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Abstract

Entamoeba histolytica is a single-celled parasitic protozoan responsible for causing
amoebiasis. The parasite infects liver and intestine, which may cause mild diarrhea and life
threatening abscissions. E. histolytica is responsible for over 50 million infections in tropical
and. temperate regions, and nearly 100,000 deaths worldwide each year. Polyamine
biosynthesis pathway enzymes are potential drug targets in parasitic protozban diseases. The
first and rate-limiting step of this pathway is catalyzed by ornithine decarboxylase (ODC).
ODC enzyme functions as an obligate homodimer and active site is located at the dimer
interface. However, partially purified ODC from E. histolytica (ERODC) is reported to exist
in a pentameri¢ state. The drug a-difluoromethylornithine (DFMO), .a potent substrate
analogue inhibitor of ODC, is widely used for the treatment of various diseases including
Trypanosoma brucei infections. However, this drug is ineffective against E. histolytica. To
analyze such differences we compared the sequence of EAODC enzyme with ODCs from
widé range of organisms, which demonstrated the conservation of the sequence of EAODC at
the active site and dimer interface. We re-investigated the oligomerization state of EAODC to
identify and characterize the active oligomeric form of FEAODC. Size-exclusion |
chromatography and mass spectrophotometry analysis revealed that EAODC enzyme elxists in

the dimeric form.

Further, computational model of EAODC dimer was generated. Molecular dynamic
simulations were performed and the dimeric structure was found to be very stable with
RMSD value ~0.327 nm. We have generated different mutants by site-directed mutagenesis
to determine that the dimeric state is the active form of EAODC and to study the role of
residues at the dimer interface. These studies signifies that active EAODC is a functional
homodimer where two active site pockets form at the interface due to some long and short
range of interactions at the interface. The residues important for dimer formation present at
the interface are responsible for keeping two monomers in close proximity. Disruption of
dimer disfigured the active site pocket Wlﬁch results in the inactivation of EhODC enzyme.
Further, realizing the importance of structure based drug designing, we determined the
crystal structure of EAODC at 2.8 A resolution. Structure was solved by molecular
replacement method. The enzyme forms orthorhombic crystal exhibiting P2,2,2; symmetry



with unit cell parameters a = 76.66, b = 119.28, ¢ = 179.28 A. Structure, sequence and
phylogenetic studies of EAODC reveal its evolutionary relationship with homologs of active

and inactive ODC as well as structural modifications rendering its resistance towards DFMO.

This thesis is divided into five chapters and covers the characterization of therapeutically
important protein: ornithine decarboxylase from Entamoeba histolytica, which is Pyridoxal
5’ phosphate dependent enzyme of fold III group IV decarboxylase. Enzyrhe has been
characterized on the basis of biochemical, mutational, in silico and 3D crystal structure

analysis.

Chapter 1 Reviews the literature; describes the life cycle and the genome organization of
vEntamoeba histolytica, metabolic pathways; polyamine biosynthetic pathway; role of
polyamines in various life processes; regulation of polyamine biosynthesis by ornithine
decarboxylase (ODC); pyridoxal 5’ phosphate dependent enzymes; classification of ODC,;
reaction mechanism and Inhibition of ODC; regulation of ODC by antizyme and antizyme
inhibitor; structural and mutational studies of ODC.

Chapter 2 Describes the over-expression, purification and biochemical characterization of
recombinant EAODC. The expression of EAODC enzyme was done in E. coli BL21 (DE3)
cells transformed with pET30a-EAODC construct having enterokinase cleavage site. Protein
was purified to homogeneity by two step procedure that employed metal ion affinity
chromatography followed by gel filtration chrornatograbhy. Protein was found to be
expressed best at 18 °C for 14 hours. Enzymatic activity of EAODC was determined
spectrophotometrically by product (putrescine) detection colorimetric assay and found to be
active in the presence of L-ornithine. Oligomeric state determination was done by various
methods. 1) Crosslinking experiment was performed using 40 pl glutaraldehyde solution
(12.5 % v/v) acidified with 1 ul 5 N HCI. The sample was analysed on 12 % SDS-PAGE and
found to be crosslinked to form dimer of ~90 kDa. 2) The purified protein was applied onto a
-HiLoad 16/60 Superdex 200 gel filtration column and compared with elution volume of
standard protein marker. It was confirmed to be a dimer of ~90 kDa. 3) Matrix-assisted laser
desorption/ionization time of flight mass spectrometry (MALDI/TOF MS) was performed.

The mass spectrometer revealed two peaks corresponding to molecular weight ~45 kDa and



~90 kDa. 4) The effect of urea and NaCl on oligomeric state of EAODC was determined at
different concentrations (2 M or 4 M), and analyzed by loading on Hi-load 16/60 superdex
200 gel filtration column. The concentration of urea and NaCl were estimated to have
adverse effect on the oligomeric state of protein and increase .in concentration result in the
disfuption of the dimer to monomer. For secondary structure determination circular
dichroism (CD) of protein was performed. ‘The secondary structure céntent of EhODC was

comparable to other well characterized ODC.

Chapter 3 Describes the bioinformatics, computational analysis and molecular modeling of
EhODC. Three-dimensional (3D) homology model of EAODC homodimer was generﬁted by
comparative modeling using MODELLER 9v8. Molecular dynamics (MD) simulation of
dimeric model. of EFODC was performed using GROMACS (v 4.5.4) package. The
homodimer contains two separate active sites at the dimer interface with Lys57 and Cys334
residues of opposite monomers contributing to each active site. Molecular dynamic
simulation was performed and the dimeric structure was found to be very stable with RMSD

value ~0.327 nm.

Chapter 4 Describes the site directed mutagenesis studies of EAODC. Residues playing
critical role at the active site and at dimer interface were studied in detail. The residues
present at the interface and responsible for dimer stability and active site residues responsible
for catalysis were mutated. Expression, purification and enzymatic activity of different
mutants were done using the same protocol as used for purification of wild type ££ODC. The
results revealed that mutation of LysS7Alé-or Cys334Ala completely abolishes enzyme
activity. Interestingly, partial restoration of the enzyme activity was observed when inactive
Lys57Ala and Cys334Ala mutants were mixed confirming that the dimer is the active form.
Gly361Tyr and Lys157Ala mutations at the dimer interface- were found to abolish the
enzyme activity. Gel filtration chromatography analysis revealed that Gly361Tyr mutant was
showing two peaks at the elution volume corresponding to dimer (~90 kDa) and monomer
(~46 kDa). Further, Gly361Tyr-Lys157Ala double mutant of EAODC was expressed at very -

high concentration of [PTG and found to very unstable during purification.



Chapter 5 Describes the crystal structure of ornithine decarboxylase from Entamoeba
histolytica. Cloning of the C-terminal truncated construct of F2ZODC was done in pET28¢
with TEV protease cleavage site. Expression, purification and enzymatic éctivity of
15AcERODC was done using the same protocol as used for purification of wild type EAODC.
The crystals were grown at 20 °C by sitting drop vapor diffusion method using 2 pl of protein
solution mixed with 1 pl of reservoir solution containing 20 % PEG 3350 in 0.2 M LiCl
solution maintained at pH 6.8 as provided in Hampton PEG ION screen. All diffraction data
were collected using rotating anode X-ray source and solved by molecular replacement
method. The orthorhombic crystal exhibiting P2,2,2; symmetry with unit cell parameters a =
76.66, b = 119.28, ¢ = 179.28 A. Sequence analysis revealed that ERODC is an evolutionary
bridge between functional ornithine decarboxylase and nonfunctional antizyme inhibitor.
Functional as well as evolutionary relation of £2AODC with ODC homologs was established

on the basis of sequence analysis, phylogeny and structure.
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and 4 M urea respectively.

Figure 3.1: The enzymatic reaction catalyzed by ornithine decarboxylase.
The - pyridoxal 5’ phosphate (PLP)-dependent ODC catalyzes
decarboxylation of ornithine and produces putrescine.

Figure 3.2: Amino acid sequence of EhODC encoded for 413 residues
with number of residues labeled.
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Figure 3.3: Multiple sequence alignment of EAODC (AAX3567S) with
other ODC sequences. The conserved residues are highlighted with black
background color. The secondary structure elements and numbering of amino
acid sequence of human ODC are presented above the aligned sequences. The
signatory motifs PxxAVKC(N) (PLP binding motif) and WGPTCDGL(I)D
(substrate binding motif) are highlighted in boxes where “x” signifies any
amino acid and amino acids in brackets depict the option at a given position.
Underlined sequence denotes the amino acids showing similarity with (1)
Antizyme binding region (2) PEST like region. The circles under the amino
acid indicate the residues interacting with cofactor PLP whereas triangles
denote the substrate L-ornithine binding residues in the active site pocket. The
residues denoted with cross mark are involved in the formation of salt bridges

in between two monomers. The residues indicated with stars are present at the

interface and form a stack of aromatic rings. Residue important for dimer
formation and present away from the interface is denoted with a square. The
motif A represents the interface residues of two monomers present very closer
to each other. Alignments are obtained using ESPript.

Figure 3.4: Phylogeny of ornithine decarboxylase from various sources.
The amino acid sequences of ODC were taken from plants R. communis
(XP_002510610.1), N. glutinosa (AAG45222.1), C. annum (AAL83709.1), Z.
mays (AAM92262.1), D. stramonium (P50134.1); animals X. Iagevis
(NP _001079692.1), R. norvegicus (NP_036747.1), M. musculus (P00860.2),
H. sapiens (P11926.2); fungi A. oryzae (XP_001825149.2) M. circinelloides
(CAB61758.1), E. festucae (ABMS55741.1), P. brasiliensis (AAF34583.1), S.
cerevisiae (EDN60096.1) F. solani (ABC47117.1), C. albicans

(AAC49877.1); protozoa P. bursaria (NP_048554.1), T. brucei (P07805.2), L.

donovani (P27116.1), E. histolytica (AAX35675) and bacteria V. vulnificus
(YP 004188159.1), A. caulinodans (YP_001523249.1), P. syringae
(AAOS58018.1),c E. amylovora  (YP_003539917.1), S.  scabiei
(YP_003491041.1), Azospirillum (BAI72082.1), E. coli (BAE77028.1),
Lactobacillus (P43099.2). Different clusters representing a particular group
are highlighted in boxes whereas the representatives of protozoa ODC are
highlighted by arrow marks. |

Figure 3.5: Secondary structure prediction from the primary sequence of
EhODC by using PSIpred server.

Figure 3.6: Prediction of structurally disordered regions of EAODC. The
disordered regions are depicted in red and folded regions are depicted in
green. Two regions found to be disordered has been denoted in red color and
ranging from 242-TIKELEFPE-250, to 397-SIEC NSVPSLNGIP HYA-
~ 413. Predictions were done using DisEMBL 1.5.

Figure 3.7: 3D structure of EAODC monomer. (A) Cartoon diagram of
ERODC model generated using MODELLER 9v8. (B) Topological
arrangement of secondary structures in EAODC monomer. Monomer of
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EhODC consists of two domains, p/a-barrel shown in purple and sheet
domain having sheet S1 in green, sheet S2 in blue and helices and turns in
orange. The helices are presented by circles, strands are represented by
triangles and the loops connecting these structures are represented as
connecting lines.

Figure 3.8: Schematic representation of dimer interface and active site of
EhODC. (A) Subunits of the dimer are arranged in head to tail manner where
subunit A and B are shown in yellow and green colors respectively. (B) The
residues critically important for dimer formation are presented in sticks and
overall dimeric structure is presented in cartoon. Residues from opposite
monomer are marked by apostrophe (°) sign. (C) Surface view of monomeric
chains highlighting the residues at the dimer interface in different colors. The
monomers have been separated and rotated to 90° giving clear view of
interface residues. Red and blue color indicates residues involved in salt
bridge formation and orange color depicts hydrophobic interactions. (D)
Closer view of residues at the interface forming salt bridge. (E) Aromatic
residues at the interface arranged as a stack of ring structures forming amino
acids zipper. (F) Residues at the active site interacting with cofactor PLP from
each monomer are presented in sticks. Residues from subunit A and B are
“shown in yellow and green colors respectively.

Figure 3.9: Molecular dynamics simulation profile. RMSD of dimeric
protein after molecular dynamics simulation for 8 ns relative to pre-MD
dimeric structure. '

Figure 4.1: Amino acid sequence with nucleotide codons. Residues in red
font are showing the corresponding mutation site in the EAODC protein
sequence. '

Figure 4.2: Schematic representation of the vector map pET30a-with
ERhODC. The colored tag represents the specific restriction sites, insert gene
and promoter region. The insert gene of EAODC with mutated site EAODC™
in the sequence has been represented with red color.

Figure 4.3: PCR product containing amplified mutant plasmid. Lane 1:
DNA ladder (1kb); Lane 2: PCR product containing mutant EAODC.

Figure 4.4: Schematic representation of strategy used for creating mutant -

EnODC.

Figure 4.5: Purification of mutant proteins of EhODC. A) Mutant KS57A:
Lane 1: Pellet; Lane 2: Supernatant; Lane 3: Flow-through; Lane 4: Washing;
Lane 5-9: Purified fractions. B) Mutant C334A: Lane 1: Pellet; Lane 2:
Supernatant; Lane 3: Flow-through; Lane 4-6: Purified fractions. C) Mutant
K157A: Lane 1: Pellet; Lane 2: Supernatant; Lane 3: Flow-through; Lane 4:
Washing; Lane 5-9: Purified fractions. D) Mutant G334D: Lane 1: Pellet;
Lane 2: Supernatant; Lane 3: Flow-through; Lane 4-5: Purified fractions. E)
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Mutant G334Y: Lane 1: Pellet; Lane 2: Supernatant; Lane 3: Flow-through;
Lane 4-5: Purified fractions.

Figure 4.6: Enzyme activity of wild type ERODC and its mutants.
Enzymatic activity of EODC mutants relative to the activity of the wild-type
enzyme. Cys334Ala, LysS7Ala Gly361Tyr and Lysl57Ala are inactive.
Cys334Ala and Lys57Ala mutants were mixed in 1:1 ratio and the mixture
shows recovery of approximately 29 % of the wild-type enzyme activity. The
plot represents the average of three measurements.

Figure 4.7: Schematic representation of homodimers and heterodimers in
the mixture of EAODC Cys334Ala and LysS7Ala mutants. (A-C):
Homodimer formation of wild-type and mutants of EAODC in individual
solution. (D): Possible combinations of EAODC monomeric subunits in the
mixture of Cys334Ala and Lys57Ala mutants forming heterodimer and
homodimers. 103 ‘

Figure 4.8: Gel filtration analysis of interface residue mutants. Gel-
filtration chromatogram of Gly361Asp mutant showing monomer peak
corresponding the wild type EAODC (~90 kDa).

Figure 4.9: Gel filtration analysis of interface residue mutants. A) Gel-
filtration chromatogram of Gly361Tyr mutant showing partial dissociation of
dimers into monomers; B) Gel-filtration chromatogram of Lys157Ala mutant
showing partial dimeric disruption. |

Figure 5.1: Schematic diagram of the cloned 15A¢EAODC construct map.
pET-28c expression vector with TEV protease cleavage site and EAODC of
1,197 bps was inserted in between Ndel-Xhol fragment red zone with T
indicate the C-terminal part which has been deleted from the sequence.

Figure 5.2: Schematic representation of the strategy used for the cloning
 of 1SAcERODC from full-length FAODC construct.

Figure 5.3: Agarose gel profile of 15AthODC: Lane 1: Cloned plasmid
containing the 15AcEAODC with insert size 1,197 bps; Lane 2: 1kb DNA
ladder; Lane 3: Cloned plasmid RE digested with Ndel and XAol enzymes:.

Figure 5.4: 12% SDS-PAGE gel showing the expression and purification
of 15SAcERODC. A) Lane 1: Induced pellet; Lane 2: Induced supernatant;
Lane 3: Uninduced pellet; Lane 4: Uninduced supernatant. B) Lane 1:
Molecular weight marker; Lane 2-5: Purified fractions. Arrow points to the
protein of molecular weight ~44 kDa. '

Figure 5.5: The gel filtration chromatogram elution profile of the
1SAcERODC protein. The elution volume of 15AcEAODC protein was
compared with the standard molecular weight markers. The protein was eluted
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at a volume of 74 ml corresponding to molecule weight of ~87 kDa. Insert
showing the purified protein after gel filtration chromatography.

Figure 5.6: Crystals of 15AcEZODC along with the diffraction pattern. A)
Diamond shaped crystals in 20 % (v/v) PEG 3350, 0.2 M LiCl maintained at
pH 6.8. B) Diffraction pattern of 15AcEAODC crystal at 2.8 A.

Figure 5.7: Schematic representation of crystal packing and overall
structure of the model obtained after molecular replacement. A) Crystal
packing of EZODC in an orthorhombic unit cell; O is the origin of the unit cell
with four chains arranged on a, b and ¢ axis in x, y and z direction. B) Cartoon
diagram of tetrameric model of EAODC showing AB-CD, dimer-dimer

interface; C) Tetrameric model rotated to 90° to insight into the center of the -

molecule. :

Figure 5.8: Crystal structure of ERODC monomeric subunit. A) Cartoon
diagram of the monomer showing arrangement of barrel and sheet domain. B)
Topology diagram of monomer of E2ODC where helices are represented with
cylinder and sheets with the arrows connected with loops, dashed line
indicates the sequence missing in the structure.

Figure 5.9: Surface view diagram of active sites of functional ODC,
nonfunctional antizyme inhibitor and ERODC. A) Monomer of human
ODC with active site colored in blue. B) monomer of K#ODC showing active
site residues identical to human ODC colored blue, identical to AZI colored
green and unique to EAODC in red color. C) Monomer of AZI showing
residues identical to human ODC in blue and those are mutated colored green.

Figure 5.10: Active site of EAODC showing the difference between the
interaction of substrate L-ornithine and substrate analogue DFMO.
Active site at the dimer interface orange color residues are of chain A and blue
color residues of chain B. A) Interaction to PLP with L-omithine (Cyan); B)
Interaction of PLP attached to DFMO (violet).

Figure 5.11: Multiple sequence alignment of ornithine decarboxylase and
its homologues antizyme inhibitor to determine the conservation of
sequence and mutation of active site and substrate binding residues.
Circles indicate the residues important for enzymatic activity. Numbering is
according to EAODC.

Figure 5.12: Phylogenetic relationship of E#ODC with antizyme Inhibitor
and ODC: Sequence of ODC and their evolutionary related homologous were
retrieved from various sources. Antizyme inhibitor of Homo sapiens
(BAA23593.1), Nomascus leucogenys (XP_003256127.1), Macaca mulatta
(XP_002805501.1), Mus musculus (AAB87464.1), Rattus norvegicus
(BAA23594.1), Monodelphis domestica (XP_001369332.1), Xenopus laevis
(NP _001087584.1), Danio rerio (BAB84695.1), Tetraodon nigroviridis
(ENSTNIT00000008148.1), Anolis carolinensis (XP_003219500.1), Gallus
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gallus (NP_001008729.1), Ornithorhynchus. anatinus (XP_001506230.1),
Canis familiaris (XP_849306.1), Bos Taurus (NP_001076080.1), Loxodonta
africana (XP_003408472.1). Ornithine decarboxylase sequence from Aedes
aegypti (EATA48998.1), Entamoeba histolytica (AAX35675.1), Plasmodium
falciparum (AAF14518.1), Leishmania donovani (AAA29259.1), Datura
stramonium (CAA61121.1), Solanum lycopersicum (NP _001234616.1),
Glycine max (CAD91349.1), Chlamydomonas reinhardtii (CAE46409.1),
Monodelphis domestica (XP_001371947.1), Bos Taurus (AAA92339.1),
Macaca mulatta (NP_001185615.1), Homo sapiens (NP_002530.1), Mus
musculus  (NP_038642.2), Anolis carolinensis  (XP_003215471.1),
Trypanosoma brucei (AAA30219.1), Xenopus laevis (CAA39760.1).

