yl)acetyl]-4,9- AN ",
diazaspiro[5.5]undecan-3-one Q DC)Z

10. ZINC9104096 N-[2-(3,4-dimethylphenyl)sulfonyl-2-(2- =

Table 3.2: Chemicals formulae of selected compounds from ZINC database.

S.No. | Compound ID Chemical formula
1. ZINC15670529 C23H18F2N602

2. ZINC92774705 C22H35N40

3. ZINC06510089 C20H20N402

4. ZINC79841324 C22H26N202

5. ZINC69594834 C19H15N203S

6. ZINC67523096 C22H21N304

7. ZINC89866566 C17H18N402

8. ZINC90938461 C22H28N30
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9. ZINC91444996 C23H28N203

10. ZINC9104096 C21H22N205S2

3.2.6. Molecular dynamics simulation

The binding stability and dynamics of CLas-ZnuA1-RDS51 and CLas-ZnuAl-inhibitors
complexes at the atomistic level were studied by Molecular dynamic simulation. The simulation
studies were carried out using GROMOS96 43al force field in Gromacs 5.1.4 suite on ubuntu
based LINUX workstation [292, 293]. The topology files of the small molecules (RDS51,
ZINC15670529,  ZINC92774705, ZINC06510089, ZINC79841324, and ZINC69594834) were
generated using PRODRG [294]. The protein complexes were solvated in a cubic box of volume
716.31 nm® with 1nm marginal radii using SPC (simple point charges) model and counter ions
(Na") were added to neutralize the system [295]. To minimize the steric clashes, energy
minimization was performed by utilizing algorithm; steepest descent for 5000 iteration steps and
cut off was kept up to 1000 kJmol™?. Two different equilibration phases were carried out for
5,00,000 steps. The first phase of equilibration includes the constant number of particles, volume
and temperature (NVT) for 1ns. Further, the second phase of equilibration involved the constant
number of particles, pressure, and temperature (NPT) at 300K, for each step of 2fs. Covalent bond
constraints were done using the LINCS algorithm. Coulomb interaction and Lennard- jones were
calculated within a cut off radius of 1.4 nm. Particle Mesh Ewald (PME) with 1.6A Fourier grid
spacing was used for calculation of Long-range electrostatics [296]. A modified Berendsen
temperature coupling method, V-rescale was used to regulate the internal temperature of the box.
NPT equilibration was maintained using Parrinello- Rahman pressure coupling method. The
molecular dynamics simulation run of 20 ns was performed with a time step of 2 fs. The RMSD
(Root Mean Square Deviation), RMSF (Root Mean Square Fluctuation), Hydrogen bonds were
determined using g_rms, g_rmsf, and g_hbond respectively, within the GROMACS suite [292]. A
roughly measurement of compact factor and solvent accessible surface area (SASA) of protein was

estimated using g_gyrate tool and gmx_sasa during simulation.
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3.2.7. MMPBSA binding free energy calculation

The Binding free energy of ClLas-ZnuAl- RDS51 and CLas-ZnuAl- Inhibitor(s)
complexes was calculated using g_mmpbsa tool [297].This software employs the Molecular
Mechanic/Poisson-Boltzmann Surface Area (MMPBSA) method for calculation of the binding free
energy of interaction between protein-inhibitor(s) complexes. This tool determines the Molecular
mechanic’s potential energy (Van derWaals interaction + electrostatic) and solvation free energy
(polar + non polarsolvation energies). Average of these energy terms indicates the binding energy.
In the present work, the snapshots for every 10 ps for last 5 ns i.e. between 15 ns to 20 ns were

collected and predicted the binding energy.
3.3. Results
3.3.1. Cloning and expression of CLas-ZnuAl

The CLA genomic DNA was isolated from the infected citrus plant at NRCC Nagpur. The
presence of genomic DNA was confirmed by PCR amplification of 16S rDNA of 1160 bp
fragment using primers OI11/0O12c [298]. Directional cloning of the CLas-ZnuAl gene lacking
signal peptide from Candidatus Liberibacter asiaticus was performed using restriction digestion.
Correct insert size of 816 bp was obtained after PCR amplification and restriction digestion (Fig.
3.1). The sequencing result confirms the correct frame of the insert with no mutation. The
recombinant expression vector pET-28c having CLas-ZnuALl insert was transformed in the E.coli
BL21 host cells. Different strategies like lowering the expression temperature, changing the IPTG
concentration, expression time and different concentration of urea to solubilise the protein were

tried but all remained unsuccessful.
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TLane 1 Lane?2 Lane3

Fig. 3.1: Agarose gel electrophoresis confirming the positive clones. Lanel : PCR amplification
from the pET-28c plasmid containing CLas-ZnuAl gene (816bp), Lane2 : restriction digestion of
pPET-28c containing CLas-ZnuAl, Lane3: 100bp DNA ladder.

3.3.2. Bioinformatics analysis of CLas-ZnuAl
3.3.2.1. Prediction of the signal peptide

CLas-ZnuAl protein sequence (294 amino acids) showed the presence of 21 residues long
signal peptide at the N-terminal end as predicted by SignalP 3.0server (Figure 3.2). The nucleotide
sequence coding this signal peptide has not been included for cloning.

3.3.2.2. Physico-chemical parameters

Analysis of Different physico-chemical properties using Protparam tool revealed that CLas-
ZnuAl protein has 22920 extinction coefficient, 103.24 aliphatic index, -0.044 grand average of
hydropathicity. The CLas-ZnuAl protein containing 272 amino acid residues was estimated to

have a molecular mass of 30843.72 and isoelectric pH at 6.40.
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Figure 3.2: Prediction of the signal sequence in CLas-ZnuAl. TheSignal peptide of length 21
residues (residue 1-21) in the CLas-ZnuA1l sequence as predicted by SignalP 3.0 server.
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3.3.2.3. Model building and structure validation

The 3-dimensional structure of CLas-ZnuAl was predicted using Phyre2.0 and Swiss PDB

viewer has been used for energy minimization of the predicted model (Fig. 3.3).
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Fig.3.3: Cartoon representation of the predicted model of CLas-ZnuAl. - Strands designated as
A-E; a-helix as a-h (CLas-ZnuA2 nomenclature).

3.3.2.4.Amino acid sequence similarity search by NCBI-BLAST

A sequence similarity search of CLas-ZnuAl amino acid sequence using NCBI-BLAST
search engine in non-redundant (NR) and Protein Data Bank (PDB) databases showed homology
to metal-transporting solute binding proteins (SBPs) of TroA like superfamily as classified by
NCBI*“s Conserved Domain Database (CDD). These proteins belong to Cluster A-1 family of
substrate binding proteins.

When searched against NR database, CLas-ZnuAl showed maximum sequence similarity
to Candidatus Liberibacter africanus (69%) and Candidatus Liberibacter solanacearum (63%).
Other proteins which shared similarity belong to families Rhizobiaceae, Phyllobacteriaceae,
Comamonadaceae and Rhodospirillaceae. When searched against PDB database, CLas-ZnuAl
showed maximum sequence similarity to SBPs of Cluster A-1 family including Salmonella

enterica ZnuA (31%), Escherichia coli ZnuA (30%), Streptococcus pneumonia PsaA (27%) and
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Synechocystis ZnuA (26%). All of the above proteins are involved in binding to Mn, Zn, and Fe
Fig. 3.4. Multiple sequence alignment of CLas-ZnuAl with the related SBPs Salmonella enterica
ZnuA, Escherichia coli ZnuA Streptococcus pneumonia PsaA (27%) and Synechocystis ZnuA of
Cluster A-1 family are shown in the Fig. 3.5. MSA showed conserved residues in the related SBPs

present in the PDB blast database. These proteins are involved in uptake of Mn, Zn or Fe.

Putative conserved domains have been detected, click on the image below for detailed results.
i -1 16 154 F11] i 7

3i20d. inbersubunit interface
Superfanilies g

Trof-like superfamily

Distribution of the top 24 Blast Hits on 24 subject sequences &
Mouse over to see the title, click to show alignments

Color key for alignment scores

W40 P 4o0-s50 B so0-80 Wso-200 B>=200
= e [ :
I __AI.!I:F_.-. | -;m__!.'!_? R L
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Fig. 3.4: Sequence similarity search of CLas-ZnuAl using NCBI BLAST search tool.
Significant similar proteins (maximum 31%) were found in PDB database which belong to Cluster
A-1 family and involve in divalent metal ion transport.
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Fig. 3.5: Multiple sequence alignment of CLas-ZnuAl with other related SBPs of cluster A-1
using Clustal Omega web server. The available sequences of Cluster A-1 SBPs in protein data
bank, involved in uptake of Mn, Zn or Fe were aligned.
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The phylogenetic analysis of related Cluster A-l proteins present in NR database and PDB

database is shown in the Fig. 3.6. It includes the protein from NR database and proteins specific

forMn/Fe and Zn specific binding.

— (Clas ZnuA1

Candidatus Liberibacter africanus

Candidatus Liberibacter solanacearum

Candidatus Liberibacter americanus
— Rhizobium leucaenae

—— Agrobacterium rhizogenes
Rhizobium leguminosarum
Rhizobium undicola

Salmonella enterica ZnuA
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— Streptococcus pneumoniae PsaA
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Fig. 3.6: Phylogenetic tree of CLas-ZnuAl and related proteins present in the PDB database and
NR database constructed by the maximum parsimony method. The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (500 replicates) is shown next to
the branches. This includes the protein from NR database and PDB database, involved in uptake of
Mn, Zn and Fe metal ions. The numbers above and below the branch points indicate the confidence
levels for the relationship of the paired sequences as determined by bootstrap statistical analysis.
The tree is drawn to scale, with branch lengths measured in the number of substitutions per site.

Ramachandran plot generated by PROCHECK, depicted that 92.7% residues are in the

core region, 5.7% residues are in the allowed region, and 1.6% residues are in generously allowed

and no residues are in the disallowed region (Fig. 3.7).
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Psi (degrees)
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Phi (degrees)
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Most favoured regions (A,B,L) 227 92.7%
Additional allowed regions [a,b,1,p) 14 Do 1%
Generously allowed regions [~a,~b,~1,~p] 4 1.6%
Disallowed regions [XX]) 0 0.0%
Non-glycine and non-preline residues 245 100.0%

Fig. 3.7: Ramachandran plot of CLas-ZnuAl model, showing the distribution of amino acid based
on psi and phi angles using PROCHECK tool.

3.3.3. Virtual screening

Drug like compounds in sdf format were retrieved form ZINC database, have been used for
virtual screening of model utilizing molecular docking program Auto Dock Vina in PyRx 0.8
[286], and it generates the nine distinct poses of each ligand. Molecular Docking of RDS51 with
AutoDock Vina shows -8.7 kcal/ mole, and interaction of residue in binding site His122 and
His130.Top 50 compounds were selected by virtual screening showed binding to the active site of
the CLas-ZnuAl protein. The higher binding affinity of screened lead molecules as compared to
the reference (RDS51) indicates that they would bind more efficiently into the binding site of
CLas-ZnuAl. For evaluation of physico-chemical properties, 50 molecules were sequentially
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selected based on Lipinski’s rule of five criteria [289]. Out of 50 hits, 10 molecules were chosen
on the basis of the maximum binding affinities. The physico-chemical properties of the selected 10
molecules are shown in Table 3.3. But prior to moving further analysis, the binding of these
molecules with CLas- ZnuA1 were cross-checked through another molecular docking program.

Table 3.3.

Lipinski's Rule of Five
Physico-chemical properties (molecular weight, LogP, H-bond donor, H-bod acceptor) of all
selected ZINC IDs fulfilling the Lipinski rule of five(logP < 5,molecular weight <500 Da,
number of hydrogen bond acceptors<10, and number of hydrogen bond donors <5).

S.No. Compounds Molecular LogP H-bond H-bond | Lipinski
weight donor acceptor
(g/mol) Drug-
likeness
1. ZINC15670529 448.42 3.38 1 8 Yes; 0
violation
2. ZINC92774705 371.54 4.14 2 2 Yes; 0
violation
3. ZINC06510089 348.40 2.02 2 3 Yes; 0
violation
4, ZINC79841324 350.45 3.40 1 2 Yes; 0
violation
5. ZINC69594834 351.40 2.36 0 5 Yes; 0
violation
6. ZINC67523096 391.42 3.62 1 6 Yes; 0
violation
7. ZINC89866566 310.35 1.81 3 2 Yes; 0
violation
8. ZINC90938461 350.48 3.27 1 2 Yes; 0
violation
9. ZINC91444996 380.48 3.18 0 3 Yes; 0
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violation

10. ZINC9104096 446.54 2.94 2 5 Yes; 0
violation

3.3.4. Molecular docking

AutoDock 4.2.6 was utilized for the comparative docking study of RDS51 and potent
molecule full filling the Lipinski rule of five criteria. Overall, AutoDock Tools and AutoDock
Vina result shows that 5 compounds exhibit more binding affinity as compared to RDS51. Fig. 3.8

shows the electrostatic potential view of selected compounds in the binding site of CLas-ZnuAl.

Molecular docking binding affinities and interactions analysis are shown in Table 3.4.
Docking results reveal that five molecules exhibit higher binding affinities in range of -11.13 to -
8.71 kcal/mol as compared to RDS51 (-8.03 kcal/mol). RDS51, ZINC92774705 and
ZINC69594834 show hydrogen bonding interactions with His122 and His130 as shown in Fig. 3.9.
However, other molecules ZINC15670529, ZINC06510089, ZINC79841324 also interact with
His122 and founded in the vicinity of His130.
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Fig. 3.8: Electrostatic potential surface view of CLas-ZnuAl protein. Zoom window shows the
binding pocket with RDS51(cyan), ZINC15670529 (light blue), ZINC92774705 (magenta),
ZINC06510089 (yellow), ZINC79841324 (orange) and ZINC69594834 (light red).
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Table 3.4: A detailed summary of the docking binding affinities (kcal/mol) of selected
compounds using two different software’s (AutoDock Vina and AutoDock) and hydrogen
bonding interaction of the CLas-ZnuAl1-RDS51 complex and CLas -ZnuAl- inhibitor(s)
complexes.

S.No. | Compounds AutoDock AutoDock Interacting residues
Vina Binding Binding
affinity affinity
(kcal/mol) (kcal/mol)
1. RDS51 -8.7 -8.03 His122, His130
2. ZINC15670529 -10.2 -11.13 Ser55, His122, , Phel93,
His194
3. ZINC92774705 -9.1 -10.34 His122, His130, Phel93,
His194
4. ZINC06510089 9.1 -9.33 Gly53, Ser55,

His122,His194,Glu267

5. ZINC79841324 -9.0 9.49 Ser55, His122, His194

6. ZINC69594834 -8.9 -8.71 His122, His130, His194
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Fig. 3.9: Docking interaction analysis of A) CLas-ZnuA1-RDS51 (cyan) and CLas-ZnuAl with
B) ZINC15670529 (light blue), C) ZINC92774705 (magenta), D) ZINC06510089 (yellow), E)
ZINC79841324 (orange) and F) ZINC69594834 (light red) complexes. Interacting residues of
CLas- ZnuAl are shown in sticks colored by atom type, carbon in green, nitrogen in blue and
oxygen in red. The interactions are shown as broken red lines.
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3.3.5. Molecular dynamics simulation

Molecular dynamics (MD) simulations were performed to understand the variation
occurring in the protein-ligand system at atomistic level and articulate on the stability of the
protein-ligand complex in the dynamic environment. The MD simulations have been carried out in
order to explore the dynamic movement intricate during binding of inhibitors to CLas-ZnuAl. In
the present study, we investigated the various molecular simulation results such as RMSD, RMSF,
radius of gyration (Rg), SASA, hydrogen bond formation and length distribution throughout the

simulation.
3.3.5.1. Root mean square deviation (RMSD)

The dynamic stability and conformation variation existing in the Ca backbone of the CLas-
ZnuAl- RDS51 complex and CLas-ZnuAl inhibitor(s) were studied by monitoring the RMSD of
the sampled structure during the simulation. RMSD plot indicates that most of the protein-ligand
complexes attained equilibrium at 9 ns and system found to be stable up to 20 ns, during the MD
simulation as shown in Fig. 3.10A. The comparison of the average RMSD values of the CLas-
ZnuAl-inhibitor(s) complexes with the reference CLas-ZnuA1-RDS51 complex is shown in Table
3.5. The RMSD values show fluctuation within the range of 0.24 nm to 0.38 nm for all complexes.
RMSD plots suggested that there is no large changes were observed in the Ca backbone RMSD
arrangement patterns of the CLas-ZnuAl-inhibitor(s) complexes as compared to CLas-ZnuAl-
RDS51 complex. Ligand RMSD of inhibitor(s) and RDS51 is shown in Fig. 3.10B.
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Fig. 3.10: Root mean square deviation of protein-inhibitor(s) complexes and inhibitor(s) only.
RMSD plots showing; A) CLas-ZnuAl- RDS51 and CLas-ZnuAl- inhibitor(s) complexes, B)
reference RDS51(black) and inhibitors: ZINC15670529 (red) , ZINC92774705 (green) ,
ZINC06510089 (blue), ZINC79841324 (pink) and ZINC69594834 (cyan) for 20 ns MD
simulation.
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All the inhibitors show less RMSD as compared to the RDS51 (0.25 nm) which clearly
suggested that binding of inhibitor(s) are more static and stable as compared to RDS51. Overall
RMSD, results show that the binding of inhibitor(s) at the binding site of CLas-ZnuAl was stable
and do not affect the stability of Ca backbone of protein.