Figure 5.13: Antizyme binding sequence of human ODC (HsODC) is
compared with ERODC. Residues 117-140 in HsODC, HsAZI and other
ODC were considered for comparative analysis. Antizyme binding region of
homo sapience, Trypanosome brucei, Paramecium bursaria, Leishmania
donovani, Entamoeba histolytica and Plasmodium falciparum were aligned by
ClustalW.
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Introduction

Entamoeba histolytica is an anaerobic parasitic protozoan which infects humans and
primatés. It invades the intestine and liver, which may cause mild diarrhea and serious
dysentery with bloody al}d mucoid stool. If untreated, the parasite can cause life-threatening
haemorrhagic colitis and/or extra-intestinal abscesses. Polyamine biosynthetic pathway has
been characterized as a potent therapeutic target in 7. brucei along with many other protists.
Identification of ornithine decarboxylase, the first enzyme of polyamine biosynthesis from E.
histolytica opens an opportunity for the development of new chemotherapeutic agents against

protozoan parasites.

The ornithine decarboxylase (ODC) enzyme has been reported to be present in
various protozoa including Leishmania, Trypanosoma, Giardia, and Plasmodium and is a
validated drug target in Trypﬁnosoma brucei for treatment of African sleeping sickness. The
ODC enzyme is an obligate homodimer which catalyzes the conversion of L-ornithine to
putrescine. In addition to this, two active site pockets are present at the dimer interface. This
enzyme has a very short half-life due to its ubiquitin-independent 26S proteasome mediated
degradation which is stimulated by the binding to antizyme. The sequence analysis of ODCs
from various sources revealed the presence of antizyme recognition sequence at N-terminal
émd P (Proline), E (Glutamate), S (Serine) T (Threonine) amino acid rich sequence at C-
terminal which is a signaling sequence for 268 proteaﬁome mediated degradation. Besides
increase in ODC proteolysis, interaction of antizyme with ODC leads to catalytic inactivation
of the enzyme by disrupting the enzymatically active ODC dimer. In addition, the antizyme
binding loop and PEST sequence which is accessible in ODC monomer is found to be buried
in the dimer of ODC that ultimately prevents it from degradation. Thus, dimer formation is
not bnly important for its catalytic function but also for its protection against antiiyme-

dependent endoproteolysis.

Crystal structures of ODC enzyme from 7. brucei (PDB ID: 1QU4), human (PDB ID:
2000), and mouse (PDB ID: 7ODC) revealed that the monomeric subunits interact in head

to tail manner and form two catalytic sites at the dimer interface. The structure of ODC in



complex with substrate and product analogues, including ornithine analog o-
difluoromethylornithine (DFMO) has been investigated. DFMO is a suicide inhibitor of ODC
and has been reported to inhibit growth of various pathogenic protozoan parasites such é.s
Giardia lamblia, Plasmodium falciparum, and various Trypanosoma species, but have

relatively poor effect on more virulent strains as 7. brucei rhodesiense.

Sequence and structure-function studies revealed the arise of a new homologue of
ODC known as antizyme inhibitor (AZI) which has lost its ability of decarboxylation due to
the mutation of critical residues in the active site. These homologues hold the ability to
regulate various life processes including the protection of ODC from degradation due to
antizyme. }The AZI bind to the antizyme more efficiently as compared to ODC and result in

its sequestration.

In E. histolytica, the only enzyme of polyamine biosynthesis reported to exist is ODC.
The ERODC enzyme has been cloned and successfully characterized by Jhingran et al.
(2008). Sequence homology revealed that FAODC has 36 % sequence identity with ODC
" from Datura stramonium. In addition to this, it also shares 33 % and 32% identity with
human and Trypanosoma brucei ODC respectively. ERODC has been reported to exist as
homopentamer. Furthermore, EAODC is insensitive to DFMO, a known inhibitor of ODC
and DFMO has no inhibitory effect on the cell growth of the parasite. Therefore, it is
necessary to develop an alternate strategy.fc.)r inhibition of ERODC enzyme that leads to

block parasite growth and proliferation.

In the present study, we are reinvestigating the oligomeric properties of EAODC
under various physiological conditions. These studies revealed that EAODC exist in dimeric
state in the solution and disruption of dimer to monomer occurs with the effect of different
chaotropic agents. In silico studies were carried out to investigate the enzymatically active
and energetically stable form of EAODC. Sequence analysis revealed its phylogenetic
relation with ODC from other phyla. In addition, various interactions were found to be
responsible for the active dimer formation and various disordered regions were identified that

affects the stability of the protein.



The mutations were inserted at the active site and also at the dimer interface for those
residues playing critical role either in the activity or in the stability of dimer. Mutational
studies were carried out to investigate the effect of each mutation on the activity and stability
of the EhODC dimer. Sequence analysis revealed that the ERODC possesses some disordered
regions at the C-terminus. The C-terminal truncation of the full length EAODC was
performed to remove 15 amino acid residues. The 15 C-terminal truncated EAODC protein
was expressed and purified. The purified protein was used for crystallization and crystals
were obtained. These crystals diffracted at 2.8 A and exhibiting P2,2,2, symmetry with unit
cell parameters a = 76.66 A, b = 11928 A, ¢ = 179.28 A. 3D structure of EAODC was
determined to insight into the active site pattern for determining the structural differences
which are responsible for the insensitivity of EAODC towards DFMO. In addition to this, the
sequence analysis and phylogenetic studies were performed to investigate the relationship of
FEhODC with functional ODC and nonfunctional antizyme inhibitor. These studies will allow
us to understand the physiological characteristics of EAODC and also provide the alternate
strategy for designing structure based inhibitors to inhibit the dimeric functional EAODC.
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1.1 Introduction

Entamoeba histolytica is a single-celled parasitic protozoan responsible for causing’
amoebiasis. The parasite infects liver and intestine, which may cause mild diarrhea and life
threatening abscissions (Haque et al., 2003). E. histolytica is responsible for over 50 million
infections in tropical and temperate regions, and nearly 100,000 deaths worldwide each year
(Haque et al., 2003; Rosas-Arreguin et al., 2008; Lopez-Vallejo et al., 2011).

The parasite mainly infects humans and primates and 45-50 % infections are due to
poor sanitation. E. histolytica infection is largely unknown during early stages as it remains
asymptomatically in the gastrointestinal tract for months before developing .any symptom of
disease (Gathiram et al., 1987; Haque ez al., 2001). Its reproduction process involves two
major stages: first stage is trophozoites which are large, wall-lacking cells and second stage
is cysts which are small, thick walled cells. Mature cysts in the gastrointestinal track_ are the
parasitic entities that play a critical role during infection. The infection is the consequence of
excystation (release of trophozoites) and starts with the encroachment of intestinal lining
causing colitis and dysentery (Stanley et al., 1992). In severe infection, parasites travel
through blood to different organs, primarily to liver causing abscesses and also to lungs, _

brain and spleen (Stanley, 2003).
1.2 Life cycle of Entamoeba histolytica

The life cycle of Entamoeba histolytica begins with ingestion of contaminated food and
water into the host intestine. Mature cyst passes through the gut to the ileum of small
intestine where excystation takes place (Shibayama et al., 1998; Stanley, 2003). One
trophbzoite with four nuclei emerges, divides three times and each nucleus divides once to
produce eight trophozoites from each cyst. Trophozoites migrate to large intestine where
multiplication takes place by binary fission. Encystation of the freshly formed cell occurs in
the large intestine. Immature cyst forms and undergoes nuclear division that results in the
appearance of quadrinucleated mature cysts (Figure 1.1). Both trophozoites and cyst stages

can pass through feces (Stanley, 2003).



Cysts can survive in the outer environment and are responsible for transmission to
continue its life cycle. The newly api)eared trophozoites can invade intestinal mucosa and
bore into the wall causing bloody diarrhea and abdominal cramp (Espinosa-Cantellano et al.,
2000; Marinets et al., 1997; Stanley et al., 1992; Bhattacharya et al., 1992). Trophozoites
undergo two metabolically different- states: noninvasive and invasive infections. The
noninvasive infection remains confined to the intestine and individual become asymptomatic
carrier by passing cysts to the stool (Gathiram et al., 1987; Haque et al., 2001). In invasive
infectibns, trophozoites invade through the blood stream, reach to the other vital organs and

infect them.

In E. histolytica, asexual reproduction is the only mode of propagation. Binary fission
of cell occurs at the trophozoites state. Small protrusion or bud appears on the surface of the
mother cell. Nuclear fission results in the formation of two nuclei, divided nucleus migrates
to the small protrusion and consequent wall formation leads to the separation of the newly
formed bud containing the divided nucleus from the mofher cell (Aguilar-Diaz et al., 2010).
The evidences suggest that genotype does not vary from cell to cell due to asexual
reproduction. General basis for evolution of novel genotype possibly linked to excystation of
parasite in new host. However, the exact mechanism is still unknown (Argiiello et al., 1992;

. Aguilar-Diaz et al., 2010).

E. histolytica is a colonel parasitic protozoan (Tibayrenc ef al., 1990). Strain can be
maintained in laboratory either in the presence of bacteria (xenically) or in the absence of
bacteria (axenically). Axenic strains are being used to investigate the parasitic virulence or
gene expression analysis without host environment. An important property of axenic cuiture -
was observed that it contains DNA 10 folds higher than xenic culture. This DNA content of
axenized parasites reduces relatively as bacterial load increases equivalent to xenic culture. A
similar process of variation in DNA content observed during passage from cyst to
trophozoite in E. invadens, a model organism for studying encystation mechanisms (Argiiello
et al., 1992; Mukherjee et al., 2009).
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Figure 1.1: Life cycle of E. histolytica showing two major stages: trophozoites and cyst.
(http://www.dpd.cdc.gov/dpdx/HTML/Amebiasis.htm)

These variations are the evidence to prove accumulation of multiple copies of the
genome (polyploidy), although the expansion or contraction of specific regions of the
genome or some other rearrangements could be possible. Xenic culture of parasite display
increased virulence-in_vitro or in mouse model experiments. However, the reason for its
increased virulence in Xenic culture and change in the genome in axenic culture is still
unknown (Clark ef al., 2007).

1.3 Genome organization of E. histolytica

The whole genome sequencing of E. histolytica was undertaken by Wellcome Trust Sanger
Institute, Pathogen Sequencing Unit, in collaboration with Graham Clark at the London
School of Hygiene and Tropical Medicine 2001. Another group, The Institute of Genome
Research (TIGR) which was involved in sequencing of the half of the target genome
(Project ID: 142) in Rockville, MD, USA. However, the genome sequence of E. histolytica



strain (HM1: IMSS) was largely unclosed with fragmented database till 2005. The genome
sequence paints a clear picture of location of several enzymes of different pathways and
regulatory elements (Mann, 2002; Loftus ef al., 2005). The identification of genomic regions
encode for virulent factors such as cysteine proteases, amoebapores (Leippe et al., 2004),
proteinases (Tillack et al., 2007) and lectins (Petri, 2000) etc., opens an opportunity for better
analysis of pathogenesis. The complete sequence provides true evidences to answer why

axenic strains are less virulent and responsible for the variable outcome of infection.

The complete genome of E. histolytica was predicted to be distributed on 20 linear
chromosomes along with numerous episomes in the nucleus (Kumari et al., 2011). Genome
analysis revealed the presence of segmental duplications of up to 16 kb flanked inverse
repeats. Some gene families found to be tightly associated with the transposable elements.
From the detailed genome analysis, E. histolytica (HM-1: IMSS) was found to have
20,772,429 nucleotides DNA length containing 1,496 scaffolds. It encoded 8,163 genes of
average 1.17 kbps in size which belong to total 897 protein families (Lorenzi et al., 2010).

1.4 Metabolic pathways in E. histolytica

Pathogen is a resident of human intestinal track which maintains symbiotic relationship with
many bacteria and hosts and derives most of the preformed organic nutrients from them. E.
histolytica genome sequence shares most of the characteristics with Giardia lamblia and
Trachomonas vaginalis infesting human intestinal and urogenital tract respectively. The de
novo synthesis of purine, pyrimidine and thymidylate has been eliminated from its genome
and it relies on salvage pathway for nucleotide metabolism. E. histolytica has lost its ability
to synthesize the fatty acid, however able to synthesize phospholipids (Zhang et al., 1991,
1992). It lacks most of the amino acid biosynthetic pathways except serine and cysteine

which are major intracellular thiols (Ariyanayagam et al., 1999).

E. histolytica is a type 1 amitochondriate protist lacking both mitochondria and
hydrogenosome. During evolution, E. histolytica has not only reduced or eliminated
mitochondrial metabolic pathways but also acquired and carried near about 100 genes from
the prokaryotic organisms (Tovar et al., 1999; Leon-Avila ef al., 2004). This organism lacks

aerobic metabolism including tricarboxylic acid (TCA) cycle and mitochondrial electron
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transport chain (Clark et al., 2007). It uses anaerobic metabolic pathways which are generally
associated with bacteria. Entamoeba is incapable of converting organic substrates such as
glucose, water etc. rather rely on various types of substrate level phosphorylation for its
energy generation. (Reeves, 1984; Husain et al., 2010; Vicente et al., 2009; Pineda et al.,
2010).

1.4.1 Polyamine metabolic pathway

Along with anabolic reactions, the catabolic reactions are also important for having many
functional aspecfs. One is arginine catabolic pathway in which arginine can be converted to
either ornithine or agmatine via corresponding enzymes arginase (EC 3.5.3.1) or arginine
decarboxylase (EC 4.1.1.19) (Elnekave er al., 2003). Arginine decarboxylation reaction
utilizes protons and helps in providing acid resistance to the cysts while passaging through
the human stomach (Anderson et al., 2005). Secondly arginine gets depleted as a substrate
for the generation of human macrophages, preventing NO synthesis and amoebicidal activity
(Elnekave et al., 2003). Both arginase and arginine decarboxylase enzymes could be
important for the generation of the polyamine putrescine. However, the enzymes S-adenosyl-
L-methionine decarboxylase (EC 4.1.1.50), spermidine synthase (EC 2.5.1.16) and spermine
synthase (EC 2.5.1.22) involved in the formation of higher polyamines were not identified in
E. histolytica (Anderson et al., 2005). The physiological signiﬁcancé of putrescine has been
estimated by its high concentration in trophozoites which was demonstrated by NMR
spectroscopy (9.5 mM) (Bakker-Grunwald et al., 1995). However, the fate of this polyamine

is still unknown as none of the higher polyamines have been demonstrated in E. histolytica.

Some evidences were found which clarified the facts about spermidine necessity for
E. histolytica. These facts encourage us to consider spermidine as an essential trace nutrient
which may be present either in some modified form or may be transported from the host
along with other nutrients as spermidine transporters have been reported to exist in E.
histolytica (Anderson ef al., 2005). The first evidence is the enzyme deoxyhypusine synthase
found in E. histolytica which requires spermidine to produce deoxyhypusine on elF5a
(eukaryotic iﬁitiation factor 5a), a protein essential for cell proliferation (Park et al., 1997).

Secondly, trypanothione, a spermidine-containing thiol which is a major thiol in



trypanosomes and leishmania, (Fairlamb et al., 1992) is a controversial issue regarding its
presence or absence in E. histolytica. The first report in 1997 confirmed the presence of
trypanothione in E. histolytica (Ondarza et al., 1997). However, the report was contradicted
later (Ariyanayagam et al., 1999). Although the matter is still unresolved and a general
agreement accepted cysteine as a major thiol in E. histolytica strain HM-1: IMSS (Fahey et
al., 1984). Further work on the characterization of genes as well as transporters involved in

spermidine uptake may help in understanding the function of deoxyhypusine synthasé.

Polyamine biosynthetic pathway has been characterized as a potent therapeutic target
in T. brucei along with many other protists (Marton et al., 1995; Seiler, 2003; Casero et al.,
2005). Identification of ornithine decarboxylase, the first enzyme of polyamine biosynthesis
from E. histolytica opens an opportunity for the development of new chemotherapeutic
agents against protozoa parasites. The ornithine decarboxylase (ODC) gene from E.
histolytica encodes a 46 kDa protein similar to both plant and vertebrate enzymes and has
been characterized biochemically (Arteaga-Nieto et al., 1996, 2002). Further, recombinant E.
histolytica ODC (ERODC) has been expressed in E. coli and purified to homogeneity.
Interestingly, difluoromethylornithine (DFMO) which is a potent inhibitor of ODC enzyme is
used as a therapeutic agent for African sleeping sickness caused by 7. .‘ brucei (Bacchi et al.,
1980). However, DFMO found to be ineffective against EAODC (Gillin et al., 1984; Jhingran
et al., 2008). A

1.5 Ornithine decarboxylase gene in genome

The genome organization of EAODC has revealed a double stranded DNA with EHI 100430
gene coding for ornithine decarboxylase (Table 1.1). The average length of the nucleotides
sequence includes 1,241 base pairs (58455-59696 from 5’ end to 3’ end) on positive strand
DNA. The EAODC sequence is flanked by protein phosphatase at N-terminal end and a
hypothetical protein at C-terminal end (Figure 1.2).
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Figure 1.2: The genome organization of E#ODC. The genome of EAODC from 5’ terminal
sequence 58455 to 3’ end 59696 denoted in red color with gene marked as EHI_100430. The
stretch of the genome from 53182 bps to 63342 bps contain five protein coding genes out of
which only‘two are known to have some structure- function relationships while other 3 are
hypothetical proteins which have not been characterized

(http://www.ncbi.nlm.nih.gov/genome).

ruingt Strand | Length jAgcemtioh GenelD | Locus_tag
name No.
Ornithine XP
decarboxylase | 413 lssiy3y | 3409429 | EHI_100430

Table 1.1: Genome organization of ERODC coding region. The accession number with
locus and gene ID has been given to locate the organization of EAODC within the whole

genome (http://www.ncbi.nlm.nih.gov/genome/).

The ornithine decarboxylase enzyme from Entamoeba histolytica which catalyzes the
conversion of L-ornithine to putrescine was cloned (Jhingran er al., 2008). Sequence
homology revealed that EhODC has highest sequence similarity with Datura stramonium,
human ODC and Trypanosoma brucei ODC which is 36 %, 33 % and 32 % respectively.