Table 3.5: Average values of RMSD , RMSF, radius of gyration, SASA and intra-H bond of
CLas ZnuA1-RDS51 complex and CLas-ZnuAl- inhibitor(s) complexes.

S.No. | Compounds Average Average Average | Average Average Intra-H
Protein ligand RMSF | Radius of SASA bond
RMSD RMSD gyration(nm) A numbers
(nm) (nm) (nm)
(nm)
1. RDS51 0.34 0.23 0.17 1.95 131.37 1307
2. | ZINC15670529 0.27 0.11 0.13 1.89 132.04 1310.6
3. | ZINC92774705 0.31 0.16 0.13 1.90 134.92 1309.3
4. | ZINC06510089 0.28 0.16 0.15 1.89 134.63 1314.6
5. | ZINC79841324 0.37 0.07 0.12 1.87 132.26 1316.2
6. | ZINC69594834 0.26 0.19 0.12 1.94 131.24 13121
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3.3.5.2. Root mean square fluctuation (RMSF)

RMSF calculates the flexibility of the backbone of protein after fitting to the frame of
reference. It refers to the fluctuation occur in the Ca atoms from its average position throughout
the molecular simulation. Generally, the high RMSF values indicate the loosely organized loops,
while less flexibility was shown by secondary structural elements in the protein. Here, we
determined the residue mobility for each protein-ligand complex and plotted against the amino
acid residues number according to MD simulation trajectory. The RMSF fluctuation profiles of
CLas-ZnuAl-inhibitors complexes were almost comparable to CLas-ZnuA1-RDS51 complex as
shown in Fig. 3.11. The Average RMSF of CLas-ZnuA1l-inhibitors are in the range of 0.11 nm to
0.15 nm while the average RMSF value of CLas-ZnuA1-RDS51 is 0.16 nm as shown in Table 3.5.
Therefore, the overall results of RMSF showed that the inhibitors were well fitted in the binding

cavity of CLas-ZnuA1 and do not much fluctuate in the CLas-ZnuAl cavity.
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Fig. 3.11: Root mean square fluctuation profiles of CLas-ZnuAl- RDS51 (black) and CLas
ZnuAl- ZINC15670529 (red) , CLas-ZnuAl- ZINC92774705 (green) , CLas-ZnuAl-
ZINC06510089 (blue), CLas-ZnuAl- ZINC79841324 (pink) and CLas-ZnuAl- ZINC69594834
(cyan) inhibitor(s) complexes during 20 ns MD simulation.
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3.3.5.3. Radius of gyration (Rg)

Radius of gyration (Rg) demonstrated the overall compactness of the protein throughout
molecular dynamics. It is the distance between the centre of mass of all atoms of protein and its
terminal in a particular time interval. The less variation in the value of Rg indicates a stably folded
protein. The plot of variation in value of Rg versus time is represented in Fig. 3.12. The overall
result suggested the compactness of CLas-ZnuAl-inhibitor(s) complexes is comparable to CLas-
ZnuA1-RDS51 complex (Table 3.5). It also explains that secondary structure is packed compactly
in case of CLas- ZnuAl-inhibitor(s) and thus forms stable complexes.
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Fig. 3.12: Radius of gyration of CLas-ZnuAl-RDS51(black) and CLas-ZnuAl-
ZINC15670529 (red) , CLas-ZnuAl- ZINC92774705 (green) , CLas-ZnuAl- ZINC06510089
(blue), CLas-ZnuAl- ZINC79841324 (pink) and CLas-ZnuAl- ZINC69594834 (cyan) inhibitor(s)
complexes during 20 ns MD simulation.
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3.3.5.4. Solvent accessible surface area (SASA)

SASA displayed the probe of the centre of the solvent molecule as it rolls over the van der
Waals surface of the receptor molecule. SASA of a protein decreases with increment in
compactness of protein, so a change in SASA can predict the change in the structure of a protein.
SASA plot of CLas-ZnuAl-inhibitor(s) complexes is similar to CLas-ZnuA1-RDS51 complexes
represented in Fig. 3.13. An.overall result of SASA suggests the stable complex formation of the
CLas-ZnuAl- inhibitor(s) (Table 3.5).
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Fig. 3.13: Solvent accessible surface area profiles of CLas-ZnuAl- RDS51(black) and CLas-
ZnuAl- ZINC15670529 (red) , ClLas-ZnuAl- ZINC92774705 (green) , ClLas-ZnuAl-
ZINC06510089 (blue), CLas-ZnuAl- ZINC79841324 (pink) and CLas-ZnuAl- ZINC69594834
(cyan) inhibitor(s) complexes during 20 ns MD simulation.
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3.3.5.5. Hydrogen bond analysis

Hydrogen atom covalently attached to an electronegative atom can form hydrogen bonds
within the molecule or with other electronegative atoms. Hydrogen bond was generated within a
range of 3.5A between acceptor and donor. The g_hbond of GROMACS utility was used to
investigate the number and distribution of hydrogen bond in the CLas-ZnuAl- inhibitors and
CLas-ZnuAl1-RDS51 complexes in order-to calculate the system stability through the molecular
simulation period of 20ns. Intra-molecular hydrogen plot in CLas-ZnuA1-RDS51 and ClLas-
ZnuAl-inhibitor(s) complexes is shown in Fig. 3.14A. The average number of intra-molecular
hydrogen bonds formed in CLas-ZnuA1-RDS51 and CLas-ZnuAl-inhibitor(s) are shown in Table
3.5. The average number of intra-molecular results shows that CLas-ZnuA1- inhibitor(s) complex
are in the range of 1309 t01316 while complex of CLas-ZnuAl - RDS51 has 1307. Inter-molecular
hydrogen bonding result shows that CLas-ZnuAZl-inhibitor(s) complexes possessed the minimum
of four hydrogen bonds during the MD simulation as represented in Fig. 3.14B. The distribution of
hydrogen bond lengths suggested the CLas- ZnuAl-inhibitor(s) complexes form hydrogen bond
from high to low affinity which is related to CLas-ZnuA1-RDS51 complex as represented in Fig.
3.14C. Overall, hydrogen bonds results show that the binding of inhibitors results in stable

complexes as compared to RDS51.
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Fig. 3.14: Hydrogen bond analysis of ClLas-ZnuAl-RDS51(black) and CLas-ZnuAl-
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3.3.5.6. MMPBSA binding free energy calculation

The quantitative estimation of binding potential of the ligand was determined using free
binding energy calculation analysis. The binding free energies of all complexes were calculated
using MMPBSA. MMPBSA uses the trajectories of 15 ns to 20 ns of all complexes for
determination of the binding energy of the complexes. The results indicate the binding energy of
CLas-ZnuAl inhibitor(s) complexes show higher binding energy than CLas-ZnuA1l-RDS51 as
represented in Table 3.6. The binding free energy clearly shows that CLas-ZnuAl-inhibitors
complexes were stable. It confirms that these inhibitors bind efficiently in the active site of CLas-
ZnuAl and block the Zn metal binding to the CLas-ZnuA1 protein.
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Table 3.6: Binding free energies calculation of CLas-ZnuA1-RDS51 complex and CLas-ZnuAl-inhibitor(s) complexes

by MMPBSA.

S Compound Van der Waals Electostatic Polar solvation SASA energy (kJ/mol) | Binding energy

NO energy (kJ/mol) energy (kJ/maol) energy (kJ/mol) (kJ/mol)

1. RDS51 -273.141 +/- | -7.190 +/- 0517 | 137.181 +/- 0.863 | -12.542 +/- 0.191 -155.706 +/- 0.662
0.589

2. ZINC15670529 | -252.916 +/- | -33.802 +/- | 103.653 +/- 0.632 | -34.986 +/- 0.181 -218.052 +/- 0.621
0.546 0.543

3. ZINC92774705 | -179.291 +/- | -31.777 +/- | 33.909 +/- 8.069 -14501 +/- 0.353 -191.366 +/- 7.289
11.148 3.618

4. ZINC06510089 | -219.980 +/- | -40.165 +/- | 94.788 +/- 0.641 -18.456 +/- 0.039 -183.853 +/- 0.760
0.703 0.360

5. ZINC79841324 | -201.041 +/- | -6.740 +/- 0.483 | 51.157 +/- 0.493 -17.281 +/- 0.055 -173.896 +/- 0.548
0.545

6. ZINC69594834 | -109.349 +/- | -188.295 +/- | 163.146 +/- 10.133 | -26.553 +/- 0.422 -161.167 +/- 1.566
3.819 6.462
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3.4. Discussion

For decades, the control and management of the HLB disease caused by Candidatus species
is limited to chemically control psyllids, and removal of infected trees [299]. However, these
efforts have not been able to completely eradicate the HLB disease. An approach of chemotherapy
in conjunction with thermotherapy could be beneficial for HLB control, and extension of the life of
fruit production of the citrus tree infected with HLB [300, 301]. Structural based virtual screening
and molecular docking method have been used to discover the potent molecule to initiate synthesis
of effective antimicrobial compounds [302, 303]. Molecular docking and simulations studies were
utilized to predict the efficiency of binding of the ligand with macromolecules [304, 305]. In this
study, we report the homology modeling of CLas-ZnuAl and further virtual screening and

simulation study to identify the novel potent antimicrobial compound(s).

The present study reports the successful search of novel compounds might be able to inhibit
the CLA growth by interfering with the activity of ZnuA, a periplasmic component of ZnuABC,
involved in the binding to Zn metal. The identified compounds might be suggested to affect the
CLA vitality and specifically target the periplasmic component of ZnuABC transporter system,
ZnuAl (CLas-ZnuAl). This protein was selected as target, because its inactivation dramatically
reduces pathogenicity and colonization of host by CLA as well as other Gram-negative bacteria
[141, 306].

CLas-ZnuAl gene Candidatus Liberibacter asiaticus was cloned and followed by
computational analysis. The three dimensional model of CLas-ZnuA1l consists of five B-strands
and eight a-helices connecting through loops. The Ramachandran plot analysis ensures the
reliability and quality of the Model. Furthermore, this valid model was used for virtual screening

of drug-like molecules.

Virtual screening can provide a valuable contribution to the discovery of novel
compound(s); various software’s have been designed for this purpose [307]. In several projects of
drug discovery, the virtual screening technology has been a powerful contributor to search the
new molecule on the basis of the model and their binding site residue [307, 308]. The predicted
binding site of CLas-ZnuAl was the target for virtual screening to evaluate the binding affinity of

the inhibitor(s). The top identified 50 novel compounds were fulfilling the Lipinski rule of five
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criteria. Out of 50, 10 compound(s) were showing the maximum binding affinity. The comparative
study of selected potent compounds was made using another molecular docking program Auto
Dock 4.2.6. The Result of molecular docking showed that five compounds ZINC15670529,
ZINC92774705, ZINC06510089, ZINC79841324, and ZINC69594834 exhibit more binding
affinities as compared to RDS51. ZINC92774705 and ZINC69594834 forms hydrogen bonding
with His122, His130 and His194 additionally, ZINC92774705 interacts with Phe193. Both make
hydrophobic interaction with 11e30, Pro57, Phe86, and Trpl132. Also, ZINC92774705 interacts
with Leud9, Val51, Met83, Phel93, Met213, and Phe245 through hydrophobic
interaction.ZINC15670529, ZINC06510089 and ZINC79841324 form hydrogen bonding with
Ser55, His122 and His194, moreover ZINC15670529 interacts with Phe193 and, ZINC06510089
interacts with Gly53 and Glu267. ZINC15670529, ZINC06510089, and ZINC79841324 interacts
with 11e30, Val51, Pro57, Phe86 through hydrophobic interaction, additionally, ZINC15670529
interacts with Leu59, Met83, Trp132, Tyrl97, Phel93, Phe245 and both showed hydrophobic
interaction with Ala54 whereas, in comparison to these compound(s) reference molecule RDS51
forms only, hydrogen bond with residue His122 and His130, and make hydrophobic interaction
with Ala54, Pro57, Met83, Pro243, Pro266 and Met269 ( Fig. 3.9, Fig.3.15 and Table 3.4). The
comparison of binding energies indicates the higher strength of bindinginteraction of these selected

compounds than reference molecule RDS51 (Table 3.4).
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To understand the structural and conformational variation, protein-ligand complexes were
subjected to molecular dynamics simulation. The overall RMSD value revealed that CLas-ZnuAl-
inhibitor(s) was forming stable complexes. All the predicted inhibitor(s) showed less RMSD value
as compared to RDS51 (0.25 nm) indicated the static and stable binding of inhibitor(s) to CLas-
ZnuAl protein. The overall value of RMSF concluded that all the predicted inhibitor(s) were well
established in the CLas-ZnuAl protein cavity without causing much fluctuation in the protein-
ligand complex. The less variation in the value of the radius of gyration of ClLas-ZnuAl-
inhibitor(s) as compared to CLas-ZnuAl - RDS51 complex suggested that the protein is compactly
packed and maintaining the rigidity of the CLas-ZnuAl-inhibitor(s) complexes.

Further, SASA and hydrogen bonding results also reveal that protein-inhibitor(s)
complexes maintain the stability as compared to protein-RDS51 complex.

An increase in the binding free energies of all the inhibitor(s) related to RDS51, obtained
from MMPBSA estimation, indicating the ability of the screened novel compound(s) to bind to the
cavity of CLas-ZnuAl more efficiently. From molecular dynamics analysis, we concludes that, all
the inhibitors were suggested to be a novel potent molecule(s) to block the binding of Zn(ll) in the
active site of CLas-ZnuA1l protein and affect the sequestration or uptake of Zn metal ion by this

protein, thus interferes the activity of ZnuABC transporter system.
3.5. Conclusion

In conclusion, ZnuA1l, a periplasmic component of the ZnuABC transport system, involved
in the capture of Zn in Gram-negative bacteria like CLA, may be a good target in search of potent
antibacterial agents. In silico-analysis such as structure-based virtual screening was carried out to
identify the potent ZnuAl inhibitors of CLA. Out of 50 screened compounds, 10 molecules
showing good binding affinity fulfilling the Lipinski rule of five. The molecular docking was used
to analyse the interaction of screened compounds with the CLas-ZnuAl. Molecular docking
studies showed the higher docking binding affinity in comparison to positive control RDS51. Five
molecules were selected for further analyze on the basis of comparison of the binding affinity
energy of the AutoDock Tools and AutoDock Vina. The minimization studies confirm that all the
selected compounds ZINC15670529, ZINC92774705, ZINC06510089, ZINC79841324, and
ZINC69594834 bind to the CLas-ZnuAl more efficiently and inhibit the binding of Zn and
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subsequently, affect the activity of ZnuABC transport system in CLA. All of the above findings
suggested that the selected compounds might be good inhibitors of CLas-ZnuALl protein. Thus, we
feel that these selected novel lead compounds provide a path for further innovation and
development of antimicrobial compounds against CLA. In Future, biochemical characterization

and in-vitro assays will help to confirm the binding of screened inhibitors with CLas-ZnuALl.
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CHAPTER 4

CLONING AND STRUCTURE BASED IDENTIFICATION OF INHIBITORS
AGAINST Esbp FROM CANDIDATUS LIBERIBACTER ASIATICUS

4.1.Introduction

Citrus Greening (huanglongbing) is a widespread, extremely destructive citrus plant
disease. HLB is associated with three species of unculturable, phloem-limited, fastidious -
proteobacteria; Candidatus Liberibacter asiaticus’ (Las), ‘Ca. L. africanus’ (Laf) and ‘Ca. L.
americanus’.. [146, 267, 268]. It is transmitted by Asian citrus psyllid (Diaphorina
citri Kuwayama) [169]. Out of three, Las is the most virulent and widely distributed. HLB disease
symptoms include blotchy chlorosis and /or mottling of leaves: stunted growth: malformed fruits
and finally death [146]. This disease is difficult to manage and to the date, there is no strategies
developed which can eradicate it completely. The only recommended control strategy is to remove
the infected plant and chemically control the psyllids [299]. In this study, CLas-Esbp was used as a
target for virtual screening and molecular docking program to identify the compounds against the
Candidatus Liberibacter asiaticus.

Metal ions are vital components of the biological system. Iron is an essential nutrient
required for survival of the most of the living organisms [309]. Because of its versatile
coordination properties and tunable oxidation-reduction state, it is an essential element in several
chemical reactions needed for the survival of microorganism in an oxygen environment [310]. Iron
is the fourth most abundant element found in the earth’s crust, and due to extremely less solubility
of Fe** (~101 M) at neutral pH, it’s not readily available to the microorganism. It is the major
component of a wide number of enzymes including ribonucleotide reductase and cytochromes. It is
present in proteins used in metabolic processes from dioxygen transport and energy transducing
pathways to hydrogen and nitrogen fixation [311]. However, reduced Fe?* is highly soluble, which
can increase the generation of highly reactive free radical by Fenton chemistry. These toxic free
radicals specifically damage the membrane lipids by initiating the unsaturated bonds formation,
decrease the fluidity of membrane and promote cell lysis. Therefore, it becomes necessary that
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living system balance the chemical atmosphere of iron. For many microbial pathogens, it is a

restricted factor for colonization and infection [312].