Further, amino acid sequence comparison helps in predicting the secondary structures
of ERODC protein which revealed that only 380 residues have structural role. In this study,
we elucidate the structural and functional aspects of EAODC and role of this enzyme as a
therapeutic target.
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1.6 Localization of ERODC within the cell

ERODC found to be present in the cytoplasm as a soluble enzyme, also in the surrounding
vesicles and the plasma membrane (Teran-Figueroa et al., 2009). Extranuclear DNA,
cytoplasmic structures kinetoplast-like organelles (E#kOs) also appeared to be link with
ODC. However, natural double-stranded bNA showed no traces of ODC interactions within
the nucleus. The presence of EAODC in EAkOs suggests role of polyamines in DNA packing
within the organelles as found in other systems (Shayovits et al., 1994; Wang et al., 1999;
Kilpeldinen et al., 2000). More studies are required to understand the significance of such

distribution of ODC in E. histolytica.
1.7 Polyamines (PAs)

The polyamines (PAs) are organic compounds found ubiquitously in all living cells including
bacteria, fungi, protozoa, plants and animals. These PAs provide immense contribution in
wide variety of biological processes especially cell growth and differentiation (Pegg, 1986;
Tabor ez al., 1984). Cells can undergo growth arrest, if PAs depleted to less than minimum
required amount for the cell cycle progression (Balasundaram et al., 1991, 1993). These PAs
are primarily aliphatic amines with three or four methylene carbon chains connecting the
amino and imino groups. The hydrophilicity and flexibility of these PAs increase as the
charged amino groups increase in the structures which are responsible for positive charge at

physiological pH.
1.7.1 Polyamines structure and location in the cell.
1.7.1.1 Structure of PAs

PAs are organic compounds having two or more primary amino groups. Putrescine is a
diamine, spermidine is a tri-amine and spermine with tetfa-amine groups fully protonated at
physiological pH. Unique properties of PAs are the distribution of positively charged amino
groups at regular interval. The hydrocarbon chain in their structures provides flexibility and
hydrophilic interactions to the aliphatic cations of interacting macromolecules (Marton et al.,

1995; Thomas et al., 2001). Some other amine containing compounds as 1,3-diaminopr0panc
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and cadaverine were also found to have similar properties and included in this category.

Molecular formulation of these compounds has been given as follows (Figure 1.3).

Putrescine NH3"-(CH2)4-NH3"
Spermidine NH3*-(CH2);-NH'-(CH2)3-NH3"
Spermine NH3"~(CH2)s-NH'-(CH2)s-NH'-(CH2)3- NH3*

Diaminopropane ~ NH3'-(CH2);-NH3"
Cadaverine. 3"(CH2)s-NH3"

Figure 1.3: Structures of polyamines with their positively charged amino group (Blue

color).
1.7.1.2 Localization of PAs

Most prokaryotes do not possess the spermine in the genetic structure but putrescine and
spermidine are ubiquitous may be in very less concentration. I vivo PAs occur either as free
cationic forms or bound in conjugation with many types of anionic cell constituents (Corley
et al., 1983; Datta et al., 1987; Igarashi et al., 1989). The PAs in the cell found to be

associated with phenolic acids, proteins and phospholipids.
1.7.2 Importance of PA metabolism

Importance of polyamines can be estimated by relating their functions in cell signaling,
regulation, synthesis, degradation, regeneration and maintenance of their own cellular
concentration at certain level. In the cell system, these are found in minute quantities varying
from micromoles to milimoles. Spermine and spermidine are found in the cells in slightly
higher concentrations as compared to putrescine (Watanabe ef al., 1991). At different phases
of cell cycle, the concentration of these cationic molecules fluctuates, and reaches to the
highest level during préliferation phases and stress conditions. Polyamines content varies
from species to species within a family. Estimated concentrations of polyamines in different
organisms are presented below in the following table (Table 1.2) (Sharma et al., 1989;
Hamana et al., 1995; Rathaur ef al., 1988; Gordon et al., 1989; Wittich et al., 1987).
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Name of the parasite

Concentration of polyamines (nmol/mg) protein

Putrescine | Spermidine | Spermine | Putrescine/Spermine
Brugia patei 0.19 40.0 61.50 0.005
Onchocerca volvulus 0.60 4.0 31.0 0.02
Nippostrongylus brasiliensis | ND 9.82 2.35 .
Romanomermis culicivorax® | 2.74 6.9 0.12 0.40
| Ancyclostoma ceylanicum 0.06 1.06 0.24 0.06
Hymenoleps}is diminuta 0.32 3 .25 19.30 0.10

Table 1.2: Concentrations of polyamines in parasites. © denotes the nmol/mg dry weight.

1.7.3 Physiological characteristics of PAs

1.7.3.1 Interaction of PAs with nucleic acids

1.7.3.1.1 PAs in stabilization of DNA

The polyamines possess most unique characteristic property of binding to nucleic acids,

especially to DNA. Cationic nature of polyamines neutralizes the charges of phosphate

groups of DNA and facilitates the interactions with bases and intercalation into grooves of

double helices (Feuerstein et al., 1986-1991; Deng et al., 2000). These nonspecific

electrostatic interactions render compactness and stability to the genome without disrupting

the native structures. Polyamine-bound genomic DNA maintains the B-form structure even

upon precipitation (condensation). PAs causes negligible structural changes to native B-DNA

when bind in a thin condensed layer to the surface (Deng et al., 2000). Spermidine and

spermine‘ have been confirmed by immunocytochemical studies, to be associated with highly

compact mitotic chromosomes (Hougaard et al., 1987; Sauve et al., 1999). However the

function of PAs during cell cycle may be responsible for stabilization rather than regulatory

effect on the chromatin structure (Laitinen et al., 1998; Hobbs et al., 2000).
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Polyamineé have ability to prevent DNA fragmentation mediated by restriction
endonucleases (Briine et al., 1991), alkylation agents (Mackintosh et al., 2000), radiations
(Douki et al., 2000), and reactive oxygen species (ROS) (Ha et al., 1998; Chattopadhyay et
al., 2006). Spermine and un-symmetrically alkylated polyamine analogues prohibit .

interaction of DNA with assaulting agents and prevent the cleavage of DNA strands.

PAs and their analogues contains amine group which is functionally simiiar to sodium
azide a well-known scavenger of singlet oxygen. Spermine due to its evenly distributed
multivalent cationic nature can only be attributed to bring out the stabilization of highly
charged triplex DNA (Vertino et al., 1987; Brahe ef al., 1995). PAs binding to DNA facilitate
the negative charge neutralization, minimize energy requirements for bending and alleviate
the prbtein-DNA interactions. The process of DNA bending is an important regulation
process during transcription (Kerppola, 1998; Coulombe, 1999). Many proteins which are
involved in tight regulation of transcriptional processes facilitate-the cooperative bending of

DNA.
1.7.3.1.2 PAs in RNA stabilizatibn

PAs have the ability to regulate the transcription process and stimulate translation of
preformed mRNA (Kuznetsov et al., 2006). In animals, PAs are essential for maintaining the
normal integrity of the intestinal epithelial cell. They asseverate the low level of
nucleophosmin (NPM) and p53 mRNAs for the normal intestinal epithelial cell. Depletion of
cellular PAs i)y inhibiting ornithine decarboxylase with alpha-difluoromethylornithine
dramatically enhanced the cytoplasmic abundance of HuR. HuR is a RNA binding protein
which binds and stabilizes these nucleophosmin (NPM), pS3 mRNA that encodes for
nucleophosmin (NPM), and p53 protein. The depletion of PAs results in high level of
(NPM), p53 mRNA which leads to uncontrolled growth and proliferation of intestinal
epithelial cells (Zou et al., 2006). |

1.7.3.2 PAs in protein synthesis

PAs bring about an increase in the efficiency of over-all protein synthesis. They exhibit

differential effects on large number of proteins, by acting either at any or all of the stages of
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translation namely- initiation, elongation, termination. Additionally, PAs also stimuléte the
charging of transfer RNA (tRNA). The overall rate of protein synthesis increases even if
limiting concentration of a particular tRNA species is available. The PAs deficiency results
in the formation of an impaired polysome (Holttd et al., 1985, 1986) that could be due to
irregular initiation and/or elongation processes (Takemoto et al., 1983). These outcomes
confirmed the ability of polyamines to bind and influence secondary structures of mRNA,

tRNA and rRNA (Kusama-Eguchi et al., 1991; Yoshida et al., 1999; Igarashi et al., 2000).
1.7.3.3 PAS in glycolysis.

Polyamines involve in the activation of certain enzymes which are important for the
metabolism. Adenosine Monophosphate (AMP) deaminase is specifically activated by
polyamines (Parsons, 2004). This enzyme produces increased concentration of ammonium
ions by AMP deaminase reaction in adenylate degradation. This ammonium ion in turn
activates phosphofructokinase (PFK) and pyruvate kinase (PK), which are key enzymes in
glycolysis (Saavedra et al., 2005). Spermidine protects AMP deaminase from inhibition by
fatty acid. The increased ammonium level is responsible for enhancement of

phosphofructokinase (PFK) activity, and glycolytic flux (Seo ef al., 2011).
1.7.3.4 PAs in oxidative defense mechanism

Oxygen radicals found to be toxic to human body and cells undergo stress and death under
oxidative stress condition (Groppa et al., 2008; Kumar et al., 2012). PAs can stabilize the
membranes and prevents cell collapse due to osmotic shocks. Spermine functions as a
scavenger of hydroxyl radical under oxidative stress. Spermidine also scavenges hydroxyl
radical and maintains the appropriate reduction state of the biological membrane for
protecting it from thiols, which are responsible for pore formation. They protect the
phospholipids containing acidic Vesiclés and inhibit peroxidation by reactive hydrogen

peroxide radicals (Parchment ef al., 1989; Nilsson and Gritli-Linde 2000; Seiler, 2000).
1.7.3.5 PAs in signal transduction

Polyamines are potent a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and

kainate receptor blockers; especially cytoplasmic spermine, spermidine and philanthotoxin
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are weakly permeable open-channel blockers. The regulation of cellular polyamines is a
‘central convergence point for the multiple signaling pathways. Normal epithelial cell
proliferation in the intestinal mucosa depends on the supply of polyamines to‘the dividing
cells. PAs have been demonstrated to effect directly the conformation of the estrogen
responsive element in DNA (Thomas et al., 1997; Lewis et al., 2000); They are also involved
in regulatory synthesis of transcription factors or modulate their binding activity via

phosphorylation (Wang ef al., 1993, 1999, 2001; Pfeffer et al., 2000).
1.7.3.6 PAs in mitochondria metabolism

The submitochondrial particles and F1-ATPase have been studied thoroughly to understand
the effect of polyamines on them. Spermine stimulates the reaction P1-ATP exchange and
succinate dependent ATP synthesis, catalyzed by submitochondrial particles. In addition,
spermine and spermidine are able to inhibit the degradation of ATP, the reaction catalyzed by
submitochondrial particles and F1-ATPase (Igarashi et al., 1989). The cells deficient in
'polyamine contents show lower ATP content as compare to normal cells. These results
suggested the possible role of spermine to keep the concentration of ATP at high level in the

cell system (Igarashi et al., 1989).
1.7.3.7 PAs in central nervous system

Elevated levels of polyamines during the regeneration of neurons signify their role during the
'develdpment and differentiation of central nervous system. Their essence is well documented
in neuronal cell division, differentiation, axonogenesis, synaptogenesis and synaptic
plasticity. Spermidine can promote the regeneration of optic nerves and CNS axons after
injuries (Cai et al., 2002). Different pathological stimuli in the brain such as physical,
chemical, thermal and metabolic stress induce and enhance the ODC activity (Kauppinen RA
et al., 1995; Johnson, 1998; Bernstein et al., 1995, 1999; Seiler, 2000). The ODC activity of
the brain starts declining from few weeks or months to 70 fold lower during the adult age as

compared to the day of birth (Suorsa et al., 1992).
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1.7.3.8 PAs in angiogenesis and cancer

The polyamines are essential for the growth and differentiation of eukaryotic cells, and
accordingly elevated polyamine levels are indispensable for neoplastic transformation,
proliferation, and survival. They are essential for cancer cell proliferation during
tumorigenesis. PAs also involved in the regulation of non-malignant cells essential for
angiogenesis-dependent tumor progression. They regulate early events of angiogenic
processes involving micro-vessel sprouting and endothelial cell migration. PAs level and
polyamine biosynthesis are highly elevated in the cancer cells or tissues. Cells treated with
chemical carcinogens and tumor promoters show highly activated ODC (Holtt4 ef al., 1988;

Pegg, 1988; Sistonen et al., 1989; Auvinen et al., 1992).
1.7.4 PAs in plant

PAs play important role in plant growth and development. In addition, they are also involved
in plant stress tolerance (Young et al., 1983, 1984), senescence, modulation of enzyme
activity, and also stabilize the nucleic acids and cell membranes (Tiburcio ez al., 1989, 1990;
Evans ef al., 1989; Zheliaskova et al., 2000). Polyamine biosynthesis is also helpful in the
maintenance of photosynthetic activity during senescence responses induced by osmotic
stress (Borrell et al., 1995). They also provide protection to cells and cell compartments from
oxidative damage (Drolet ef al., 1986; Balasundaram et al., 1993). Many plants form toxic
alkaloids from polyamines (Guggisberg et al., 1983; Burtin ef al., 1997), as in tobacco plant
putrescine gets metabolized to pyrrolidine ring of nicotine which is its major alkaloid
(Tiburcio et al., 1985). Putrescine enhances xylogenesis of xylem cells in Helianthus tuber

(Phillips et al., 1988; Bienz et al., 2002).
1.7.5 PAs in animal cell cycle”

Several studies have indicated the critical role played by polyamines during cell proliferation
(Pegg, 1986; Piacenza et al., 2001), including differentiation, and cell growth (Hobbs ef al.,
2000). Cells in the Gy phase are usually dormant. These quiescent cells require signal in the
form of hormones or growth factors to enter the G, state and initiate the process of cell

division. In mammalian cells, they promote cell cycle from G;-S transition and S to M
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transition to keep rolling the cell cycle and preventing cell arrests (Figure 1.4) (Hsu et al.,
2008).

Polyamines

Figure 1.4: Schematic representation of various phases of the cell cycle and the
mediators of cell cycle progression. Progression of cell cycle depends upon different
polyamines at different stages of growth. Arrow indicates PAs concentration in the direction
of cell cycle progression. The abundancy of different polyamines are indicated by different
colors. Presence of all PAs are indicated by green, and presence of spermidine and putrescine
are indicated by orange, and absence of PAs are indicated in red (Ravanko et al., 2000; Field
et al., 2004).

Embryos from the mutant larvae, developing in polyamine deficient medium failed to
develop unless supplemented with polyamines. Cell cycle progression in polyamine depleted
cells found to be halted in early growth phase (Thomas et al., 1997, 2001) Polyamines
involve in intensifying the signaling processes for the production of hormones/growth
factors. Putrescine level increase from S to G, stage only. Spermidine constantly increases
throughout the entire cycle in contrast to spermine which increases only from G, to S phase
(Figurel.4) (Celano et al., 1989).

18



1.7.6 PAs in bacteria

PAs are essential for normal growth of bacterial cell. This fact has been proved by studying
the requirement of polyamines by auxotrophic E. coli strains (Haffner er al, 1979).
Exogenous polyamines bind to membranes and stabilize spheroplasts and protoplasts in E.
coli (Tabor et al., 1973), also help in protection of the halophilic bacteria from osmotic shock
(Tabor et al., 1985). The E. coli and S. typhimurium outer membrane contains four times

more PAs then cytoplasmic membrane (Koski et al., 1991).
1.7.7 PAs in protozoa

Polyamine putrescine and spermine are found to be essential for all parasitic protozoa studied
till date. Giardia, Trachomonas (North et al., 1986), Entamoeba, Leishmania sp. (Vannier-
Santos et al., 2008; North et al., 1987), I rj/panosoma, acanthamoeba, Eimeria, Naeglaria
and Plasmodium sp. (Haldar, 1992; Haider et al., 2005) reported to be able to produce

spermine but in small quantity.

Putrescine is most common PA found in Leishmania, Trypanosoma and other protists
while trace amounts of spermine have also been detected (Balan™a-Fouce ez al., 1991). PAs
uptake is a regulatory stage for cell cycle more specifically pﬁtrescine is the main regulatory
polyamine (Gonzalez et al., 1992), which helps in elucidating its importance in growth and
proliferation of parasites. Interestingly, addition of putrescine to ODC-deficient L. donovani
mutants restores parasite growth more rapidly and to a greater extent than higher PAs (Jiang

etal., 1999).

Furthermore, this diamine leads to higher concentrations of trypanothione. In E.
histolytica, polyamines have been studied in context to both hypusination and trypanothione
synthesis (McKerrow ef al., 1993; Que et al., 1997). Polyamine concentration reported to be
present in parasitic protozoa has been given inthe Table 1.2 (North er al., 1986; Bacchi et al.,
2002).
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Name of protozoan parasite Concentration of polyamine in nmol/mg
Putrescine | Spermidine | Spermine | Putrescine
/Spermine
Entamoeba histolytica 92 2.6 0.03 35.5
Giardia lamblia 10 9.6 0.8 1.0
Leishmania donovani 35 37.1 0 0.9
(promastigotes)
Leishmania donovani 2 18.8 3.5 0.1
(amestigotes)
Plasmodium falciparum® | 9 33.0 8.0 0.3
Tetrahymena thermophila® 10 3.0 0 3.1
Trichomonas vaginalis 38 3.5 1.3 10.9
Trichomitus batrachorum 114 176 15 6.5
Trypanosoma cruzi + i +
Trypanosoma brucei 4 24.5 0 0.17
Trypanosoma rhodesiense 4 21.0 1.2 0.18

Table 1.3: Polyamine concentration reported to be present in parasitic protozoa. In this
table: © is for concentration in milimolar; ¢ is for concentration in pmol/ 106, parasitized
erythrocyte (Bacchi et al., 2002; Sharma et al., 1989; Hamana et al., 1995; Rathaur et al.,
1988; Gordon et al., 1989).

1.7.7.1 PAs in Entamoeba histolytica

In E. histolytica, most prominent polyamine is putrescine which is present in detectable
amount as compared to others (Bakker-Grunwald ef al., 1995). This assertion was supported
by presence of experimentally characterize ornithine decarboxylase enzyme (Arteaga-Nieto
et al., 2002). Other enzymes responsible for higher polyamine synthesis have not been

reported in the genome sequence of E. histolytica.
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1.8 Polyamine biosynthetic pathway.

Polyamine biosynthesis takes place in most of the living organisms from précursor amino
acids, arginine and methionine (Davis et al., 1992; Marton et al., 1995, 1999). Significant
research has been done to establish the fact that synthesis and inter-conversion of polyamines
are strictly regulated. The initial steps committed to polyamine biosynthesis are formation of
putréscine through decarboxylation of ornithine. Polyamine biosynthesis regulation is mainly
reckoned by key enzymes, ornithine decarboxylase (ODC, EC 4.1.1.17). The activities of the
enzymes fluctuate rapidly in response to various positive or negative stimuli. The half-life of
- ODC enzyme activity is between 10 to 20 minutes (Seely et al., 1982; Isomaa ef al., 1983).
Putrescine further converted to spermidine in a spermidine synthase (SDE) catalyzed
reaction. This enzyme transfers an aminopropyl group donated by decarboxylated S-
adenosylmethionine to putrescine. Spermine is formed by addition of the second
aminopropyl moiety to spermidine, this reaction is catalyzed by a different aminopropyl

transferase namely, spermine synthase (SME) (Figure 1.5) (Tiburcio et al., 1990).

Ornithine
Ornithine
Decarboxylase —> N, Cco,
Putrescine
Spermidine
Synthase T
‘Spermidine
Spermine .
Synthase =
Spermine

Figure 1.5: Biosynthetic pathway of polyamines putrescine and higher polyamines. 1)
Ornithine decarboxylase; 2) Spermidine synthase; 3) Spermine synthase (Wallace ef al.,
2003).

Two constitutively expressed and stable enzymes spermidine synthase and spermine

synthases play considerably minor role in regulation of intracellular polyamine levels. They

21



both are regulated mainly by the availability of their substrate and decarboxylated S-

adenosylmethionine.
1.9 Ornithine Decarboxylase (ODC)
1.9.1 ODC as regulatory enzyme of PA biosynthetic pathway

The enzyme omithine decarboxylase is pyridoxal 5 phosphate (PLP) dependent enzyme.
Function of ODC is conversion of L-ornithine to diamine putrescine, first step of polyamine
biosynthesis. The process_of polyamine biosynthesis gets regulated by ODC enzyme.
Inhibition of this enzyme would lead to arrest of cell growth and subsequent death. Failed
regulation of cell processes can be attributed to inereased ODC activity which may lead to

malignant transformation and uncontrolled growth.
1.9.2 ODC as PLP dependent enzyme

The secondary structure profiles together with biochemical information allowed Grishin et
al., 1995 to classify all PLP dependent enzymes into seven fold types (Figure 1.6). Their
analysis grouped the eukaryotic ODCs and alanine racemas to same fold type.

Tryptophan Synthase Family Alanine Rcccma se Fa iuly
~ FoldTypell Fold Type Ii i

Aspartate Aminotransferase Famdy
Fold Type |

FoldTvpev' H F°"’TVPCV"

[ D-Alanine Aminotransferase Famlly Starch and Glycogen phosphorylases ]

Fold Type IV Fold Type V

22



Figure 1.6: Classification of the Pyridoxal 5’ phosphate dependent enzyme on the basis
of  sequences, secondary structure, biochemical information and hydrophobicity

profile (Grishin et al., 1995).

The presence of ornithine decarboxylase in both Fold type | and Il derive us in a

direction of evolutionary relationship (Table 1.4).

Fold type I
Prokaryotic ornithine decarboxylase (ODC) EC4.1.1.17
Prokaryotic lysine decarboxylase (1.DC) EC 4.1.1.18
E. coli bio-degradative arginine decarboxylase C4.1.1.19
Glutamate decarboxylase (GAD) EC4.1.1.15
Histidine decarboxylase (HDC) EC 4.1.1.22
Aromatic-l.-amino-acid decarboxylasec EC4.1.1.28
Glycine decarboxylase EC1.44.2
Fold type 111
Eukaryotic ornithine decarboxylase (ODC) EC4.1.1.17
Prokaryotic diaminopimelic acid decarboxylase- EC4.1.1.20
(DAPDC)
Bacterial and plant biosynthetic arginine- C4.1.1.19
decarboxylase EC5.1.1.1
Alanine racemase (ALR)

Table 1.4: Pyridoxal 5° phosphate dependent enzymes fold types. Show PLP dependent
enzymes of fold-type 1 and 1l from eukaryotic and prokaryotic organisms (Grishin e al.,

1995).

These decarboxylases share certain traits which arce conserved in both fold I and 111

tpe. In all PLP dependent ODCs. Lys residue is found in the a-helix of the active site
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domains. Lys forms a Schiff base with PLP in both fold type I and fold type III (Grishin ez
al., 1995; Choi et al., 2006). -

1.9.3 Fold type III ODC available

Over 100 crystal structures -of PLP—depéndentt eniyme’s (with substrate, inhibitors, of'
mutants), have been solved till date. Fold type 11l (Decarboxylase) PLP dependent enzymes
are given here (Table 1.5). :

Enzyme | Species Function - Year |PDB

Fold Type III
Ornithine Decarboxylase
Mouse Decarboxylation | 1999 | 70DC
T. brucei Decarboxylation | 1999 1QU4
Human Decarboxylation | 2007 | 2000

Table 1.5: Fold type III ODC which have been crystallized. (Data retrieved from
NCBI).

The enzyme ornithine decarboxylase has been reported to be categorized in both Fold
type T and Fold type III, depending upon the existence in either prokaryotic or-eukaryotic

organisms.

1.9.4 Decarboxylase subfamily.

The amino acid decarboxylases (AADCs) which were placed into two different fold types
were further subdivided into four different groups by Sandmeier et al., in 1994. They
grouped different PLP dependent decarboxylases into four groups which seemed to be
evolutionarily unrelated to one another (Figure 1.7). AADCs found in animals are

responsible for biosynthesis of biogenic amines and polyamines.

Bacterial AADCs fulfill similar biosynthetic functions as animal AADCs. In addition
they also regulate the pH of cell and its environment in the proces% of decarboxylation of

amino acids by inducible bio-degradative enzymes.
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Prokaryotic Omithine, L-

Lysine@and Biodegradative 4

Arginine Decarboxylase
(Group lit)

Figure 1.7: Classification of decarboxylases into subfamilies on the basis of sequence
similarity (Sandmeier ef al., 1994).

It is important to consider the fold type and the group classification because Group I,
IT and III are related to fold type I and group IV is related to fold type III decarboxylase and
some have characteristic features similar to both fold type (Sandmeier ef al., 1994; Gibrat et
al., 1996).

1.10 Characteristic features of ODCs

ODCs sequence has been reported from large number of eukaryotic organisms. Structural
properties of ODCs are similar to alanine racemase family. The two third of the sequence or
about 300 residues considered to play structural role and belongs to N-terminal domain.
Sequence shows arrangement of a-helix, B-sheet alternate to one another at the N-terminal,
and large number of sheets at the C-terminal (Figure 1.8) (Tobias et al., 1993; Osterman et
al., 1995, 1995; Kem et al., 1999, Almrud et al., 2000).

There are notable differences in the secondary structure arrangements which separate
II and III fold types. Fold type IIT have one fS-strand followed by one a-helix at the N-
terminus but in fold type II two f-strands followed by one a-helix. In fold III family Schiff
base lysine immediately followed by a hydrophobic f-strand rather than a loop structure
which is prominent in fold type II enzymes. Fold type Il enzymes noticed to have various
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conserved motifs in which one invariant residue has critical role in activity or stability. S-
sheets are mainly hydrophobic and parallel to one another (Alexander et al., 1994; Sandmeier

et al., 1994).

In case of T. brucei, conserved residues.Ly369, Aspl34, Argl54, His197, Asp233,
and GIn274 are present mainly at the C-terminus of each strand or loop. These residues
arrange themselves in a close conformation and compact active site forms at the center.
Gly276, Gly358 and Asp364 are conserved in addition to Lys69 and Cys360 at the active site
pocket. The C-terminal region shows low sequence simiiarity due to insertions or variations
and considered as a site for proteolysis and degradation (Figure 1.8) (Kern et al., 1999;

Jackson et al., 2000; Osterman et al., 1995). .
1.11 Reaction mechanism of ODC

Ornithine decarboxylase catalyzes the decarboxylation by a basic general mechanism which
includes four essential steps namely transimination, decarboxylation, a-protonation, and
second transimination (Toney, 2005). First step is a Schiff base formation between PLP and
Lys69 (internal aldimine) at the active site. This step is followed by eﬁzymatic substitution of
amino acid substrate (external aldimine), now lysine form Schiff base with ornithine and
release enzymatic lysine. Decarbox.ylation takes place which results in the formation CO;
and a spectrally detectable quinoid intermediate (Figure 1.9) (Grlshm et al., 1999; Poulin et
al., 1992 Jackson ef al., 2000).

This intermediate decays in two steps: first step involve the co-operative shift of
protons from C, to C4” of PLP. Second step is protonation of C, carbon to form Schiff base
with putrescine (intermediafe). This intermediate is attacked by lysine and releases putrescine
product. This finally results in the formation of PLP bound ornithine decarboxylase enzyme

(Toney, 2005; Jansonius, 1998).
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1.12 Regulation mechanisms of ODC

Several mechanisms contribute to modulation of ODC activity, four basic regulations are at
the transcription level (Abrahamsen et al., 1991, 1992; Katz et al., 1987), post-translational
modification (Lu ef al., 1991), regulation by productslof polyamine biosynthesis in negative
feedback control and proteasome mediated ubiquitin-independent degradation which gets
induced due to antizyme (AZ) binding (Murakami er al., 1996; Kanamoto et al., 1986;
Hayashi et al., 1995; Li and Coffino, 1992; Canellakis er al.,; 1979, 1993). All the above
mechanisms are interlinked, as binding of AZ result in increased polyamine levels which in
turn promotes_the ﬁdelify of the AZ-mRNA translational frame shifting, responsible for
formation of increased concentrations of AZ (Matsufuji et al., 1995). This Az selectively
binds to the inactive ODC monomer (Li and Coffino, 1992; Mitchell ez al., 1990), and ﬁnally
the ODC:AZ heterodimer targets itself for degradation by the 26S proteasome (Coffino,
1998; Murakami et al., 1996).

1.12.1 Antizyme mediated ODC regulation.

Putrescine which is the end product of ODC found to be involved in the induction of
synthesis of a protein known as antizyme. This protein with an apparent molecular weight of
26,500 Da was infused with an ability to modulate ODC activity as noncompetitive inhibitor.
Distal products of ODC as spermidine and spermine, also induces the production of this
protein named as ODC-antizyme (Heller et al., 1976). Ornithine decarboxylase-antizyme is a
negative regulator of polyamine at cellular level (Fong er al., 1976; Heller et al., 1976). It
acts by destabilizing the first enzyme of polyamine biosynthetic pathway namely ODC and
inhibits the uptake of polyamine (Mitchell et al., 1994; Suzuki et al., 1994). This antizyme
binding to ODC inactivate the enzyme and target it for degradation by 26S proteasome
(Figure 1.10) (Hayashi et al., 1985; Murakami et al., 1992; Li et al., 1994).

Recently, many antizyme forms have been known to exist, many isoform of mammalian
antizyme, antizyme 1 (Hayashi ef al., 1997) 2 and 3 (Ivanov et al., 1998, 2000) have been

characterized. AZ binding induces the conformational modification in the structure and
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expose the C-terminus of monomeric ODC and consequently 26S profeasome mediated
degradation of enzyme occurs (Coffino, 1998, 2000). Mechanism of ODC-AZ mediated
proteolysis proce.ss is unknown. But some results revealed the outcome of ODC-AZ
interactions result in the inactivation and dramatically accelerated degradation of ODC. AZ
dependent degradation requires the previously characterized carboxyl-terminal

destabilization segment of ODC (Figufe 1.10).

AZ binding locus of human ODC was inspected to be at the N-terminus residue 117-
140, AZ binding locus éomposed mainly of positively charged residues which render it as
electropositive patch at the interface of dimer. These residues are partially buried in the
dimeric structure and unable to bind antizyme and consequent degradation (Figure 1.10)

(Almrud et al., 2000).
1.12.2 Antizyme inhibitor (AZI) mediated ODC Regulation

Antizyme inhibitor is ortholog of ODC which have lost the ability to decarboxylate L-
ornithine to putrescine. Instead AZI shows great affinity towards the antizyme as compared
to ODC and protect the ODC enzyme from antizyme mediated degradation, result in the up-
regulation of ODC activity. AZ binding region of human ODC and AZI are found to be
almost identical except five residues from 117-140 (Li ef al., 1992). These residues are K125,
V126, C133, N135, and K140 whereas residues K125 and K140 play critical role during the
antizyme binding (Figure 1.10) (Liu et al., 2011).

Figure 1.10: Mechanism of regulation of 'ODC mediated by Antizyme (AZ) and
Antizyme inhibitor (AZI). AZ binds to recognition site (purple color) of either ODC or AZI
result in the formation of heterodimer complex of AZ-ODC and AZ-AZI. In addition, it also
causes dissociation of dimers to monomer. The AZ-ODC complex undergoes degradation
mediated by 26S proteasome (gray arrows). AZ-AZl complex formation allows the escape of
ODC to undergo degradation and active enzyme catalyzes decarboxylation reaction (black

arrows).
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1.13 Inhibition mechanism of ODC

Ornithine decarboxylase is an important drug target due to its important role in polyamine
biosynthesis. An elegant approach is to design a specific, irreversible and potent inhibitor,
possessing the reactive groups binding to active site and results in the inactivation of enzyme.
Many inhibitors have been designed against ODCs of pathogens to overcome the virulent
effect. Inhibitors mainly belong to active site binding components which are substrate,
product, analogues and derivatives of both. Recently, cofactor-substrate or cofactor-product
analogues are also coming in épplication. Fluorine and methylene based inhibitors are more
‘prevalent for the structure based drug designing (Robertson, 2005; Silverman ef al., 1996;
Karukurichi et al., 2007; Mayhoub ez al., 2011).

1.13.1 Substrate analogues and derivatives |

The substrate analogue a-difluoromethylornithine (DFMO) (eflornithine) has been shown to
block the proliferation process of G. lamblia but no effect on E. invadens, E. histolytica, T.
cruzi, Leishmania donovani and Schistosoma mansoni (Gillin ef al., 1984; Calvo-Mendez et

al., 1993; Kaur et al., 1986; Coons et al., 1990; Hesse ef al., 2001).

DFMO has been successfully used as a chemotherapeutic agent to eradicate the
pathogenic protist 7. brucei (McCann et al., 1981; Bitonti et al., 1985). Some other substrate
analogues have been studied viz. a-monofluoromethyl-3,4-dehydroornithine; a-
monoﬂuoromethyl-S,4-dehydro-omithine methyl ester; o-monofluoromethyl-3,4-dehydro-

ornithine ethyl ester (Table 1.6).

Ry
e g
-

R, NH
|

R3
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Compound | n R1 R2 R3 | Kq(uM)?* | Ko(uM)® | Ko(uM)*
Ornithine | [ H H H | 250 080 | 141
1 1 H H NH; | 0.5 0.46 5.59
2 1 |CHF |H H |75 1.55 0.50
3 i CH.F, |H H |39 1.56 0.89
A 1 H B H  [nd 216 | 130
S 3 0 — H |nd 3B [
p i H ) ,\\ H 2500 | 447 .40

Table 1.6: Chemical structures of substrate anallogues with different side chains. The
basic structure given above the table and different side chains are presented with the Kq
values (Bey e al., 1978). Kd values from: * Experimental data (Regunathan and Reis, 2000;
Brooks and Phillips, 1997; Rodriguez Paez et al., 1997; Abdel-Monem et al., 1975;
Sjoerdsma and Schechter, 1984) and from docking simulations at ® PLP and at © Cys 360

from monomer B.
1.13.1.1 Inhibition mechanism of substrate anaiogues

Out of the several inhibitors of ODC the most widely used is DFMO, it was introduced and
used efficiently since more than two decades:: bFMO covalently interacts with Cys360 of
ODC and binds irreversibly to the active site (Seiler, 2003). DFMO has been proved as an
cfficient therapeutic agent acts in dose dependent manner on cancerous cells (Vlastos et al.,
2005; Karukurichi et al., 2007). DFMO is a well-known drug to eradicate African sleeping
sickness caused due to trypanosome brucei infection. But itis a Weakvly bound and reversibly

removed from the site by increased concentration of substrate ornithine.

Substrate analogues have special characteristics of replacing substrate from the active

site of the enzyme. These compounds undergo decarboxylation and result in the formation of
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intermediate carbanionic species. First is conjugated imine production by elimination of
leaving group. Next is the internal cysteine, attacking the alkylic (B) position result in
tautomeric imine formation and release of fluoride via an extended conjugation mechanism. '
Both imines alkylate a nucleophilic residue at or near the active site to covalently bind the
inhibitor to enzyme (Figure 1.11) (Casero et al., 2005; Silverman et al., 1996; Karukurichi et
al., 2007).

ODC enzyme catalyzes “decarboxylation of the a-methyl moiety of its substrate
analogue. The irreversible inhibition takes place when DFMO undergoes decarboxylation
which results in expulsion of fluoride as opposed to a-protonation. Next step involves the
attack of Cys at the B-position result in the release of fluoride. Reformation of internal
aldimine leads to covalent modification of Cys which in turn inactivates the enzyme (Figure
1.11). DFMO might get displaced in vivo by endogenous substrate of ODC. In human plasma
the concentration of ornithine seems to be high. Cells develop resistance due to inefficient
uptake of DFMO or fast clearance from the site of action. The up regulation of ODC
expression and presence of transporter for polyamines in the cell are further drawbacks
which displace DFMO as efficient therapeutic agent (Casero et al., 2005; Marton ef al.,
1995).

1.13.2 Product analogues

The énzyme ODC is regulafed by inactivation in the presence of polyamines (Seely et al.,
1983). In vitro studies revealed that putrescine is a strong inhibitor of ODC from lower
cukaryotes such as fungi (Calvo-Mendez et al., 1987). However, Neurospora ODC gets less
suppressed by putrescine and remains unaffected in the presence of spermidine and spermine
(DiGangi ef al., 1987). The anti-proliferative effect of product (spermidine) analogue 2, 4-
diamino-2-butanone (DAB) is mainly reported for mitochondrial destruction (Stevens, 1977).
DAB causes the inactivation of ODC in vive by acting as an irreversible competitive inhibitor
(Stevens et al., 1978; Chapman ef al., 1978; Alhonen-Hongisto et al., 1979; Sertich et al.,
1987). Putrescine analogues can have less adverse effect on cell growth, as cells get
recovered after three days of incubation. Some other product analogues viz. 5-Hexyne-1,4-
diamine, frans-hex-2-en-5-yne-1,4-diamine, and (2R,5R)-3-methyl-o-acetylenic putrescine
have been applied as inhibitor. ODC studied from Entamoeba specie§ reported to be inhibited
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by 3 polyamines analogues in decreasing order of effectiveness as putrescine > spermidine >

spermine respectively (Calvo-Mendez et al., 1993; Persson et al., 1985).
1.13.2.1 Inhibitor mechanism of product analogue

Product analogues are capable of replacing putrescine at the active site, the proton abstraction
implicit in reverse reaction lead to propargylic anion formation yield an allene on
protonation. This allene conjugated to pyridoxaldimine and functions as reactive Michael

acceptor which could alkylate a nucleophilic residue in the active site.
1.13.3 Cofactor-substrate analogues

Cofactor-substrate analogues are the compounds having PLP with a substrate amino acid
attached to it (Christen et al., 2001). These compounds mimic the structure which forms at
transition state during enzymatic reaction (Eliot e al.,' 2004; Christen et al., 2001). They
bind with high affinity to apoprotein and enzyme cannot transform it and thus gets inhibited
very efficiently (Raso et al., 1975; Heller et al., 1975). These compounds have high degree of
specificity as  phosphopyridoxal-ornithine inhibits ODC without affecting S-
adenosylmethionine decarboxylase (Heller et al., 1975). Other such compound is N-(4’-
pyridoxal)-ornithine (BOC)-OMe.HCl (POB) having the same properties of inhibition as

substrate analogue attached to PLP and act as a transition state of decarboxylation reaction.

0 )
5. | [ o2
i *
NH,

- Figure 1.12: Structure of cofactor-substrate analogue. N-(4-pyridoxal)-ornithine (BOC)-
OMe.HCI (POB) (Wu et al., 2009).

1.13.3.1 Inhibition mechanism of cofactor-substrate analogues- Several membrane
permeable pyridoxyl derivatives as pyridoxyl-amines (Zhang et al., 1992, 1991) and
pyridoxyl-methionine analogues (Ogier et al, 1993) have also been investigated.

Phosphopyridoxyl-ornithine analogue binds very efficiently to newly synthesized apo ODC
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with high affinity and affects the ODC induced cell proliferation (Eliot et al., 2004; Christen
et al., 2001). Phosphopyridoxal-ornithine has one drawback that due to its negative charge it

is impermeable to the cell membrane and cannot be used for in vivo therapy.