Most of the living system has developed an exclusive system for sequestration, transport,
and storage of this essential trace element to retain in a non-toxic state. In response to the matter of
iron inadequacy, Gram-negative pathogenic microorganisms have developed a range of various
high- affinity iron uptake systems for survival. One strategy through which bacteria can overcome
the problem of iron scarcity is the synthesis of small iron chelators termed as “siderophores” [313,
314].

Most of the siderophores are produced by large multienzyme synthases that show
resemblance to the fatty acid synthases of eukaryotes [315-317]. Once siderophores are delivered
within the bacterial cell, iron is discharged from siderophores and reduction of siderophore-bound
Fe3* to Fe?* was carried out by the action of enzymes [318]. This Fe?* can be directly assimilated
into metalloenzymes, or if it is in excess, can be stored in bacterioferritin or in the associated Dps
proteins [319]. An alternate of iron uptake system, also used by Gram-negative bacteria has been
found in many human and veterinary diseases causing microorganism[320, 321]. These bacteria
consist of an outer membrane receptor which directly involved in acquisition of iron from
transferrin and/or lactoferrin. Further transport across the membrane is facilitated by the ATP-
binding cassette (ABC-type) transport system. This system works by using the solute binding
protein (SBPs) to capture the molecule and deliver the substrate for translocation by
transmembrane domain of ABC transporter powered by the hydrolysis of ATP by nucleotide
binding domain of the membrane [35]. This transport system refers to the superfamily of ATP-
binding cassette transporters which includes a large range of import and export system exist in
prokaryotes and eukaryotes [13]. Therefore, affecting the binding process of iron by identifying the
small molecule inhibitor at the metal binding site will interrupt the function of CLas-Esbp and thus
inhibit the iron uptake process, and this strategy could be used in the discovery of antimicrobial

agent against the pathogenic microorganism.

In the present study, CLas-Esbp gene was cloned and further studied by in-silico analysis.
Homology modeling was used to predict the 3-dimensional structure of CLas-Esbp. Drug-like
molecules were retrieved from the ZINC database and used for virtual screening. 50 molecules
were screened and checked on the basis of Lipinski rule of five. On the basis of Molecular docking
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program, AutoDock Tools and AutoDock Vina, we selected the 3 molecules, having maximum
binding affinity score. In order to better understand the stable behaviour of the protein-ligand
complex(s), complex(s) were subjected to molecular dynamics (MD) simulation and molecular
mechanic/Poisson-Boltzmann Surface Area (MMPBSA) was employed for binding free energy
calculation. This approach is providing an idea in designing the antimicrobial agent against

pathogenic bacteria CLA to manage the spreading of HLB in citrus orchids.
4.2.Material & Method
4.2.1.Cloning and expression of CLas-Esbp

The genomic DNA of CLA was isolated from infected sweet orange (Citrus sinesis) at
NRCC Nagpur, Maharashtra. CLas-Esbp gene (CLIBASIA 02250) encoding protein of 166 amino
acids lacking signal sequence was amplified using the forward primer ESBP FP-5- AAT ACA
TAT GAC GGA AAA TAC TAC CAA ATATTT GAC -3' and reverse primer ESBP RP- 5'- AAT
ACT CGA GCT ATC GCT TGT ATT TGG TC -3’ with Ndel and Xho1 site respectively. The 50
pl PCR amplification mixture had SuL of 5X reaction buffer, 1uL of ANTP mixture (each dANTP,
2.5 mmol/uL), 1uL of each primer (20 pmol/uL), 2 uL of the template DNA (100 ng/uL) and
0.5uL of Taqg DNA polymerase enzyme (New England BioLabs, USA). The PCR program was set
as; initial denaturation at 94-C for 4 min followed by 30 cycles at 94-C for 45 s, at 59°C for 45 s, at
72°C for 90 s, and final extension for 10 min at 72°C and stored at 4°C. The amplified product was
purified by using QIAquick Gel Extraction Kit (QIAGEN, Germany). The restricted amplicon was
ligated in restricted pET-28c and transformed in E.Coli XL1-Blue cells and sequenced from
Eurofins Scientific India Pvt Ltd, Bengaluru, India. The recombinant CLas-Esbp was transformed
in the E.coli BL21 host cells for expression of the protein in the presence of antibiotics; kanamycin
(30 pg/ml) and chloramphenicol (35 pg/ml). Overexpression was tried to optimize using the
different concentration of IPTG (0.1-1.0mM) and at different temperature (16-37 °C).

4.2.2.Sequence analysis

Initially, BLAST tool was used for sequence search at NCBI web site

(www.ncbi.nlm.nih.gov). SignalP 3.0 server was used for the prediction of putative signal peptide

sequence [276]. An EXPASYy tool, ProtParam (http://web.expasy.org/protparam/) was used for
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determination of Physico-chemical properties such as GRAVY (grand average of hydropathy),

aliphatic index (Al), extinction coefficients, isoelectric point (pl), and molecular weight.

4.2.3.Homology modeling and Structure validation

Three-dimensional structure of CLas-Esbp was built by using Phyre 2.0 [282]. ModLoop
program was used for the refinement of disorder region of the model [283]. Swiss PDB viewer
4.10 has been used for energy minimization of the predicted model [284]. PROCHECK,
validation server was used to check the quality of the predicted model [261]. The picture of the

model was made by using Chimera [265].
4.2.4.Virtual screening

Drug-like molecules were retrieved from the ZINC DATABASE (http://zinc.docking.org),

further minimization of the energy was done. All molecules were converted into pdbqt format
using Open Babel in PyRx 0.8 for virtual screening [265, 286, 287]. All the retrieved molecules
were undergone for docking against the binding site of the modeled protein by employing PyRx
0.8 along with AutoDock Vina [286]. SWISSADME, an online tool was used to check the
molecular properties of the screened molecules subsets [288]. These subsets must be in the range
of Lipinski rule of five criteria [289]. This rule suggests the most “drug-like” molecules must
exhibit molecular weight < 500 Da, logP < 5, number of hydrogen bond donors<5, and number of

hydrogen bond acceptors <10.
4.2.5.Molecular docking

AutoDock was used to perform the docking of the screened molecules with modeled CLas-
Esbp protein. AutoDock employs a semi-empirical free energy force field to calculate the binding
free energy of ligand to receptor, protein molecule. AutoDock Tools 4.2.6 was utilized to add the
explicit hydrogen molecules and associated Kollman charges (14.016) to the receptor molecule and
saved in pdbgt format [290]. 10 molecules used for docking with protein are: ZINC03143779,
ZINC05491830,  ZINCO08750867,  ZINC14671545,  ZINC19210425,  ZINC36682252,
ZINC36682254, ZINC48279035, ZINC63868855 and ZINC86208064. The chemical name and

structure of all molecules are shown in Table 4.1 Before saved in pdbqgt format, Gasteiger charges
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were added to the ligand. The torsional degrees of freedom of ligand molecule were specified by
the flexibility of the ligand. AutoGrid 4 was utilized to generate the grid map with a spacing of
0.375 A. The dimension and centre point coordinates of the grid box were set as 50 A x 50 A x 50
A and 28.548, 30.477, 14.424 respectively. Lamarckian genetic algorithm was adopted for the
molecular docking program. Docking was performed with default parameters, except total GA runs
number which was increased from 10 to 100. The maximum binding affinity pose was studied
along with interactions. PyMol protein viewer tool was used for structural analysis and
visualization of the protein [264]. Molecular docking interactions figures were prepared using
PyMol and Maestro [322].

Table 4.1: Chemical name and structure of selected compounds from ZINC database.

S.N' | Compound ID | Chemical name Structure

1= ZINC03143779 | N-[(1S)-2-[(N'E)-N'-[(2-
hydroxy-1-
naphthyl)methylene]hydrazin
0]-2-keto-1-(4-keto-3H-
phthalazin-1-yl)

2. ZINC05491830 | N-(cyclohexylcarbamoyl)-2-
[5-(p-tolyl)tetrazol-2-yl]-
acetamide

3. ZINC08750867 | N-[(1,1-dioxothiolan-3- o
yl)carbamoyl]-2-[(4- ;g%n
phenylimino-3H-quir_1azoIin- w
2-yl)sulfanyl]acetamide

4. ZINC14671545 | (NZ)-N-[[2-(5-chloro-1H- i
s
indol-3-yl)ethylamino]-[(4,6- . : j

dimethylpyrimidin-2- Wy
yl)amino]methylene]-2-fluor " é
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ZINC19210425

(4S)-1-cyclohexyl-4-[6-
hydroxy-2-(p-
tolylmethylamino)pyrimidin-
4-yl]pyrrolidin-2-one

ZINC36682252

N-[5-(3,5-dimethylphenyl)-
1,3,4-oxadiazol-2-yl]-4-
[[(3S)-3-methyl-1-
piperidyl]sulfonyl]benzamide

ZINC36682254

N-[5-(3,5-dimethylphenyl)-
1,3,4-oxadiazol-2-yl]-4-
[[(3R)-3-methyI-1-
piperidyl]sulfonyl]benzamide

ZINC48279035

N-[3-[[2-(2,5-difluorophenyl)-
1H-benzimidazol-5-
ylJamino]-3-oxo-propyl]-2-
methyl-benzamide

ZINC63868855

N-[2-(2H-benzimidazol-2-
yl)ethyl]-4-[(5R)-2,3,5-
trimethyl-1,5-dihydropyrazol-
4-yl]pyrimidin-2-amine
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10. | ZINC86208064 | 2,2-dimethyl-N-[2-methyl-5-
[(5-phenyl-1,2,4-oxadiazol-3- Q\(’\N

yl)methylamino]phenyl]propa N_K,_“

namide @

4.2.6. Molecular dynamics simulation

Molecular dynamics simulation was performed to study the binding stability and dynamics
of CLas- Esbp-inhibitor complex(s) at an atomistic level. The simulation studies were carried out
using GROMOS96 43al force field in Gromacs 5.1.4 suite on ubuntu based LINUX workstation
[292, 293]. The topology files of the small molecules (ZINC03143779, ZINC05491830, and
ZINC19210425) were created by using PRODRG [323]. The protein complexes were solvated in a
cubic box of volume 719.49 nm®with 1nm marginal radii using SPC (simple point charges) model
and counter ions were added to neutralize the system [295]. To reduce the steric clashes, energy
minimization was done using algorithm; Two different equilibration phases were carried out for
5,00,000 steps. The first phase of equilibration includes a constant number of particles, volume and
temperature (NVT) for 1ns. Further, second phase of equilibration involved constant number of
particles, pressure, and temperature (NPT) at 300K, for each step of 2fs. LINCS algorithm was
used to constraints the covalent bond. Coulomb interaction and Lennard- jones were determined
within a cut off radius of 1.4 nm. Particle Mesh Ewald (PME) with 1.6A Fourier grid spacing was
used for determination of Long- range electrostatics [296]. A modified Berendsen temperature
coupling method, V-rescale was used to control the internal temperature of the box. Parrinello-
Rahman pressure coupling method was used to maintain the NPT equilibration. The molecular
dynamics simulation run of 30 ns was performed with a time step of 2 fs. The RMSD (Root Mean
Square Deviation), RMSF (Root Mean Square Fluctuation), Hydrogen bonds were determined
using g_rms, g_rmsf, and g_hbond respectively, within the GROMACS suite [292]. A roughly
measurement of the compact factor and solvent accessible surface area (SASA) of protein was

estimated using g_gyrate tool and gmx_sasa during simulation.
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4.2.7. MMPBSA binding free energy calculation

The binding energy, AGuing, Was calculated using the following equation, from the free

energy of the receptor-ligand complex (Gric) with respect to the unbound receptor (Grec) and ligand
(Giig):

AGbind = Grlc— (Grec + Glig)

On the basis of the complete thermodynamic cycle, MMPBSA permits the calculation of
binding free energy, including ligand and protein desolvation energies. The binding energy
includes the average of potential energy in the vacuum, polar-solvation energy, and non-polar
solvation energy, respectively. g_mmpbsa tool was used for determining the binding energy of the
protein-ligand complexes [293]. In the present work, the snapshots for every 10 ps for last 5 ns

were collected and predicted the binding energy.

4.3. Results
4.3.1. Cloning and expression of CLas-Esbp

The presence of CLA genome was confirmed by PCR amplification of 16S rDNA bp
fragment using primers OI1/012c [298]. Cloning of the CLas-Esbp gene without signal peptide
from Candidatus Liberibacter asiaticus was performed by using restriction digestion. The correct
size of 498bp was obtained after PCR amplification and restriction digestion (Fig. 4.1). Further, the
sequencing result confirms the correct frame of the insert and no mutation. The recombinant
expression vector pET-28c having CLas-Esbp insert was transformed in the freshly prepared
competent E.coli BL21 host cells. Various approaches like decreasing the expression temperature,
changing the IPTG concentration, expression time and different concentration of urea to obtain the

protein in soluble were tried but all efforts remained unsuccessful.
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Lanel Lane2 Lane3

Fig. 4.1: Agarose gel electrophoresis confirming the positive clones. Lane 1 : PCR
amplification from pET-28c plasmid containing CLas-Esbp gene (498bp) , Lane2 : restriction
digestion of pET-28c containing CLas-Esbp, Lane3 : 100bp DNA ladder.

4.3.2. Bioinformatic analysis

4.3.2.1. Prediction of the signal peptide

CLas-Esbp protein sequence showed (195 amino acids) presence of 21 residues long signal
peptide sequence at the N-terminal end as predicted by SignalP 3.0 server (Fig. 4.2). The

nucleotide sequence coding this signal peptide has not been included for cloning.
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Fig. 4.2: Prediction of the signal sequence in CLas-Esbp. Signal peptide of length 21 residues
(residue 1-21) in the CLas-Esbp sequence as predicted by SignalP 3.0 server.

4.3.2.2. Amino acid sequence similarity search by NCBI-BLAST

A sequence similarity search of CLas-Esbp amino acid sequence using NCBI-BLAST
search engine in non-redundant (NR) and Protein Data Bank (PDB) databases showed homology
to periplasmic solute binding proteins of type 2 superfamily as classified by NCBI’s Conserved
Domain Database (CDD). These proteins belong to ABC transporter substrate-binding protein.

When searched against NR database, CLas-Esbp shared maximum sequence identity to iron
ABC transporter substrate-binding protein from Rhizobium rhizosphaerae (31%). Other protein
which shares similarity belongs to families Micromonosporaceae, Streptomycetaceae and
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Hyphomicrobiaceae. When searched against PDB blast containing known structures, CLas-Esbp
shared sequence identity to iron binding protein YfuA from Yersinia enterocolitica (24 %) andiron

free SfuA from Serratia marcescens (22%) (Fig. 4.3).

Putative conserved domains have been detected, click on the image below for detailed results.
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Figure 4.3: Sequence similarity search of CLas-Esbp using NCBI BLAST search tool.

4.3.2.3. Physico-chemical parameters

The Physico-chemical properties were analyzed by using an ExXPASy tool, ProtParam
which reveals that CLas-Esbp protein has 11460 extinction coefficient, 99.82 aliphatic index, -
0.369 grand average of hydropathicity. The CLas-Esbp protein containing 166 amino acid residues

was estimated to have a molecular mass of 19047.13 Da and isoelectric pH at 9.79.

4.3.2.4. Model building and structure validation

Phyre 2.0 server was used for prediction of the 3-dimensional structure and further energy

minimization was done by using Swiss PDB viewer (Fig. 4.4.).
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Fig. 4.4: Cartoon representation of the 3-dimensional model of the CLas- Esbp protein.
The Ramachandran plot analysis was performed using PROCHECK which depicts the 87.3

% residues are in the core region, 11.3 % residues are in the allowed region, and1.3 % residues are

in generously allowed and no residues are in the disallowed region (Fig. 4.5).
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Fig. 4.5: Ramachandran plot of CLas- Esbp model, showing the distribution of amino acid based
on psi and phi angles using PROCHECK tool.

4.3.3. Virtual screening

ZINC database was used for the retrieval of the drug-like molecules in the sdf format,
which have been used for the virtual screening of the predicted structure by using molecular
docking program, Auto Dock Vina in PyRx 0.8 [286]. Each ligand was generated in nine distinct
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poses. Top 50 molecules were chosen by the virtual screening which showed the binding with
CLas-Esbp protein. An online tool, SWISSADME was used for evaluation of the physico-chemical
properties which showed that all molecules were found to be in the range of the Lipinski’s rule of
five criteria [289]. The physico-chemical properties of selected 10 molecules are shown in Table
4.2. The top 10 molecules based on the maximum binding affinity, were selected for further
analysis. However, to achieve the docking accuracy, binding of the all selected molecules with the

CLas-Esbp was checked through another molecular docking program.

Table 4.2: Physico-chemical properties (molecular weight, LogP, H-bond donor, H-bod
acceptor) of all selected ZINC IDs fulfilling the Lipinski rule of five(logP < 5,molecular
weight <500 Da, number of hydrogen bond acceptors<10, and number of hydrogen bond
donors <5).