However, (N-(4’pyridoxal)-ornithine (BOC)-OMe.HCl (POB) compound can be
taken up efficiently by cells and inhibits the proliferation of tumor or transformed cell better
than DFMO and DAB. The compound POB contains an additional hydrophobic BOC group
and the e-amino group of ornithine has no negative net charge (Figure 1.12). These
characteristics allow the efficient penetration through the membrane as compared to other

cofactor-substrate analogues (Wu et al., 2009).
1.14 Structure of ODC

The visual aspect of enzyme ornithine decarboxylase monomer belongs to english alphabet L
shaped structure. Each monomer can be subdivided into two domains p/a-barrel, and B-sheet
domain connected by loops. One helix bridges between the ﬁo domains. The sheet domain
is subdivided into two domains S1 and S2. L shaped monomers rapidly form dimer by
interacting with other monomer in head to tail manner (Grishin e al., 1999; Kern et al.,
~ 1999; Almrud et al., 2000). Monomers come together by forming some weak bonds, salt
bridges and interface electrostatic interactions. Enzyme functions actively in homodimeric
state and exist in cells by maintaining equilibrium between monomeric and dimeric forms

(Figure 1.13) (Grishin et al., 1999).

The dimer interface constitutes two active sites, each between B/a-barrel of one monomer
and B-sheet domain of other monomer. Substrate and Co-factor interact with residues of both
the subunits at the interface and actively catalyze the conversion of substrate to product

putrescine.
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Figure 1.13: Cartoon diagram of human ODC. Showing dimer with chain A, chain B are
in purple and blue color respectively. Structure starts with N-terminus of Chain A and ends
with C-terminus of Chain B. Two active sites at the interface, the ligands shown in green and
contacts are marked inred dots (PDB ID-1D7K, Almrud ef al., 2000).

The ODC enzyme interacts with PLP and forms a Schiff base with Lys69 in the active site.
Substrate ornithine forms Schiff base at one end with PLP and interacts with Asp332, and
Tyr389 of one monomer and Asp361, Phe397, Tyr323 and Cys360 of other monomer (Figure
1.14) (Kern et al., 1999; Osterman ef al., 1995-1997; Coleman et al., 1993; Tobias and
Kahana, 1993; Tsirka and Coffino, 1992).
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Figure 1.14: Active site of human ODC. Showing PLP in yellow color and surrounding
residues in gray color, water molecule are indicated by green color interaction between
enzyme and cofactor and water molecules have been represented by green color dashed lines.
(Almrud ¢t al., 2000).

1.14.1 Crystal structures of ODC available

Crystal structure of many eukaryotic and prokaryotic ODCs are available in RCSB/PDB
database (Table 1.7). Although basic crystallographic symmetry varied from species to
spectes but overall structure obtained was dimeric in alt structures. In prokaryotic ODC, the
basic functional unit was dimer even if the structure obtained varied from tetrameric to

dodecameric.
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Organism PDB- | Oligomeric Year | Space
ID state/ resolution group

Trypanosoma 1QU4 | Dimer /2.9A 1999 | P2,

brucei (Th)

Homosapien 1D7K | Dimer/2.1A 2000 | P2;2,2;

(Hs) ‘

Mus musculus 70DC | Dimer/1.6 A 1999 | P2;2,2

() . | ,

Vibrio vulnificus | 2PLJ Dimer/1.7 A 2007 P2,2,2,

("v)

Lactobacillus 10RD | Dodecamer/ 1995 | P6

30a (L30a) | Dimet/3.1 A

Table 1.7: Enzyme ODC structure data from eukaryotic and prokaryetic organisms.
Show the oligomeric state of ODCs from different groups of decarboxylases, with their PDB-
ID and the space group. Data obtained from RCSB PDB (http://www.rcsb.org).

Crystal structure obtained as in above table were grown either native or with substrate,
product, inhibitor or certain drugs which were thought to be having detrimental inhibitory
effect on the ODC activity. These studies revealed the relative difference in the structural
geometry of the crystal. Thé effect of certain type of inhibitors have been postulated and
detected.

These finding established the fact that old or new therapeutic and inhibitory agents
which are available for ODC and their physiological impacts (Table 1.7, 1.8) (Grishin et al.,
1999; Almrud, 2000; Yarlett, 1992; Jeongmi, 2007).
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Organism | Year | Inhibitor of ODC

| E. coli 1982 | DL-a-monofluoromethyl putrescine
(DFMO)
C. albicans | 1990 | 1,4 diamino-2-butanone (DAB)

Preumocystis | 1994 | DL-a-monofluoromethyl putrescine
carinii (DFMO)

Plasmodium | 2000 | DL-a-monofluoromethyl putrescine
falciparum (DFMO)
N. glutinosa |.2001 | 5,5°-dithiobis-(2-nitrobenzoic acid) (DTNB)

Table 1.8: Enzyme ODCs identified and characterized for studying the effect of

\

inhibitors.
1.14.2 Basic 'structure of ODC from fold type I and III family

Structure of the ODC from different protozoa appears to have same basic fold type
and overall symmefry of ThODC, MmODC, HsODC and VvODC is almost similar but
different from fold type I as of lactobacillus (Figure 1.15) (Grishin et al., 1999; Almrud et
al., 2000; Yarlett, 1992; Lee et al., 2007; Momany et al., 1995). All eukaryotic ODCs are

actively functional in dimeric state, where two active sites comprise the interface.
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Figure 1.15: Structure of ODCs from different fold type comprised of common

secondary structure and fold pattern of a/B-barrel and pB-sheet domain. A) Structure of
T'brucei ODC B) human ODC, C) mouse ODC D) Vibrio vulnificus ODC and E)

Lactobacitlus (30a) ODC.

Structures (monomers) given in figure 1.14 belong to different fold type but overall

symmetry does not vary from species to species. Monomer structures share the pattern of

amino acid arrangements except (E) Lactobacillus (Gopal, 1997). Secondary structures of

molecules are identical and having barrel and sheet domains in all the ODCs followed same

special properties as alanine racemas family. ODC-L30a is representative of Fold type 1

family of large bacterial PLP-dependent decarboxylases. This ODC exists as a dodecamer

composed of dimers with 1,460 amino acid residues per asymmetric unit (Hackert et al.,

1994). It is structurally similar to PLP binding domain of aspartate aminotransferase (AAT).

In addition it has secondary structure folds similar to decarboxylase.
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1.15 Mutational studies of ODC

Mutation of any specific site of the enzyme, allows one to study the role of the residue and
effect of such mutation on the activity. Many mutational studies have been carried out to
characterize the active site, binding affinity of inhibitors and other structural properties of the
enzyme. The site directed mutagenesis helped in determining the functions of some of the
very highly conserved regions invariant in all known eukaryotic ODCs. The residues of the
conserved region studied so far including 357-361 which is evidently very near the active site
of the enzyme, Cys360. substrate binding site, Lys69 cofactor PLP binding site and the region
surrounding it probably forms a part of the active site (Osterman ef al., 1999; Tsirka et al.,
1999; Jackson et al., 2000; Tobias et al., 1993).

Name PDB-ID | Resolution | Year
T. brucei ODC K69 mutant with DFMO 2TOD 2.0A 1999
Mutant 7hODC _ | 1SZR 2.15A 2004
ThODC complex with D-ornithine and G418 INJJ 2454 . 2003
THODC complex with putrescine 1F3T 2.0A 2000
Human and Leishmania ODC complex with 3- | 20N3 3.0A 2007

aminooxy-1-aminopropane

Human and Leishmania ODC complex with 3- | 2000 | 1.9A 2007

aminooxy-1-aminopropane

VfODC complex with pﬁtrescine 2PLJ 1.7A 2007
VfODC complex with cadaverine 2PLK 2.14A 2007
L30a0DC dodecamer 10RD 3.0A 1995
Lactobacillus30aODC Gly121Tyr mutant 1C4K 2.7A 2000

Table 1.9: Structure data of mutants and complexes of ODCs with substrate/inhibitors.
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Residues 232-238 glycine rich sequences are found to form a part' of the cofactor PLP
binding region. Gly387 is essential for the formation of stable homodimers (Tobias et al.,
1993). The reported mutations of residues Lys115 to Arg, Lys169 to arginine or alanine and
His197 to alanine all abolish catalytic activity (Table 1.9) (Jackson et al., 2003). The binding
element for the antizyme involved in the polyamine-mediated degradation of ODC, has been
localized between residues 117 and 140 (Liu et al., 201 1). Various residues at the carboxy-
terminus of ODC are required for rapid intracellular turnover of the ODC protein (Lu ef al.,
1991).
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CHAPTER I

EXPRESSION, PURIFICATION, AND
CHARACTERIZATION OF ORNITHINE
DECARBOXYLASE FROM ENTAMOEBA
HISTOLYTICA.



2.1 Abstract

This chapter mainly deals with the expression, purification, catalytic activity and
characterization of recombinant ornithine decarboxylase from E. histolytica. Biophysical and
biochemical characterization in addition to oligomeric state determination of purified protein

was done using various methods.

Entamoeba histolytica is responsible for causing amoebiasis. Polyamine biosynthesis
pathway enzymes are potential drug targets in parasitic protozoan diseases. The first and rate-
lirhiting step of this bathway is catalyzed by ornithine decarboxylase (ODC). ODC functions
as an obligate dimer. However, partially purified ODC from E. histolytica (EhODC) is
reported to exist in a pentameric state. The recombinant EAODC enzyme was over-expressed
in Escherichia coli and purified. Pure protein was used for estimation of activity by
colorimetric product determination assay. Furthermore, the secondary structure content of
enzyme was determined using Circular Dichroism spectroscopy. The percentages of a-
helices, B-sheets and rzindom coils in EhODC were estimated to be 39 %, 25 % and 36 %
respectively. Moreover, the oligomeric state of EZODC was re-investigated. Size-exclusion
chromatography, crosslinking and mass spectrophotometry analysis revealed that EhODC

enzyme exists in dimeric form.

- 2.2 Introduction

Amoebiasis is an infectious disease caused by single-celled parasitic protozoan E. histolytica.
The parasite mainly affects primates-and humans, and is transmitted by ingestion of water
and food contaminated with feces containing cysts of E. histolytica. The enzymes of
polyamine biosynthesis pathway are potential drug targets in parasitic protozoan diseases.
The first and rate-limiting step of this pathway is catalyzed by ornithine decarboxylase
(ODC). The enzyme ODC has been investigated and characterized from T. brucei, human,
and mouse which revealed that the monomeric subunits interacts in head to tail manner and
forms two catalytic active sites at the dimer interface (Grishin et al., 1999; Kern et al., 1999;
Almrud et al., 2000). Dimer formation is not only important for its catalytic function but also

for its protection against antizyme-dependent endoproteolysis.
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The pyridoxal 5’ phosphate (PLP) binding residue Lys69 forms a Schiff base with it
and indirectly ‘helps in forming enzyme substrate complex. The enzyme ODC from
Leishmania mexicana (LmODC) showed absolute requirement of PLP, but activity
restoration after removing PLP revealed that the removal does not cause denaturation of
enzyme (Sanchez et al., 1995). In contrast ODC from 7. vaginalis (TvODC) gets irreversibly
inactivated in the absence of PLP (North et al., 1986). PLP not only provides a reactive site
but also participates in bringing up some conformational changes which may be required for
correct assembly and full enzymatic activity.

ODC from other parasitic sources revealed different physiological properties but
same biochemical outcomes. A number of enzymes possess flexibility in substrate specificity
and active site conformation (Akey ef al., 2011). Broad distribution of ODC categorizes it
into two major forms, monomeric and dimeric. As in case of 7vODC, the one enzyme
subunit was found to be of molecular weight 55 kDa (Yarlett et al., 1993). LmODC reported
to be consisting of three or four subunits of 50-70 kDa (Sanchez ef al., 1995). The molecular
weight of one subunit of ODC from 7. brucei, mouse and Glycine max was equivalent to 45,
53 and 55 kDa respectively. The molecular weight of one subunit of N. glutinosa ODC
(NgODC) was 92 kDa. Secondary structure of NgODC was predicted by CD spectra and
other bioinformatics analyses showed 9 a-helices and 16 f-sheets, the overall percent
secondary structures were reported to be 29 % a-helix, 35.3 % turn and 35.6 % random coils
(Lee et al., 2001).

Analysis of mouse ODC (mODC) in the presence of monomeric and dimeric buffers
constituting different salt concentrations showed great changes in physiological and
/biochemical properties. The mODC was investigated to check the heterodimer formation and
its degradation pattern. Crosslinking experiments were performed for determining the homo
or heterodimer formation and revealed that 50 % subunits were in heterodimeric form
(Rosenberg-Hasson et al., 1991). A wide variety of cellular responses gets regulated by
transient protein-protein interactions. Interestingly, ODC protein-protein interaction
significantly mediates the regulation of its catalytic activity. Inter-protein linkage studies
have offered us small molecular model of interface and other useful features of enzyme
which are potentially significant in enzyme activity and would aid in structure based drug

designing (Bhattacharya et al., 2011). Chemical crosslinking studies of ODCs provided clear
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view of interactions and facilitated the topological analysis of protein (Fadouloglou et al.,
2008; Wine et al., 2007; Back et al., 2003). Protein ODC is under investigations since last
few decades for determining the oligomeric states and physiological and biochemical
properties. It has been reported that ODC from various sources exists mostly in the form of
horhodimers, although higher order oligomers have also been reported (Sanchez et al., 1995;
Yarlett ef al., 1993; Rosenberg-Hasson ef al., 1991).

High resolution mass spectroscopy is a powerful tool for elucidation of size and
solubility of biomolecules. The broad applicability of soft ionization techniques, such as
matrix assisted laser desorption ionization (MALDI) is choice of platform for characterizing
the structural and functional states of protein. Most of the ODC enzymes from different
species of eukaryotes exhibit several modified forms including phosphorylated and
transamidated forms (Atmar et al., 1981£ -Russe;il et al., 1981; Tomar et al., 2011). Previous
studies have suggested the existence of equilibrium between active and cryptic forms of
ornithine decarboxylase under different physiological conditions (Canellakis ef al., 1979).
Moreover multiple forms of ODC have been observed using size exclusion chromatography
under different investigatory experiments (Kitani et al., 1984; Mitchell er al., 1978).
Physiological significance of these forms has been analyzed to study the structural and
functional relations.

Substrate and other ionic molecules exhibit detrimental effect on the structure and
activity of the ODC (Kitani et al., 1984; Lapointe et al., 1983). Noticeably, salt greatly
affects the aggregation state of the protein. Increasing the ionic strength resulted in the
increase of K, value for L-ornithine and causes subunit dissociation of the rat liver ODC.
Similarly, ODC from phycomyces gets inhibited and the equilibrium between the monomeric
and dimeric form also gets disrupted by salt (Mitchell et al., 1978; Lapointe et al., 1983).
Increased urea concentration has lseveraI. remarkable impacts on the protein. It can either
induce solubility or results in denaturation of protein (Wetlaufer ef al., 1964). Urea molecule
tends to denature the structured protein by disrupting the hydrophobic interactions (Frieden
- C, 1979; Meyer et al., 1977).

Despite of being a potent therapeutic target in E. histolytica, we do not know much

about the biophysical and biochemical properties of ERODC. Earlier reports suggest that the
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ERODC exist only as a homopentamer, however we observed the existence of active dimer

and inactive monomer form of the enzyme under various physiological conditions.
2.3 Materials and Methods
2.3.1 Reagents

The E. coli expression vector pET 30a (Novagen) containing full-length gene of
ERODC having N-terminal Histidine tag (6x His) followed by enterokinase cleavage site was
used for over-expression of the enzyme (Jhingran ez al., 2008). For protein purification 5 ml
HisTrap HP and HiLoad 16/60 Superdex 200 gel filtration columns were obtained from GE
Healthcare. Imidazole (low absorbance at 280) was obtained from Acros. AKTA Prime plus
system from GE Healthcare was used for protein purification. Putrescine, 4-aminoantypyrine,
diamine oxidase, horseradish peroxidase and L, D-ornithine were procured from Sigma
Aldrich. Amicon ultra protein concentrators were purchased from Millipore. All other

chemicals were of analytical grade and obtained from commercial sources.
2.3.2 Methodology
2.3.2.1 Expression and Solubility of E2ODC

The E. coli expression vector pET 30a (Novagen) containing full-length gene of EAODC
having N-terminal Histidine tag (6x His) followed by enterokinase cleavage site was used for
over-expression of the enzyme.

The expression and purification of FAODC enzyme was done by following the
published procedure with minor modifications given below (Jhingran et al., 2008). The
plasmid pET30a having the full-length EAODC gene insert (pET30a-EAODC) was
transformed into freshly prepared E. coli BL21 (DE3) competent cells and plated on Luria-
Bertani (LB) agar plate containing kanamycin (50 pg/ml). Plates were incubated overnight at
37 °C and colonies were obtained. Single colony was picked and cells were seeded in 5 ml
LB broth containing 50 pg/ml of kanamycin and culture was grown overnight at 37 °C with
agitation. Overnight culture was uséd for inoculation of 1 liter LB broth. Culture was induced

with 1 mM isopropyl B-D-thiogalactoside (IPTG) when optical density (Asop) reached 0.6.
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Afte;r induction, culture was. moved to different temperatures (37 °C, 25 °C, and 18 °C) and
was grown for 4, 6, and 14 hours respectively.

Cells were harvested by centrifugation at 5,000 rpm at 4 °C for 10 min and cell pellets
were stored at —80 °C until further processing. Expression and solubility of the protein was
confirmed by analysis of lysed cell supernatant and pellet on 12 % sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE).
2.3.2.2 Purification of ERODC

The Histidine~tagged EhODC was purified usihg two-step procedure that employed metal ion
afﬁnity chromatography followed by gel filtration chromatography. All purification steps
were performed at low temperature (4 °C — 6 °C). Brieﬂy, frozen cell pellets from a 1 liter
culture were thawed on ice and re-suspended in buffer A [50 mM Tris-HC1 (pH 7.5), 40 mM
imidazole, 250 mM NaCl and 5 % glycerol (v/v)] containing lysozyme (0.7 mg/ml) and 0.2
mM phenylmethanesulfonylfluoride (PMSF). Cells were disrupted by sonication on ice with
a pulse of 20 sec on and 1 min off for 10 times. The obtained cell lysate was clarified by
centrifugation at 18,000 g for 45 min at 4 °C and supernatant was applied on HisTrap HP
column (5 ml) pre-equilibrated with buffer A. Unbound proteins were removed by washing
the column with ~40 ml of buffer A. Bound protein fractions were eluted using a linear
gradient of 40 mM to 1 M imidazole of 60 ml at a flow rate of 1 ml/min. Eluted fractions
were examined on 12 % SDS-PAGE and fractions containing pure protein were pooled
together.