S.No. | Compounds Molecular LogP H-bond H-bond | Lipinski

weight donor acceptor ]

(g/mol) Druglikeness

1. ZINC03143779 491.50 2.50 4 6 Yes; 0
violation

2. ZINC05491830 342.40 1.84 2 5 Yes; 0
violation

3. ZINC08750867 471.55 2.33 3 6 Yes; 0
violation

4, ZINC14671545 463.91 3.24 2 6 Yes: 0
violation

5. ZINC19210425 380.48 3.17 2 3 Yes; 0
violation

6. ZINC36682252 454,54 3.45 1 7 Yes; 0
violation

7. ZINC36682254 454,54 3.70 1 7 Yes; 0
violation

8. ZINC48279035 434.44 2.44 3 5 Yes: 0
violation

9. ZINC63868855 351.45 3.13 4 3 Yes; 0
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violation

10. ZINC86208064 364.44 3.62 2 4 Yes; 0
violation

4.3.4. Molecular docking

Molecular docking program Autodock 4.2.6 was used to perform the docking study of the
selected novel molecule fulfilling the range of the Lipinski rule of five criteria. 3 molecules were
further selected on the ‘basis of the comparison of the binding affinity energy, showed by
AutoDock Tools and AutoDock Vina. Molecular docking binding affinities -and interactions
analysis are shown in Table 4.3. Docking analysis revealed that the three molecules lie in the
range of -9.8 to -9.3 kcal/mol of binding affinity energy. (Fig. 4.6).

Table 4.3: A detailed summary of the docking binding affinities (kcal/mol) of selected
compounds using two different software’s (AutoDock Vina and AutoDock) and hydrogen
bonding interaction of the CLas-Esbp- inhibitor(s) complexes.

S.No. | Compounds AutoDock AutoDock Interacting residues
Vina Binding Binding
affinity affinity
(kcal/mol) (kcal/mol)
1. ZINC03143779 -8.3 -9.8 His16, His64, Asp106,
GIn141
2. ZINC05491830 -8.1 -9.3 His 64, Lys103,
Lys104,Asp106
5. ZINC19210425 -8.5 -9.5 His64, Lys104,Asp106
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ZINC19210425

His64

Fig.4.6: Docking interaction analysis of ClLas-Esbp with A) ZINC03143779 (cyan), B)
ZINC05491830 (magenta), C) ZINC19210425 (light blue) complexes. Interacting residues of
CLas-Esbp are shown in sticks colored by atom type, carbon in green, nitrogen in blue and oxygen
in red. The interactions are shown as broken red lines.

4.3.5.Molecular dynamic simulation

Molecular dynamics simulation studies were carried out in order to better understand the
variation occurring in the protein-ligand system at atomistic level and focused on the stability of
the complex in the dynamic environment. The MD simulations were performed to explore the
dynamics intricate during binding of molecules to the CLas-Esbp protein. In the present chapter,
we examined the various molecular simulation results including RMSD, RMSF, radius of gyration
(Rg), SASA, hydrogen bond formation and length distribution throughout the simulation.
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4.3.5.1.Root mean square deviation (RMSD)

RMSD represents the dynamic stability and conformation changes occur in Ca backbone of
the CLas- Esbp inhibitor(s) complexes during simulation. RMSD plot showed that most of the
protein-ligand complexes acquired equilibrium at 19s and system was found to be stable up to 30s
during the molecular dynamic simulation as shown in the Fig. 4.7. The average RMSD values of
the CLas-Esbp inhibitor(s) are shown in Table 4.4. No large changes were observed in the Ca
backbone RMSD arrangement patterns of the CLas-Esbp- inhibitor(s) complexes. Ligand RMSD
of the inhibitors is shown in the Fig. 4.7. Overall RMSD study suggested that the binding of the
small molecule(s) at the binding site of the CLas-Esbp were found to be stable and do not affect

the stability of the Ca backbone of protein.

Table 4.4: Average values of RMSD, RMSF, radius of gyration, SASA and intra-H bond of
CLas Esbp- inhibitor(s) complexes.

S.No. | Compounds Average Average Average | Average Average
Protein ligand RMSF Radius of SASA
RMSD RMSD gyration(nm) ,
(hm) (nm) (hm)
(nm)
1.
ZINC03143779 0.32 0.10 0.12 B/ 106.46
2.
ZINC05491830 0.30 0.13 0.11 1.8 103.66
3.
ZINC19210425 0.28 0.18 0L i/ 105.15

140



06

—— CLas Esbp - ZINC03143779
A —— CLas Esbp - ZINC05491830
054 ——— CLas Esbp - ZINC19210425
=
o
=
=~
D_D T T T T T T
0 5 10 15 20 25 30
Tim e (ns)
04
—— ZINC03143779
B —— ZINC03491830
— ZINC19210425
03 4
_—
£
]
E
=

1’“\. WWMW“ i M i JH*I" Wl I"ﬂl""

DD T T T T T T 1

0 5000 10000 15000 20000 25000 30000
Tim e (ps)

Fig. 4.7: Root mean square deviation of protein-inhibitor(s) complexes and inhibitor(s) only.
RMSD plots showing; A) CLas-Esbp inhibitor(s) complexes, B) inhibitors: ZINC03143779 (red) ,
ZINC05491830 (green) and ZINC19210425 (blue), for 30 ns MD simulation.
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4.3.5.2.Root mean square fluctuation (RMSF)

The flexibility of the backbone of protein was determined by monitoring the RMSF of the
sample structure. It refers to the fluctuation of the Ca atom coordinates from its average position
throughout the simulation. Usually, the high RMSF values indicate the loosely organized loops
while secondary elements in the protein represent the less flexibility. In the present work, we
calculated the residue mobility for each protein-ligand complex and plotted against the amino acid
residues number according to MD simulation trajectory. The RMSF plot of CLas-Esbp-inhibitor(s)
complexes is shown in Fig. 4.8. Results revealed that all three CLas-Esbp-ZINC03143779, CLas-
Esbp- ZINC05491830 and CLas-Esbp-ZINC19210425 complexes were stable. The average RMSF
values of the CLas-Esbp- inhibitor(s) are shown in Table 4.4. The overall study implies that all the
inhibitor(s) molecules were well fitted in the binding site of the CLas-Esbp and forming a static
and stable complex with CLas-Esbp protein.
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Fig. 4.8: Root mean square fluctuation profiles of CLas-Esbp- ZINC03143779 (red) ,CLas-
Esbp- ZINC05491830 (green) and CLas-Esbp- ZINC19210425 (blue) inhibitor(s) complexes
during 30 ns MD simulation.
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4.3.5.3.Radius of gyration (Rg)

The overall compactness of the protein structure during the simulation was demonstrated
by Radius of gyration (Rg). It is the distance between the center of mass of all atoms of protein
and its terminal in a particular time interval. Generally, a stable folded protein structure maintains
relatively less variation in the Rg value which calculates its dynamic stability. The plot of variation
in the value of Rg versus time is represented in Fig. 4.9. The overall result revealed the
compactness of the CLas-Esbp- inhibitor(s) complexes (Table 4.4). It also suggested that the
secondary structural element is compactly packed in the CLas-Esbp- inhibitors and therefore forms
stable complexes.
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Fig. 4.9: Radius of gyration of CLas-Esbp- ZINC03143779 (red) , CLas-Esbp- ZINC05491830
(green) and ClLas-Esbp- ZINC19210425 (blue) inhibitor(s) complexes during 30 ns MD
simulation.
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4.3.5.4.Solvent accessible surface area (SASA)

Solvent accessible surface area (SASA) calculates the area of the solute which can interact
with the solvent molecule through Van der Waals forces. SASA of a protein decreases with
increment in compactness of protein, so a change in SASA can predict the change in the structure
of a protein. The result of SASA suggests the stable complex formation of the CLas-Esbp with
ZINC03143779, ZINC05491830, and ZINC19210425. Solvent accessible surface area profiles of
CLas-Esbp-inhibitor(s) complexes are shown in the Fig. 4.10.