Enterokinase was added to pure protein (~0.02 units/mg protein) for His tag cleavage
and incubated for ~12 hours at 4 °C and simultaneously dialyzed against buffer A without
imidazole. To remove uncleaved tagged protein and the cleaved His tag, the samplé was
reloaded onto HisTrap HP column and the flow-through containing untagged EAODC was
- collected and concentrated using a 10 kDa cutoff Amicon Ultra-15 concentrator (Millipore,
Bedford, Massachusetts, USA). For removal of enterokinase, the concentrated sample was .
~ loaded onto Hil.oad 16/60 prep grade Superdex 200 size-exclusion chromatography column

pre-equilibrated with buffer B [S0 mM Tris-HCl (pH 7.5), 250 mM NaCl, 0.2 mM
dithiothreitol (DTT) and 5 % glycerol (v/v)]. Fractions of the major peak containing pure

protein were pooled and concentrated. Homogeneity of the concentrated enzyme preparation
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was analysed by 12 % SDS-PAGE. The yiéld and concentration of purified EAODC was
measured using the Bio-Rad protein-assay kit with bovine serum albumin (BSA) as a
standard. :

2.3.2.3 ERODC enzyme assay

Ornithine decart;o;(ylétion activity of EhODC was spectrophotometrically determined by the
method developed by Badolo et al., 1999. This method is based on the reaction between
diamine oxidase (DAO) and putrescine, the product of the ODC-catalyzed reaction. For
EhODC enzyme assay, the purified protein was buffer exchanged with 20.mM sodium
phosphate buffer (pH 7.5) and concentrated to final concentration of 0.3 mg/ml. The reaction
mixture of 180 ul containing 20 mM sodium phosphate buffer (pH 7.5), 0.1 mM EDTA, 0.1
mM PLP, 0.2 mM DTT, and 1 mM of L-ornithine was prepared to which 20 pl of protein

solution was added to make up the final volume of 200 pl. The reaction mixture was

incubated at 37 °C for 5 hours.

Further, 100 pl of the above EAODC reaction mixture was added to 900 pl of diamine
oxidase (DAOQ) reaction mixture composed of 50 mM Tris-HCl (pH 9.8) containing 100
ng/ml phenol, 100 pg/ml 4-aminoantipyrine (4-AAP), 0.02 U of DAO, and 7 U of
horseradish peroxidase (HRP). The reaction was incubated at 25 °C for 60 min and then
terminated by heating the solution at 90 °C for 4 min. The concentration of putrescine formed
by ornithine decarboxylation catalysis was determined by measuring the absorbance at 492
nm for the colored complex formed as a result of the reaction of H,O, with 4-AAP and
phenol catalyzed by HRP (Singh er al., 2011). For negative controls, purified protein or
substrate L-ornithine was substituted with buffer in the reaction mixtures. Effect of
stereoisomer of substrate was observed by incubation of L and D-ornithine at 37 °C.
Mechanism of reaction catalyzed and the formation of colored product has been given in

figure 2.1.
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Figure 2.1: Schematic representation of enzymatic decarboxylation of substrate L-
ornithine to product putrescine and colorimetric assay used to determine the product

formation (Courtesy Badolo et al.. 1999).
2.3.3 Secondary Structure Analysis

Various enzymes from different families possess the property of decarboxylation of
ornithine, lysine, arginine etc. Most of the ODCs characterized till date possess catalytic
activity and exhibit the property of dimerization. The enzyme shows characteristically
different morphology and oligomeric state in the presence of denaturing agents and salts
(Kitani ef al.. 1984; Mitchell er al., 1988). Protein association and dissociation behavior can

be studied by MALDI-TOF which also helps in determining its oligomerization state.

ODC enzymes are obligate homodimer and two active sites are present at the dimer
interface. This property of dimerization of EAODC was analyzed by using various

biophysical and biochemical techniques. The Entamoeba ODC has been reported as a multi-
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subunit enzyme that possesses the property of decarboxylation of only L-ornithine (Arteaga-
Nieto ef al., 1996; Jhingran et al., 2008). EKODC thought to be a pentameric enzyme in
which active site present at the subunits interface. Our goal was to identify the oligomeric

state of the enzyme.
2.3.3.1 Far-UV Circular Dichroism spectrum

For estimation of secondary structure elements, purified EAODC was subjected to circular
dichroism (CD) analysis using - Chirascan Circular Dichroism Spectrometer (Applied
Photophysics Ltd., Surrey KT22 7PB, United Kingdom). CD spectra were collected using a 1
mm qﬁartz cell under constant nitrogen purge between 190 to 260 nm in 0.5 nm wavelength
steps and an average time of 3.0 sec at 25 °C. The protein solution was buffer exchanged with
20 mM potassium phosphate buffer (pH 7.5) at 4 °C. Protein samples at concentration 0.35
mg/ml were analyzed and three scans were collected, averaged and the baseline
corresponding to the above buffer was subtracted to obtain the final values. The obtained
data were analyzed using the software K2d (http://www.embl.de/~andrade/k2d.html)
(Andrade MA et al., 1993).

2.3.4 Characterization of oligomeric state of ERODC
2.3.4.1 Chemical crosslinking

To obtain preliminary information on the oligomeric association of EAODC, glutaraldehyde
crosslinking experiment was performed using the method described by Fadouloglou VE et
al., 2008. Purified protein solution was exchanged with 20 mM sodium phosphate buffer (pH
7.5) for cross-linking studies. Experiment was carried out using 24 well crystallization plate
(Hampton research) and a siliconized coverslip in a manner similar to a hanging drop
crystallization method. For cross-linking EAODC, 40 pl of 12.5 % glutaraldehyde solution
(v/v) acidified with 1 pl 5 N HCI was added in the well of crystallization plate. Then, 15 pl of
protein solution (1 mg/ml) was loaded onto the coverslip, which was inverted on the
reservoir well and sealed with vacuum grease (Hampton Research). The entire setup was
incubated at 37 °C for 10 min and then the sample was mixed with an equal volume of 2 X
SDS-PAGE loading buffer and boiled for 4 min on a dry bath. Cross-linkeci oligomers were
analysed on 12 % SDS-PAGE followed by Coomassie Blue R-250 staining.
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One entirely different protocol to determine the oligomeric state was followed in
which a chemical crosslinker was dimethyl suberimidate dihydrochloride (DMS) (Davies GE
et al., 1970). Purified protein was crosslinked in the presence of DMS concentration varied
from 0.8 to 2 mg/ml in a réaction nﬁx of 100 ul and phosphate buffer pH 7.5 incubated at 37
°C for three hours. The reaction was terminated by adding reducing dye and analyzing on 12

% SDS-PAGE.
2.3.4.2 Molecular mass and oligomeric state determination

The molecular mass of recombinant EAODC wés determined by running purified protein on
12 % SDS-PAGE with standard molecular weight protein marker (Bio-Rad). To analyze the
oligomerization state, 500 pl of purified and concentrated (~10 mg/ml) protein was applied
onto a HiLoad 16/60 Superdex 200 gel filtration column pre-equilibrated with buffer B using
500 pl sample loop at a flow rate of 0.5 ml/min on AKTA purifier chromatographic system
(GE Healthcare) and protein elution profile was monitored by measuring the absorbance at
280 nm. The size-exclusion column was cﬁlibrated with blue dextran (2000 kDa), and Gel
Filtration HMW Calibration kit containing ferritin (440 kDa), aldolase (158 kDa),
conalbumin (75 kDa) and ovalbumin (43 kDa) (GE Healthcare) for determination of the void
volume, construction of the standard curve and estimation of the molecular weight of purified

protein.

The oligomerization state of EhODC was also analyzed by matrix-assisted laser
desorption/ionization time of flight mass spectrometry (MALDI/TOF MS). The purified
protein sample was dialyzed against 50 mM Tris buffer (pH 7.5) containing low
concentration of NaCl (25 mM) and 0.2 mM DTT to avoid any instrumental interference and
was concentrated to ~2 mg/ml using 10 kDa cutoff Amicon ultra 15 (Millipore). The
MALDJ/TOF MS analysis was carried out at Proteomics Facility, TCGA (New Delhi, India)
using Ultraflex mass spectrometer (Bruker Daltonics, Germany). The protein ionization
spectra were analyzed on FLEX-PC2 mass spectrometer and data was acquired across the

range of about 0 to 250 amu.

53



2.3.4.3 Effect of Urea and NaCl on EhZODC oligomerization

To study the effect of urea and NaCl on oligomeric state of protein, purified and concentrated
EhODC was pre-incubated with variable concentration (2 M or 4 M) of above chemical
agents separately at 4 °C for 4 hours. The protein was further loaded onto Hi-load 16/60
superdex 200 gel filtration column equilibrated with buffer B containing the same
concentration of urea or NaCl and elution profiles were analyzed aﬁd compared with the

standard molecular weight marker and native ExODC protein.
2.5 Results and Discussion

The completion of genome sequence project of E. histolytica headed by the Institute of
Genome Research (TIGR, Rockville, USA.) opened up the possibilities of new therapeutic
targets as well as detailed mechanisms of various biosynthetic pathways (Loftus et al., 2005).
The polyamine biosynthesis in E. histolytica is an essential pathway required for the
existence of the pathogen (Thomas ef al., 2001; Oredsson, 2003). In present study, the
sequence of EkODC, the first and rate-limiting enzyme of polyamine biosynthetic pathway,
has been retrieved from NCBI database with accession number AAX35675. The protein
consists of 413 amino acids with predicted molecular weight of 46.43 kDa. InE histolytica,
the gene encoding ODC is of 1,242 bps, thus it implies that there is no intron present in the
gene. The enzyme has been previously characterized by Jhingran ef al., 2008. Single copy
gene (ORF) was found to be located on 1.9-Mb chromosome.

2.5.1 Plasmid isolation and verification for EAODC insert

Plasmid pET30a with insert of E#ODC enzyme of size 1,242 bps was isolated and checked
on the 1% agarose gel to confirm the plasmid. Plasmid was digested with BamHI and Xhol
enzymes to confirm the insert size of 1,242 bps (Figure 2.2). Sequencing of E. histolytica
ornithine decarboxylase was done to confirm the insert and the derived amino acid sequence

of EAODC has been given in the figure 2.3.
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Figure 2.2: Plasmid pET30a-ERODC. A) Gel showing cloned plasmid digested with
restriction enzymes BamH]I and Xhol releasing an insert of 1,242 bps. Lane 1: DNA ladder;
Lane 2: RE digested plasmid. B) Schematic representation of the vector map pET30a-with
ERODC insert. The colored tag represents the specific antibiotic resistance gene, restriction
sites, insert gene and promoter region (Jhingran ef al., 2008).
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2.5.2 Nucleotide along with the amino acid code of EAODC

atgaaacaaacatctctagaagtaaaagaattcgectcttaatcttatcagecaatttgaa
M K Q T S L E V K E F A L N L I S8 Q F E
ccagaaaaccaaccacttggtttttggatttttgatactgaaggtgttgaaaaagcagtt
P E N Q P L G F W I F D T E G V E K A vV
gaaagatggaaaaagaatatgccaacagttagaccttgetttgetgttaaatgtaatcecet
E R W K K N M P T V R PCF A VYV K CN P
gaacctcatttagttaagettttaggtgaattaggatgtggttttgattgtgettcattg
E P H L VvV K L L 66 E L G C G F D C A S L
aatgaaataaaagaagtattagaccttggatttaatcctgaagacattacatattcacaa
N E I K E VvV L D L G F N P E D I T Y 8 Q
actttcaaaccatataatcaattaattgaagcaagtcatttaggaattaatcatacaatt
T F K P ¥ NQ L T E A S H' L G I N H T I
gtagattcaattgatgaagttcaaaaaattgcaaaatatgcaccaaaaatgggtataatg
vV D s I D E V 0 K I A K Y A P KM G I M
ataagaattatggaaaatgatacatcagcaggtcatgtatttggagagaaatttggactt
I R I M E ND T S A G HV F G E K F G L
catgatgatgaggttgaaatagttttaaaagaaattaaagacaaaggattaaatttagat
H D D E VvV E I v L K E I K D K GG L N L D
ggagtccattttcatgttggaagtgéttctcataatagtgaagtttttactaaagcatta
"G VvV H F H V G 8S D 8S H N 8 E V F T K A L
actaaagcaagaaacactgttacattagcagaacaatttggaatgaaaccatatttaatt
T K A R N T vV "™ L A E Q F G M K P Y L I
gatattggaggaggatttagtcaagttgctecatttgaagaatttgcagcaacaattgaa
D I 6 G G F s @Q v A P F E E F A A T I E
aaaacaataaaagaattagagtttccagaaagaacaagatttattgcagaacctggaaga
K T I K E L E F P E R TR F I A E P G R
tatatggcatctaatgcatttcatettgttagttetttacatggtaaaagagtaagaata
Y M A §S N A F H L VvV 8§ 8 L. H G K R V R I
cagaatggaaagaaacaaattgaatatacttcaggtgatggtttacatggaagttttgga
¢ N G K K Q I E ¥ T $ 6 b G L, H G 8 F G
tgttgtatttggtttgaaaaacaaaaaagttgtgaatgtattacacaaaaagttaatgaa
C ¢C I W F E K Q K S C E C I T Q K V N E
aatactaaaatgtatgaaagtattatttatggaccttcttgtaatggaagtgataaagta
N T K M ¥ E 8§ I I Y G P 8 C N G 8 D K Vv
gcaactcaagaactaccagaaatggagccagggaaagattggttattatttcccaatatg
A T Q E L P EM E P G KD W UL L F P N M
ggtgcttatacaatttectatggcaactaactttaatggatttgaagaaagaaatcatgte
G A Y T I s M A T™ N F N G F E E R N H vV
atttatactttaccattaaagtcaacaaaaattattcaaatcecctaagtcaattgaatgt
I ¥ T L P L K 8 T K I I Q I P K S I E C
aactcagttccatcattaaatggtattccécaétatgcttaa-
N §s v P S L N G I P H Y A -

Figure 2.3: Nucleotide and derived amino acid sequence of EzODC.
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2.5.3 Strategy used for ERODC protein expression

pET30a-ERODC

Transformation I

iBL21 DE3 E. coli cells T ﬂ e

Agar plate with kanamycin
!
& Cell culture I-=-»

[ Purification

Figure 2.4: Schematic representation of the strategy used for obtaining pure
recombinant EAODC protein.
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2.5.4 Expression and solubility of ERODC

In this study, the plasmid pET30a containing the full-length £AODC gene insert (pET30a-
£hODC) was transformed into freshly prepared £. coli BL21 (DE3) competent cells and
plated on Luria-Bertani (LB) agar plate containing kanamycin (50 pug/ml). The strategies that
were developed and used to overcome the hurdles encountered during the protein purification
are discussed here (Figure 2.4). The expression and solubility of ZAODC construct was
checked by growing . coli containing expression vector at various temperatures (37 °C, 25
°C and 18 °C). The induction of the culture was done with 1 mM IPTG when optical density
at (Agoo) reached to 0.6. Recombinant £2O0DC protein was showing high expression and
solubility at 18 °C (Figure 2.5).

12- 3 4 5.6

46 kDa
EhODC

Figure 2.5: SDS-PAGE gel profile of expression of EAODC at different temperatures.
Lane 1: supernatant (uninduced); Lane 2: supernatant (induced at 37 °C); Lane 3: supernatant
(induced at 18 °C); Lane 4: pellet (uninduced); Lane 5: pellet (induced at 37 °C); Lane 6:
pellet (induced at 18 °C).

2.5.5 EhODC purification

The recombinant £20DC protein was purified to homogeneity using two step procedure
consisting Ni** affinity chromatography and size exclusion chromatography. The crude
containing over-expressed £2ODC from E. coli having N-terminal His-tag was loaded onto
HisTrap Ni** column and eluted using a linear gradient of imidazole.
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The N-terminal His-tag from eluted protein sample was removed using enterokinase and
sample was re-loaded onto HisTrap Ni** column. Then, the flow-through containing EAODC
without His-tag was collected, concentrated and loaded onto HiLoad 16/60 superdex 200 gel-
filtration column for further purification. Homogeneity of pure protein sample was estimated
on 12 % SDS-PAGE, which exhibited a single band of ~46 kDa corresponding to the
molecular weight of EAODC protein (Figure 2.6, 2.7). The yield of the purified protein was
estimated to be ~3.0 mg/L of culture and protein was concentrated to ~6 mg/ml.

kDa
205
108
97.4
45.0

29.0

Figure 2.6: Purification of EODC. A) Affinity purification of EODC showing purified
protein in 12 % SDS-PAGE. Lane 1: molecular weight marker (kDa); Lane 2-4: EAODC
full length purified protein; Lane 5: Flow-through; Lane 6: Supernatant showing soluble
fractions of E. coli lysate. B) 12 % SDS-PAGE gel showing purified E#ODC His tag
cleaved protein. Lane 1: Molecular weight marker; Lane 2: Purified E#ODC-His tagged
protein; Lane 3: Purified His tag cleaved protein with molecular weight ~46 kDa.
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Figure 2.7: A) Size-exclusion chromatography profile. Elution profile of EAODC and 12
% SDS-PAGE (insert) analysis of major peak fractions. B) The elution profile of standard
molecular weight markers through HiLoad 16/60 Superdex 200 column. The column

void volume (V,) and molecular weight (kDa) of standard proteins are indicated.
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2.5.6 EhODC enzyme activity

The enzymatic activity of purified protein was demonstrated using the simple and
rapid colorimetric ODC activity assay (Badolo ef al., 1999). The decarboxylation activity of
purified enzyme was assayed in 200 pl reaction containing 20 mM sodium phosphate buffer
(pH 7.5), 0.1 mM EDTA, 0.1 mM PLP and 1-10 mM of L-ornithine. The reaction was
assayed in terms of the formation of product, putrescine by its oxidation using DAO enzyme
which releases H,O, that forms a colored complex antipyrylquinoneimine as described in
materials and methods. His-tagged and untagged protein showed no difference in the
enzymatic activity. Furthermore,‘the purified EAODC actively catalyzed the conversion of L-
ornithine to putrescine, while it showed no activity when D-ornithine was used as a substrate
in enzyme reaction. This reveals that FAODC enzyme is stereospecific in binding to L-
ornithine substrate suggesting that substrate based stereospecific inhibitors may be designed
for ERODC (Figure 2.8). ' |
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Figure 2.8: The formation of antipyrylquinoneimine measured at 492 nm with different -

concentration of substrate L-ornithine.
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2.5.7 Secondary structure analysis of ERODC

An effort was made to elucidate the secondary structure of EAODC by using Far-UV
circular dichroism (CD). CD spectrum anaiysis. of EhODC exhibits two negative peaks at 211
and 219 nm and a positive peak in-the range of 192-203 nm, as expected for a protein
with o/} content, indicating that purified pfotein has a well-defined structure (Figure 2.9).
The deconvolution of CD data with K2d program indicates a secondary structural content of
39 % a-helix; 25 % B-sheet, and 36 % random coil (http://www.embl.de/~andrade/k2d.html)
(Andrade MA, 1993). For comparative secondary structure analysis, the server SOPMA was
used for the prediction of secondary structural elements in EAODC sequence (Geourjon et
al., 1995). K2d results Weré found to be in agreement with the result of SOPMA showing 33
% a-helix and 25 % PB-sheet content (Table 2.1). These estimations are in éccordance with the
available crystal structures of ODCs and also with the molecular model for £2A0ODC, which
was generated by homology modeling in the preseﬁt study. These results reveal that ExODC
contains an o/ tertiary structure and has the overall folding pattern similar to the other ODCs

from mammals, plants and protozoa.
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Figure 2.9: Circular Dichroism spectroscdpy of ERODC. A Far-UV CD spectrum of 0.35
mg/ml EAODC protein. Data were analyzed using online K2d server for determining the

secondary structure contents.

a-Helix B-Sheet Random coils
CD analysis 39% 25% 36%
SOPMA 33% 25% 41%

Table 2.1 Showing the comparative secondary structure content obtained by CD data

analysis and SOPMA server.
2.5.8 Characterization of oligomeric state of EODC

ODC purified from E. histolytica has previously been reported to exist in a pentameric state
(Arteaga-Nieto er al., 1999). Three dimensional crystal structure studies of ODCs from
different sources have shown that the enzyme exists as a homodimer and association of
monomeric subunits directs the formation of two equivalent catalytic pockets at the dimer
interface. Therefore, we were interested in characterizing the functional oligomeric form of
ERODC. To accomplish this, we purified recombinant £AODC enzyme énd first confirmed

that the purified protein is enzymatically active and then searched for oligomeric state.
2.5.9 Biochemical and biophysical methods

2.5.9.1 Crosslinking énalysis

2.5.9.1.1 Glutaral;lehyde crosslinking

Cross-linking agent, glutaraldehyde is used for obtaining crude information about the
quaternary structure of protein (Fadouloglou er al., 2008). Previously, the crosslinking
experiment has been performed to reveal the dimeric form of mouse ODC (Rosenberg-
Hasson et al., 1991; Tobias et al., 1993). Therefore, EAODC was cross-linked using
glutaraldehyde in a closed setup similar to protein hanging drop crystallization method. After

incubation for 10 min, the protein sample was analyzed using SDS-PAGE. The cross-linked
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sample showed two bands of ~90 kDa and ~46 kDa corresponding to the molecular weight of
EhODC dimer and monomer (Figure 2.10) indicating the possibility of EODC dimerization.