140
—— CLas Esbp - ZINC03143779
—— CLas Eshp [ 1 15401830
130 i —— CLas Esbp - ZINC19210425
ol
’E“ 120 -
-—
)
[ )
= 110 -
b )
i II<r l
100 4 ‘ "’Il' | -I|.' 1
| ] 1|}_[ "'u.l |
L LRl
g:] T T T T T 1
0 2000 10000 15000 20000 25000 30000

Time (ps)

Fig. 4.10: Solvent accessible surface area profiles of of CLas-Esbp- ZINC03143779 (red) ,
CLas-Esbp- ZINC05491830 (green) and CLas-Esbp- ZINC19210425 (blue) inhibitor(s) complexes
during 30 ns MD simulation.
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4.3.5.5.Hydrogen bond analysis

Hydrogen atom covalently attached to an electronegative atom can form hydrogen bonds
within molecules or with other electronegative atoms. Hydrogen bond was generated within a
range of 3.5A between acceptor and donor. The g_hbond of the GROMACS utility was used to
find out the number and distribution of hydrogen bond in the CLas-Esbp- inhibitors complexes in
order to explore the system stability through the molecular dynamic simulation period of
30ns.Inter-molecular hydrogen bonding result shows that CLas-Esbp -inhibitor(s) complexes
possessed the minimum of four hydrogen bonds during the MD simulation as represented in Fig.
4.11A. The distribution of hydrogen bond length indicates the CLas-Esbp inhibitor complexes
form hydrogen bond from high to low affinity as shown in Fig. 4.11B. The hydrogen bond results

showed that all small molecules were efficiently bounded with the CLas-Esbp protein.
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Fig. 4.11: Hydrogen bond analysis of CLas-Esbp- ZINC03143779 (red) , CLas-Esbp-
ZINC05491830 (green) and CLas-Esbp- ZINC19210425 (blue) inhibitor(s) complexes.
A)intermolecular hydrogen bonding and B) Distribution of the Hydogen bond during 30 ns MD
simulation.
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4.3.6. MMPBSA binding free energy calculation

The binding free energy calculation analysis was used for the quantitative estimation of the
binding potential of the ligand. The binding free energies of all the protein-ligand complex(s) were
determined using MMPBSA, a utility within GROMACS. It uses the trajectories of 25 ns to 30 ns
of all protein-ligand complex(s) for determination of the binding energy of the complex(s). The
results of MMPBSA are represented in Table 4.5. The binding free energy analysis showed that
CLas-Esbp- inhibitor(s) complex(s) were stable. It confirms that selected small molecules
ZINC03143779, ZINC05491830, and ZINC19210425 can bind efficiently at the binding site of
CLas-Esbp protein.
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Table 4.5: Binding free energies calculation of CLas Esbp-inhibitor(s) complexes by MMPBSA.

S.N | Compound Van der Waals energy | Electostatic energy | Polar solvation energy | SASA energy (kJ/mol) | Binding energy (kJ/mol)

0. (kJ/mol) (kd/mol) (kJ/mol)

1. -90.000 +/- 0.361 -20.955 +/- 0.037 6.281 +/- 2.310 0.176 +/- 0.223 -105.452 +/- 2.715
ZINCO03143779

2. ZINC05491830 -119.426 +/- 4.300 -45.675 +/- 10.909 54.018 +/- 16.423 -2.038 +/- 0.500 -112.758 +/- 1.396

3. ZINC19210425 -100.000 +/- 0.214 -1.678 +/- 0.014 -12.308 +/- 2.457 -0.254 +/- 0.191 -114.064 +/- 2.688
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4.4. Discussion

Huanglongbing (HLB) is a serious destructive disease of the citrus world [148]. It becomes
difficult to effectively control with chemical compounds because CLas bacterium resides in the
phloem as well as the presence of barrier of plant cuticle. However, several studies have reported
many compounds which possess antimicrobial activity against HLB [239, 241, 324]. But to date,
no compounds have been used commercially to control the HLB disease. There is no control
strategy to control HLB disease in the field due to lack of HLB resistance cultivars, the fast rate of
disease spreading and our inability to control the psyllids vector [325, 326]. Structural based
virtual screening and molecular docking method have been used to discover the potent molecule to
initiate synthesis of effective antimicrobial compounds. Molecular docking and simulations studies
were utilized to predict the efficiency of binding of the ligand with macromolecules [303]. Here,
we used the homology modeling for determining the 3-dimensional structure of CLas-Esbp protein
and structure-based virtual screening to identify the novel potent antimicrobial compound(s)

further simulation study to confirm the stability of the protein-inhibitor(s) complexes.

The present chapter focused on the successful search of novel potent compounds which
might be able to inhibit the CLA growth by interferes the activity of Esbp which is an extracellular
solute binding protein involved in binding to Fe metal. The identified compounds were suggested

to affect the CLA vitality and survival by specifically inhibit the activity of Esbp protein.

The present study involves the cloning of Esbp from Candidatus Liberibacter asiaticus
followed by computational analysis. The 3-dimensional model of CLas-Esbp consists of two -
strands and seven a-helices connecting through loops. The Ramachandran plot analysis ensures the
reliability and quality of the Model. And, this valid model was used for virtual screening of drug-

like molecules.

Virtual screening can provide a valuable contribution to the discovery of novel
compound(s); various software’s have been designed for this purpose. In several projects of drug
discovery, the virtual screening technology has been a powerful contributor to search the new

molecule on the basis of the model and their binding site residue [307].

The predicted binding site of the CLas-Esbp was the target for virtual screening of the

different compounds retrieved from the ZINC database and binding affinities of the compounds
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were evaluated. Top 50 compounds were screened, fulfilling the Lipinski rule of five criteria. Out
of 50, 10 molecules were selected on the basis of maximum binding affinity. Further, the
comparative study of the selected small molecules was made with another molecular docking
program Auto Dock 4.2.6. Molecular docking result show that three compounds ZINC03143779,
ZINC05491830 and ZINC19210425 shows maximum binding affinity. ZINC03143779 forms
hydrogen bond with Hisl16, His64, Aspl06 and GInl141, and interacts with Leu66, Pro67, and
Prol143 through hydrophobic interaction. ZINC05491830 makes hydrogen bond with His64,
Lys103, and Lys104 and Aspl06, and interacts with 1lel15, Leu66, 11e102, Pro143 and VAL147
hydrophobically. ZINC19210425 interacts with His64, Lys104 and Aspl06 through hydrogen
bonding and forms hydrophobic interaction with llel5, Leu66, 1le102, Alal05 and Met139 (Fig.
4.6 and Fig. 4.12). A detailed summary of docking interaction is shown in Table 4.3.

To explore the structural and conformational variation, protein-ligand complexes were
subjected to the molecular dynamic simulation. The overall RMSD result suggested that all three
ClLas-Esbp-ZINC03143779, CLas-Esbp- ZINC05491830 and ClLas-Esbp-ZINC19210425 was
forming stable complexes. The overall results of RMSF indicate that all the predicted small
molecule inhibitors were found to be established in the cavity of the protein and binding of the

inhibitors to the protein is static.

The less variation in the value of radius of gyration suggested that protein is compactly
packed and binding of inhibitors do not affect the rigidity of the protein. SASA and hydrogen
bonding analysis also support the stable binding of the small molecules to the protein.

The results of MMPBSA indicate that ZINC03143779, ZINC05491830 and
ZINC19210425 inhibitors bind to the CLas-Esbp protein efficiently. Molecular dynamics study
concludes that all three selected potent novel small molecules might be suggested to inhibit the
activity of the Esbp protein of Candidatus Liberibacter asiaticus.
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Fig. 4.12: Pictographic representation of interaction involved in binding of inhibitor(s) to CLas-
Esbp using Maestro 11.2. Hydrophobic, charged positive residues, charged negative residues and

polar residues are shown in green color, blue color,
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4.5.Conclusion

Citrus Huanglongbing is the most destructive disease of the citrus world. There are no
control strategies to completely eradicate this disease. The effective strategy to control the HLB is
to development of the inhibitors molecules against the CLA proteins which are critical for bacterial
survival. Esbp, the extracellular solute binding protein might be suggested as a potential target
protein in search of antimicrobial agents against the Candidatus Liberibacter asiaticus. Structure-
based method was implied to identify the novel small molecules which can inhibit the activity of
the CLas-Esbp protein. For this, 3-dimension model of CLas-Esbp was predicted and used for
virtual screening of small molecules retrieved from ZINC database. 50 molecules were screened,
fulfilling the range of Lipinski rule of five criteria. Out of 50 molecules, 10 were selected on the
basis of maximum binding affinity score. The molecular docking was carried out to analyze the
molecular interaction of the compounds with the protein. 3 molecules were selected for further
analysis on the basis of comparison of the binding affinity energy showed by AutoDock Tools and
AutoDock Vina. The minimization study confirms that the identified compounds ZINC03143779,
ZINC05491830 and ZINC19210425 forming stable complexes with the CLas-Esbp protein and
inhibits the activity of Esbp protein of CLA. All of the above studied suggested that all the
identified compounds might be good inhibitors of the Esbp protein of Candidatus Liberibacter
asiaticus. This study provides a new pathway in the development of the antibacterial agents against

the Candidatus Liberibacter asiaticus.
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