Figure 2.10: Gel showing chemical crosslinking in the presence of glutaraldehyde
analyzed by 12 % SDS-PAGE. Lane 1: Molecular weight marker; Lane 2-3: Protein treated
with glutaraldehyde showing two sharp bands corresponds to molecular weight of ~90 kDa
and ~46 kDa respectively; Lane 4: Untreated purified protein. Arrow pointing to a sharp
band represents the dimer of ~90 kDa.

2.5.9.1.2 Dimethyl suberimidate dihydrochloride (DMS) crosslinking

Crosslinking of FAODC was also done in the presence of DMS. The purified £AODC protein
(1 mg/ml) was incubated with different concentrations of DMS for 3 hours at 37 °C.

Figure 2.11: Crosslinking in the presence of dimethyl suberimidate dihydrochloride
(DMS). Lane 1: Untreated protein; Lane 2-8: Concentration of DMS (0.8 to 2 mg/ml); Lane
9: Molecular weight marker.



The pfotein sample analyzed by 12 % SDS-PAGE revealed that the protein was
crosslinked to dimer of molecular weight ~90 kDa. The concentration of DMS from 0.8-1
mg/ml showing the dimer formation but as the concentration increased to 2 mg/ml the protein
was showing aggregation (Figure 2.11). These result also provided a clear indication that
ERODC exist in dimeric form in the solution but as the concentration of crosslinking agent

increases it led to aggregation.
2.5.9.2 Gel filtration and MALDI-TOF analysis of EAODC.

To further analyze EAODC oligomerization, the molecular weight of purified protein was
estimated by applying the sample onto a HilLoad 16/60 prep grade Superdex 200 gel-
filtration column using AKTA purifier. Purified protein showed a major peak with the elution
volume 71.3 ml (Figure 2.7 A). Using a standard curve based on molecular weight markers,
the molecular weight of major elution peak was calculated and was estimated to be
approximately ~90 kDa, which corresponds to the molecular weight of EAODC dimer
(Figure 2.7 A, B). This suggests that EhODC exists in dimeric form.

Furthermore, MALDI/TOF MS analysis of the purified protein was carried out to
verify and confirm the dimerization of protein. MS data showed two narrow peaks having
average intensity of 44558.430 m/z and 90667.295 m/z and these correspond to the
monomeric and dimeric state of the protein respectively (Figure 2.12). Thus, it was

established that FAODC enzyme exists in dimeric state.
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Figure 2.12: MALDI-TOF MS analysis of EAODC showing two peaks corresponding to
~44558.430 Da and ~90667.295 Da.

2.5.9.3 Effect of urea and NaCl on oligomeric state of EAODC

The study of effect of chaotropic agents on oligomeric state is critical to evaluate the stability
of quaternary structure of proteins. The behaviour of ODC in presence of such agents differs
from species to species and dissociation of oligomeric state is dependent on the concentration
of chaotropic agents (Solano et al., 1985; Tsirka et al., 1993). In T. brucei, ODC dissociates
into monomers in presence of high concentration of salt and urea (Osterman et al., 1994).
This provoked us to examine the effect of different concentrations of NaCl and urea on

oligomeric state of EAODC.

Incubation of protein sample with 2 M and 4 M of NaCl resulted in partial
dissociation of dimeric enzyme to monomeric state (Figure 2.13 A, B). Two peaks were
observed in gel filtration chromatogram: one at 71 ml elution volume followed by a smaller

peak at 81 ml elution volume which corresponding to the molecular mass of the dimeric and
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monomeric forms of ERODC respectively (Figure 2.13 A). With increased concentration of
NaCl from 2 M to 4 M, the small peak corresponding to monomer becomes more distinct
demonstrating that higher concentration of NaCl partially disrupts the dimerization. This also
suggests the role of inter-molecular salt-bridges and weak polar interactions in EAODC
dimerization. Similar results were observed when the protein was treated with 2 M and 4 M
urea (Figure 2.13 C, D). Destabilization of EAODC dimers in higher urea concentration

points to the presence of inter-molecular hydrophobic interactions at the dimer interface.
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Figure 2.13: Effect of chaotropic agents on oligomeric property of EzODC. (A) & (B):
Gel-filtration chromatogram showing the elution profile of E#ODC protein treated with 2 M
and 4 M NaCl respectively; (C) & (D): Gel filtration chrbmatogram showing the profile of
protein treated with 2 M and 4 M urea respectively. |
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2.6 Conclusion

In this chapter we evidently demonstrated that ODC enzyme from E. histolytica, which has
been previously reported to exist in hdmopentameric state exist as dimer. For studyiﬁg the
oligomeric state of the protein under different physiological conditions firstly we expressed
and purified it to homogeneity. Further, the purified protein was analyzed for the active
decarboxylation of substrate L-ornithine by colorimetric product detection assay and was
found to be active. Purified protein was used for determining the secondary structure content
by circular dichroism and it was also compared with other well characterized ornithine
decarboxylase enzyme from different sources. Secondary structure analysis revealed the
presence of a-helix, B-sheets and random coils which were estimated to be 39 %, 25 % and.
36 % respectively. In addition to this, the crude information for the oligomeric state of the
ERODC protein was determined by crosslinking analysis in the presence of crosslinking
agents. These experiments indicated the presence of dimeric form of protein in the presence
of glutaraldehyde while in the presence of DMS, the protein was aggregating and unable to
demonstrate the clear oligomeric state. The purified sample was further characterized by gel
filtration chromatography, and MALDI-TOF mass spectra which confirmed the existence of
ERODC in dimeric state of ~90 kDa.

These studies further encouraged us to analyze the behavior and protein-protein
interaction properties under different physiological conditions of chaotrdpic agents. The
chaotropic-agents such as urea and salt demonstrate considerable protein dissociation and
disruption of intermolecular interaction with increase in -concentration from 2 M to 4 M.
These results suggest that the EAODC protein exist in diméric form in the solution which is

in equilibrium with the monomer.
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IN SILICO STRUCTURAL ANALYSIS



3.1 Abstract

This chapter describes the primary sequence analysis, secondary structure predictions and
homology modeling of EAODC. The homology modeling and sequence analysis have been
used to get insight into the structural geometry of enzyme. Sequence analysis revealed that
EhODC has sequence similarity of 33 % with Datura stramonium, 36 % with human, and 32
% with Trypanosoma brucei ODC. In addition to this, computational model of EAODC dimer
was generated. The homodimer contains two separate active sites at the dimer interface with
Lys57 and Cys334 residues of opposite monomers contributing to each active site. Molecular
dynamic simulations were performed and the dimeric structure was found to be stable with
RMSD value ~0.327 nm.

The ERODC gene is a 1,242 nucleotide bases long stretch of DNA, encode for a
monomeric protein of 413 amino acid residues. Primary sequence comparison with other
ODCs helped in predicting that only 380 residues play structural and functional role in
EKODC. The monomer of ODC consists of two domains, a primarily conserved N-terminal

domain and a variable C-terminal domain with little sequence homology.
3.2 Introduction

Structural biology deals with an interesting phenorrienon where i)rdtein with similar tertiary
fold may exhibit diverse fuﬁctionality (Tatusov et al., 1997, 2001; Apic et al., 2001; Qian et
al., 2001). The global architecture of enzyme is essential for determining the role of each
residue of the active site and reaction mechanism. In the absence of crystal structure, 3D
model can be generated and bioinformatics studies can be performed to investigate the role of
active site residues and stability of the enzyme (Murzin et al., 1995; Wilson et al., 2000; Sali
et al., 1993). Molecular dynamics simulations help. to derive the collective fluctuation and
determination of domain motions which help in analyzing the function of enzyme. Motion
predicted by dynamics studies suggests the possible conformations for the enzyme (Karplus
et al., 1996).

Polyamine biosynthetic pathway has gained attention due to the important role of

polyamine in cell growth. Investigations have been done using polyamine as a potent drug
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target in cancer treatment (Palavan-Unsal et al., 2006). The enzyme ornithine decarboxylase
has been reported to be present in various protozoa including Leishmania, Giardia and
Plasmodium and is a validated drug target in Trypanosoma brucei for treatment of African
sleeping sickness (Bacchi et al., 1980, Gillin et al., 1984; Balana-Fouce et al., 1991; Bitonti
et al., 1989; Miiller et al., 2000; Birkholtz et al., 2011). ODC catalyzes the decarboxylation
of ornithine to putrescine, which is the first and rate-limiting step in polyamine biosynthesis

(Figure 3.1) (Jackson LK er al., 2003).

' OoDC
ol O S AN
NH,
N PP .

co,
L-Omnithine Putrescine

Figure 3.1: The enzymatic reaction catalyzed by ornithine decarboxylase. The pyridoxal
phosphate (PLP)-dependent ODC catalyzes decarboxylation of ornithine and produces

putrescine.

The enzyme belongs to fold type III group IV decarboxylase of a B¢-dependent family,
having characteristics of alanine racemas family. Under this classification, three crystal
structures are available till date including human, mouse and 7rypanosome brucei ODC
(Almrud et al., 2000; Kern et al., 1999; Grishin et al., 1999). Crystal structures revealed that
the enzymes exist as dimer forming two active sites at the interface. Each monomer of ODC
has been found to consist of two domains: N-terminal barrel and C-terminal sheet domain.
Interestingly, the active site residues involve Lys69 of one monomer and Cys360 of opposite
monomer at the active site pocket. There are many more residues present at the active site,
interacting directly or indirectly through water molecules and contribute for active catalysis

of substrate.
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Active site pocket present at the interface involves residues from barrel of one
monomer and sheet domain of other. The subunit association is driven by many small
energetic contributions distributed throughout the interface. The mutational studies and
kinetic analysis of interfacial hydrogen bonds and salt bridges in pfotein-protein interfaces
suggested that residues involved in the inter-subunit association might influence the
energetics of association of the two subunits. Furthermore, the interactions may be influenced
by amino acid residues that directly participate in the active site structure and present
throughout the subunit interface (Myers et al., 2001; Freire, 1999; Lockless et al., 2000).

ODCs have been reported to possess disordered regions responsible for its short half-
life as reported in mouse, human, and other ODCs. Mouse ODC (mODC) consist of 3 short
disordered regions: residues 158-168 connecting H7 to B8 which éorresponds to protease-
sensitive loop, residue 30-35 connecting H1 to B3 and residues 298-311 connecting B12 to
B13, third loop found to be located near the active site (Osterman et al., 1995). In addition to
this, C-terminal domain of mouse ODC has been identified as an intrinsic signal for
degradation by antizyme mediated 26S protéasome dependent proteolysis (Rosenberg-
Hasson et al., 1991). Interestingly, an element required for conmstitutive degradation lies
within the 37 amino acids at C-terminus. This region is rich in amino acids proline (P),
glutamate (E), serine (S) and threonine (T) PEST which might be a signal sequence for
proteasome mediated degradation (Almrud et al., 2000). The phenomenon of antizyme
dependent degradation was not observed in 7HODC. Interestingly, the mODC was found to
be stable when its C-terminus was replaced by C-terminus of 7hODC (Li ef al., 1992; Hua et
al., 1995). Sequence comparison and secondary structure prediction help in determining the

residues playing critical role at the active site pocket.

In silico analysis helped in’ determining the polar, hydrophobic and other electrostatic
interactions which might be involved in dimer formation under physiological conditions and

verification of biochemical properties of enzyme.
3.3 Hardware and software

Amino acid sequences of representative organisms were retrieved from National Center for

Biotechnology Information (NCBI). Multiple sequence alignment and phylogenetic analysis -

71



were performed using online servers ESPript 2.2, MULTALIN, and CLUSTALW.
Homology model was generated by SWISS-MODEL, PHYRE, Geno3D, and MODELLER
9v8 (http://salilab.org). Models were evaluated by PROCHECK, PROSA, and VERIFY-3D
using online SAVES server. Salt bridges in the dimer model were determined by using
ESBRI server (http://bioinformatica.isa.cnr.it/ESBR/input.html). Molecular dynamic
simulations were done using GROMACS. Analysis of interactions and visualization of

molecular structure was done using PyMol.
3.4 Methods
3.4.1 Sequence analysis

The ODC sequence of E. histolytica was retrieved from NCBI database. Blast and PSI-blast
search were performed using AAX35675.1 as query against the non-redundant protein
sequence database to identify and analyze orthologous sequences. The homologous
sequences were retrieved from the NCBI database, multiple sequence alignment was

generated using Clustal W and compared for phylogénetic analysis (Thompson et al., 1994).
3.4.2 Secondary structure prediction

The secondary structures of EAODC were predicted using PSIpred and ESPript program
(http://bioinf.cs.ucl.ac.uk/psipred/; http://espript.ibcp.fr/ESPript/ESPript/) (Gouet ef al.,
2003; Jones, 1999). The intrinsic disordered regions in the protein were analyzed by online
server DiSEMBL (http://dis.embl.de/) (Linding et al., 2003). Salt bridge interaction in the
ERhODC dimer structure model was estimated by ESBRI server (Sarakatsannis ef al., 2005).

3.4.3 Molecular modeling

Three-dimensional (3D) homology model of EAODC homodimer was generated by
comparative modeling using MODELLER 9v8 (Sali er al., 1993). To obtain an effectual
model, five sequential steps were performed: template selection from Protein Data Bank
(PDB), sequence-template alignment, model building, refinement of the obtained model and
validation. Template search was done using NCBI BLAST search tool. for PDB database
(Altschul et al., 1990). BLASTP algorithm was run with BLOSUMG62 as a scoring matrix.
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Crystal structure of human ODC (PDB ID: 2000) which has 34 % sequence identity with
ERODC was selected as a template for structure modeling (Almrud et al., 2000). The
graphically enhanced alignment with secondary structures was obtained using ESPript 2.2
server (Gouet ef al., 1999).

MULTALIN server was used to align the query sequence with the template sequence
(Corpet, 1988). Some manual corrections were done in the alignment file for missing
residues in the template sequence. The cofactor, PLP was incorporated into the modeled
structure of EAODC from the template structure and five preliminary models were generated
using MODELLER 9v8. All models were selected on the basis of lowest DOPE scores and
assessed sterio-chemically by PRO CHECK (Luthy et al., 1992).

Energy minimizations of the best chosen models were performed using Swiss-PDB
Viewer4.01 (http://www.expasy.org/spdbv/). Loop refinement module of the MODELLER
was used for the refinement of the disorganized residues in loops and refinement process was
considered for structure validation. Each refined model was verified using ERRAT plot
which gives thé measure of structural errors in each model at residue level in the protein
(http://nihserver.mbi.ucla.edu/SAVES/). The refined model was further validated by ProSA
energy plot and VERIFY-3D of the SAVES server (Luthy et al., 1992; Wiederstein et al.,
2007). All the graphical visualization and image production were performéd using PYMOL"
(DeLano, 2002). ' |

3.4.4 Molecular dynamics simulation

Molecular dynamics (MD) simulation of dimeric model of EhODC was performed using
GROMACS (v 4.5.4) package (Hess et al., 2008). GROMOS96 43al force field and 47324
SPC water mélecules for solvation of protein were used for simulation. The molecule was
solvated in a cubic box at a distance of 1.0 nm between the proteins and the box edgé.
Electrostatic interactions were calculated using the Particle-mesh Ewald method. Van der
Waal and coulomb interactions were truncated at 1 nm. Molecule was neutralized by adding
24 Na* counter ions to the surface and was allowed to undergo 1000 energy minimization
steps. All bond lengths including hydrogen atoms were constrained by the LINCS algorithm.

To maintain the system at isothermal and isobaric conditions of 300 K and 1 bar, a V- rescale
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and Parrinello-Rahman barostat coupling was applied for 100 ps. Following to the
equilibration, MD simulation was initiated for 1 ns and then extended to 8 ns, with all

trajectories sampled at every 1.0 ps.
3.5 Results and discussion
3.5.1 Sequence analysis and phylogeny

In present study, the sequence of EZODC has been retrieved from NCBI database with
accession number AAX35675. The protein consists of 413 amino acids with predicted
molecular weight of 46.43 kDa (Figure 3.2). In E. histolytica, the gene encoding ODC is of
1,242 bps, thus it implies that there is no intron present in the gene.
10 20 30 40 50 60
MKQTSLEVKE FALNLISQFE PENQPLGFWI FDTEGVEKAV ERWKKNMPTV RPCFAVKCNP

70 80 80 100 110 120
EPHLVKLLGE LGCGFDCASL NEIKEVLDLG FNPEDITYSQ TFKPYNQLIE ASHLGINHTI

130 140 150 160 170 180
VDSIDEVQKI AKYAPKMGIM IRIMENDTSA GHVFGEKFGL HDDEVEIVLK EIKDKGLNLD

1990 200 210 220 230 240
GVHFHVGSDS HNSEVFTKAL TKARNTVTLA EQFGMKPYLI DIGGGFSQVA PFEEFAATIE

250 260 270 280 290 300
KTIKELEFPE RTRFIAEPGR YMASNAFHLV SSLHGKRVRI ONGKKQIEYT SGDGLHGSFG

310 320 330 340 350 360
CCIWFEKQKS CECITQKVNE NTKMYESIIY GPSCNGSDKV ATQELPEMEP GKDWLLFPNM

370 380 390 400 410
GAYTISMATN FNGFEERNHV IYTLPLKSTK ITQIPKSIEC NSVPSLNGIP HYA
Figure 3.2: Amino acid sequence of EAODC encoded for 413 residues with number of

residues labeled.

The enzyme has been previously characterized by Jhingran ef al., 2008. The amino
acid sequence alignment of EFAODC with representative ODCs from different sources
revealed that the active site residues along with dimer interface residues responsible for

dimerization are highly conserved (Figure 3.3).

ERODC showed overall 36 to 39 % identity with plants, 15 to 25 % with bacteria, 35
to 38 % with fungi and 32 to 38 % with animals. Interestingly, E. histolytica, being a
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protozoan was expected to show high sequence identity, but surprisingly it shows same range
of identity with other protozoa including T. brucei, D. dasciculates and P. falciparum, etc.
i.e. 32 to 35 %. Further éequence analysis revealed that the substrate binding motif having a
consensus sequence WGPTCDGL(I)D is highly conserved in human, mouse and 7. brucei
where (C) Cys of this sequence plays a critical role in catalysis. However, in ExODC, though
C is conserved, but the sequence exists as 330 YGPSCNGSD 338 (Figure 3.3).
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Figure 3.3: Multiple sequence alignment of EAODC (AAX35675) with other ODC
sequences. The conserved residues are highlighted with black background color. The
secondary structure elements and numbering of amino acid sequence of human ODC are
presented above the aligned sequences. The signatory motifs PxxAVKC(N) (PLP biﬁding
motif) and WGPTCDGL(I)D (substrate binding motif) are highlighted in boxes where “x”
signifies any amino acid and amino acids in brackets depict the option at a given position.
Underlined sequence denotes the amino acids showing similarity with (1) Antizymc binding
region (2) PEST like region. The circles under the amino acid indicate the residues
interacting with cofactor PLP whereas triangles ‘denote the substrate L-ornithine binding
residues in the abtive site pocket. The residues denoted with cross mark are involved in the
formation of salt bridges in between two monomers. The residues indicated with stars are
present at the interfaceA and form a stack of aromatic rings. Residue important for dimer
formation and present away from the interface is denoted with a square. The motif A
represents the interface residues of two monomers present very closer to each other.

Alignments are obtained using ESPript.

From phylogenetic tree, the-ODC from plants, fungi and bacteria make different
clusters on the basis of sequence homology whereas the protozoan ODCs do not cluster
together instead are distributed throughout showing resemblance with bacteria, fungi and
planfs (Figure 3.4). However, ERODC shows maximum homology'with plant ODCs and the
evolutionary origin of EAODC or protozoan ODCs on the basis of phylogenetic analysis is
not conclusive. Neveﬁheless, sequence analysis shows conservation of dimer interface
residues which specify the possibility of EAODC enzyme dimerization similar to other
ODCs.
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Figure 3.4: Phylogeny of ornithine decarboxylase from various sources. The amino acid
sequences of ODC were taken from plants R. communis (XP_002510610.1), N. glutinosa
(AAG45222.1), C. annum (AAL83709.1), Z. mays (AAM92262.1), D. stramonium
(P50134.1); animals X laevis (NP_001079692.1), R. norvegicus (NP_036747.1), M
musculus (P00860.2), H. sapiens (P11926.2); fungi A oryzae (XP_001825149.2) M.
circinelloides (CAB61758.1), E. festucae (ABM55741.1), P. brasiliensis (AAF34583.1), S.
cerevisiae (EDN60096.1) F. solani (ABC47117.1), C. albicans (AAC49877.1); protozoa P.
bursaria (NP_048554.1), T. brucei (P07805.2), L. donovani (P27116.1), E. histolytica
(AAX35675) and bacteria V. vulnificus (YP_004188159.1), A. caulinodans
(YP_001523249.1), P. syringae (AAO58018.1), E. amylovora (YP_003539917.1), S. scabiei
(YP_003491041.1), Azospirillum (BAI72082.1), E. coli (BAE77028.1), Lactobacillus
(P43099.2). Different clusters represen;ing a particular group are highlighted in boxes

whereas the representatives of protozoa ODC are highlighted by arrow marks.
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The regulation of ODC activity is partially modulated by antizyme—induced,
ubiquitin-independent degradation by the 26S proteasome, which is the characteristic of
mammalian ODC (Li et al., 1992; Hayashi et al., 1985; Kanamoto et al., 1986; Murakami ef
al., 1996). Antizyme binds to the inactive ODC monomer forming a hetero-dimer complex

which promotes proteolysis degradation (Li ef al., 1992; Mitchell et al., 1988).

In human ODC, the antizyme binding locus consists of 30 residues at N-terminal
ranging from 115Lys to 144Arg residues. The same locus is also highly conserved in mouse.
However, this locus in EAODC which corresponds to 105Tyr to 132Lys having 23 % identity
is not conserved. In this locus, three fesidues 121Lys, 141Lys and 144Arg (in human ODC)
are highly conserved and responsible for antizyme binding (Kern ef al., 1999). However, in
EhODC, 121Lys and 144Axg are substituted by 109Ile and 132Lys respectively. Thus, it may
be possible that these differences in sequence makes EAODC insensitive or poorly sensitive
to antizyme binding as antizyme dependent ODC degradation has not been reported in E.
histolytica till date. The antizyme binding locus in EAODC begins at the N-terminal of a5
followed B7 and reaches mid-way of a6 superimposing the putative antizyme binding
element with HsODC, MmODC (PDB-ID 1d7k residues 115-144) calculated root mean
square deviation (RMSD) of 0.294 A and 0.224 A respectively but with the 7bODC it was
3.292 A.

352 Secondary structure analysis

In chapter II sectidn 2.5.7 the secondary structure content of recombinant EAODC was
determined experimentally by Circular Dichroism spectroscopy. To further support the
experimental results, we ahalyzed the sequence of EAODC by bioinformatics tools such as
ESPript, PSIpred. The secondary structure content of EAODC was predicted to be 39 % a-
helix, 25 % f sheets and 36 % random coils (Table 2.1). The secondary structures content
‘obtained by bioinformatics analysis of the sequence was also equivalent to the expérimental :

results (Figure 3.3, 3.5, 2.9).
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Figure 3.5: Secondary structure prediction from the primary sequence of EODC by
using PSIpred server.



The ERODC secondary structure predicted by primary sequence using PSlpred server has
been given in figure 3.5.

3.5.3 Prediction of the disordered regions

Many proteins have been found to be disordered under physiological conditions. They
contain no or 'very less ordered structure content which increase with organism complexity
(Wang et al., 2011; Shur et al., 2011). Disordered regions are found in significantly higher
percentage in homodimer as”‘ compare to heterodimer (Shur ef al., 2011). The intrinsically
disordered region has great impact on protein expression, vsolu'bility, purification and
crystallization. Deletion or truncation of this region may increase solubility and probability
of crystallization of protein. Therefore we found structurélly disordered regions in £2ODC
by using online DisEMBL program (Linding e# al., 2003). Two stretches which were found
disordered at the C-terminal included 242-250 and 397-413 (Figure 3.6). Deletion of the
longest disordered stretch from the protein sequence improved the expression, solubility and

crystallization properties of EhODC.
3.5.4 Disordered regions in EAODC sequence

In human ODC many disordered regions are present in the sequence. Compafison of the
conserved primary sequence EAODC with mouse and human ODC provide clue to identify

the potential bonding site of antizyme and PEST rich basal degradation element.
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Figure 3.6: Prediction of Structurally disordered regions of EhODC. The disordered
regions are depicted in red and folded regions are depicted in green. Two regions found to be
disordered has been denoted in red color and ranging from 242-TIKELEFPE-250, to 397-
SIEC NSVPSLNGIP HYA-413. Predictions were done using DisEMBL 1.5 (dis.embl.de/).

Addition to this, in mouse ODC two basal degradation elements (376 to 424 and 422
to 461) at C-terminal are reported which are rich in proline (P), glutamic acid (E), serine (S)

and therionine (T) called PEST sequence (Almrud et al., 2000). In this region, Cys441 (in
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both mouse and human ODC) is identified to be a critical residue that promotes polyamine-
dependent proteolysis (Li et -al., 1992; Ghoda et al., 1992). Similar pattern of sequence .
arrangement is also observed .in FAODC where it ranges from 395 to 413, and conserved

~ Cys400 corresponds to Cys441 in mouse ODC.
3.5.5 Generation and stability of 3D meodel of EAODC

The molecular structure and subunit interactions in EAODC were investigated by
constructing a dimeric model of the enzyme using homology modeling approach. The
sequence homology search for FAODC gave the hits of 29 sequences against PDB database.
The crystal structure of human ODC was the first hit with 34 % sequence identity (PDB ID:
2000) followed by 760DC (33 %, PDB ID: 1QU4). For comparative homology modeling, it
could be signjﬁcant' to select a template for ODC from protozoan source i.e. T7hODC.
However, too much variations in the sequences of ODC within protozoa (Figure 3.4) and
higher sequence identity of £AODC with plant and mammalian ODC, give an indication of
caution required in the interpretation of template selection. Here, we have selected human
ODC as template for a reliable model generation considering two major facts: Firstly, the N-
terminal loop region consisting of approximately eight amino acids is missing in all crystal
structures of ODC except human ODC. Secondly, multiple sequence alignment analysis
showed a sequence in the C-terminal region of FAODC sequence that has similarity with

PEST like sequence in human ODC (Figure 3.3).

The model for EZODC along with its cofactor PLP was generated from PDB 2000 as
a template using MODELLER 9v8 and model with lowest DOPE score was considered for
further loop refinement using MODELLER loop refinement tool. The model was subjected
to energy minimization where PROCHECK, ERRAT plot and ProSA. energy plot were used

for validation and quality assessment of the model.

The final EAODC dimeric model along with the cofactor was showing the root-mean-
square deviations (RMSD) of ~ 0.744 A with the template structure. Ramachandran plot of
the model generated by PROCHECK showed 90.3 % residues in the core region, 7.8 % in‘

allowed region, 0.6 % in generously allowed region and 0.3 % in disallowed region. The
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generated models have been submitted to Protein Mode! database (PMDB) with PMDB id:
PM0077698 (monomer) and PM0077699 (dimer).

3.5.6 Structure analysis of E£ODC monomeric subunit

Structure of £AODC monomer subunit consists of two major domains i.e. B/a-barrel and B-
sheet domain which is a distinct characteristic of ODC structure (Figure 3.7). In human
ODC, N-terminal starts with a p strand while in E£ODC, it starts with an o-helix. The N-
terrhinal emerges from B-sheet domain and enters the barrel through a coil connecting both
the domains. The barrel contains eight parallel strands each followed by a helix in the order
022, MosPs, aamePs, @sPs, asbs ayﬁ—}, agfs and agnzPy. One important féature observed in
EhODC is the presence of turns in a pattern at the N-terminal barrel secondary structures.
Such pattern has been observed in ODC like anfizyme inhibitor proteins that have structures
similar to ODC, but do not possess decarboxylation activity (Albeck ef al., 2008). The sheet
domain is subdivided into two clusters of sheets S1 and S2 as observed in all ODC structures.
These sheets S1 and S2 remain perpendicular to each other having four helices with one turn
(a1, @10, 011, 02 and 1) around it. Sheet S1 includes three parallel p strands (|11, P12 and
1B13) which extends into S2 containing four parallel f-strands (B0, TB14, TBis and 1B;)
(Figure 3.7). ‘ '

Figure 3.7: 3D structure of EAODC monomer. (A) Cartoon diagram of EAODC model
generated using MODELLER 9v8. (B) Topological arrangement of secondary structures in
ErODC monomer. Monomer of EODC consists of two domains, B/a-barrel shown in purple
and sheet domain having sheet S1 in green, sheet S2 in blue and helices and turns in orange.’
The helices are pfesented by circles, strands are represented by triangles and the loops

connecting these structures are represented as connecting lines.
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3.5.7 Structure analysis of dimeric EAOQODC

In the dimeric structure of enzyme, two active site pockets rest at the dimer interface
involving the interactions of residues from both the subunits. p/o-barrel domain is the main
site for cofactor PLP binding whereas residues from the sheet domain of other subunit
interacts with the substrate L-ornithine to form the complete catalytic pocket for enzymatic

activity. The subunits associate in a head to tail manner (Figure 3.8).

The dimeric structure is stabilized by various polar interactions present between the
two subunits at the dimer interface as shown in figure 3.8. However, four major salt bridges
K157-D338’ and D122-R277°, D338-K157° and R277-D122’ are observed and these have
been reported to play a vital role in the dimer formation of human, mouse, and 7. brucei
ODCs (http://bioinformatica.isa.cnr.it/ESBRI/CGl/esegui.cgi) (Sarakatsannis et al., 2005;
Kem et al., 1999). These interface residues are partially hydrophilic and are highly conserved

-in human, mouse and EAODC.

Furthermore, the most prominent feature observed near C-terminal domain is
presence of a stack of aromatic rings i.e. F371°/H296’/F305 and F305’/ H296/ F371 which is
anticipated to function as an amino acid zipper (Figure 3.8). Distal amino acid residues of the

- zipper participate in active site pocket formation. Further, the structural analysis revealed that
the close packing of dimers shields the putative N-terminal antizyme binding loop (residues
105Tyr-132Lys) as well as the C-terminal PEST like sequence because these are concealed
in between the two subunits of the dimer. Thus, it is expected that the dimerization of

EhODC may be responsible for protecting FA0ODC enzyme from proteolysis degradation.
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Figure 3.8: Schematic representation of dimer interface and active site of EAODC. (A)
Subunits of the dimer are arranged in head to tail manner where subunit A and B are shown
in yellow and green colors respectively. (B) The residues critically important for dimer
formation are presented in sticks and overall dimeric structure is presented in cartoon.
" Residues from opposite monomer are marked by apostrophe (*) sign. (C) Surface view of
monomeric chains highlighting the residues at the dimer interface in different colors. The
monomers have been separated and rotated to 90° giving clear view of interface residues.
Red and blue color indicates residues involved in salt bridge formation and orange color
depicts hydrophobic interactions. (D) Closer view of residues at the interface forming salt
bridge. (E) Aromatic residues at the interface érranged as a stack of ring structures forming
amino acids zipper. (F) Residues at the active site interacting with cofactor PLP from each
monomer are presented in sticks. Residues from subunit A and B are shown in yellow and

green colors respectively.
3.5.8 Stability of the dimeric model of ERODC

. The molecular model of EAODC dimer that was generated using the crystal structure of
human ODC dimer as a template was MD simulated for 8 ns in equilibration with water
molecules. Evaluation of the dimer stability was made by monitoring the RMSD of Ca of

dimer which was computed against the starting structure.
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Figure 3.9: Molecular dynamics simulation profilee. RMSD of dimeric protein after

molecular dynamics simulation for 8 ns relative to pre-MD dimeric structure.

Analysis of MD trajectory of EAODC homodimer revealed that RMSD value increases to
0.327 nm in about 1.2 ns and this plateau value is stable till the end of the simulation

indicating a stable conformation of the dimer (Figure 3.9).
3.6 Conclusion

In this chapter we continued to analyze the sequence of EAODC to determine the consensus
sequences and amino acid residues important for the enzymatic activity and dimer formation.
To analyze the conserved residues, we compared ODC enzyme sequence from wide range of
phyla which demonstrated the conservation of sequence of EAODC at the active site and
dimer interface. Further to support the secondary structure data of circular dichroism spectra
different serves were used and revealed that the secondary structure contents were
corhparable to other ODCs. 3D model was generated and analyzed for the stability by using
molecular dynamics simulations. These studies also demonstrate that the sequence of
ERODC is well conserved and the dimer is the stable state of EAODC protein. Further
analysis was done to identify the conservation of active site residues responsible for active
catalysis and dimer formation. It has already been well documented in the literature that

dimer of ODC interact in head to tail manner and form two active site at the dimer interface.
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‘This analysis revealed that, residue K57 and C334 are conserved in ERODC and responsible
for cofactor and substrate binding in other ODCs. The residue K69 form Schiff base with
cofactor and C360 residue of opposite monomer interact with the substrate at the active site.
However, residues G361 and K157 of EAODC are corresponding to G387 and K169 of other
ODCs which involve in dimer formation and salt bridge interaction at the interface.
Furthermore, it was analyzed by salt bridge determination server that four major salt bridges
K157-D338’ and D122-R277°, D338-K157° and R277-D122’ present at the interface and
play pivotal role in dimer formation. More interestingly, the C—terminal' region of EhODC
was found to be showing similarity to the C-terminal of human ODC which is reported to be
PEST rich sequence responsible for 268 proteasome mediated degradation of ODC enzyme.
In addition to this, DiSEMBL server revealed the presence of disordered sequence at the C-
terminal region of the ERODC amino acid sequence which corresponds to the C-terminal

PEST sequence of human ODC.
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CHAPTER IV

SITE DIRECTED MUTAGENESIS AND
- CHARACTERIZATION OF ACTIVE SITE AND
DIMER INTERFACE RESIDUES.



4.1 Abstract

This chapter describeé the site directed mutagenesis, activity and characterization of mutant
ERODC enzymes containing substitution at the active site and dimer interface. Based on the
sequence analysis and computational 3D model of EAODC, the residues which were
identified to play critical role in the activity and dimer stability of the enzyme were mutated.
These mutants were further characterized biochemically and compared with the wild type

EhODC.

To gain insight into the functional role, the interface residues critical for dimerization
and active site formation were identified and mutated. Mutation of the active site residues
Lys57Ala or Cys334Ala completely abolished enzyme activity. Interestingly, partial
restoration of the enzyme activity was observed when inactive Lys57Ala and Cys334Ala
mutants were mixed confirming that the dimer is the active form. Furthermore, Gly361Tyr
and Lys157Ala mutations at the dimer interface were found to abolish the enzyme activity

and destabilize the dimer.

The following mutations were inserted at specific sites K57A, C334A, G361D,
G361Y, K157A and G361Y-K157A using complimentary site specific primers. Expression,
purification of each mutant enzyme was done following the same protocols given in chapter
IT that were used for wild type full length EhODC. Enzymatic activity of each mutant was
compared with wild type. Characteristic properties of mutants were analyzed by various
biophysical and biochemical methods. These studies revealed the role played by the residues

. in either activity or stability or both in cofactor and substrate binding or subunit interactions.
4.2 Introduction

Site directed mutdgenesis is a molecular biology technique in which a mutation is created at a
specific site to know its impact on gene functioning (Carpenter et al., 2010). It is a powerful
research technique to study protein function, identify active sites and designing novel protein
in drug discovery. Single mutation in the protein sequence might show distinct physiological
and biochemical properties. Functional role of conserved regions present in the protein

sequence can be investigated using site-directed mutagenesis (Carpenter et al., 2010; Ren et
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al., 2011). Various studies have shown that the substitution of critical residues of an enzyme

with alanine results in loss of enzyme function (Rose et al., 2011).

Mutation with amino acid having same characteristic broperties may not disrupt the
function. In contrast to this, bulky or large group at the place of simplest amino group may
cause structural disruption and instability in the protein. Mutagenesis has opened the door for
studying the catalytic reaction kinetics. Role of residues can be determined by comparing the
efficiency and catalytic properties of the mutant and wild type enzymes (Szczepanowska et
al.,2012; Zhou et al., 2012).

Ornithine decarboxylase of mouse and 7. brucei has been investigated using
mutagenesis of single residue that greatly reduces the catalytic activity. The role of residues
at the active site and subunit interface discloses various structural properties of protein
(Osterman ef al., 1995; Tsirka et al., 1993; Lu et al., 1991). ODC function as a dimer where
two active sites form at the interface, each active site contains residue K69 of one subunit
and residue C360’ of other subunit. Mixing of purified mutant ODC with other mutants and
wild type, result in exchange of subunit and heterodimer formation. This hetero-dimer
formation may facilitate antizyme binding and rapid enzyme turnover (Tobias et al., 1993; '
Osterman et al., 1994; Lu et al., 1991). Kinetic analysis of ODC from many parasites
including 7. brucei, L. donovani identified K69 as PLP attachment site and C360 as covalent
adduct forming residue with L-ornithine (Tobias et al., 1993; Osterman et al., 1994). Alanine
scanning mutagenesis of the ODC of 7 brucei at dimer interface was targeted to determine
the energetic contribution of these residues for subunit association. Out of 23 mutants, none
was found to decrease the stability greater than lkeal/mol. These data suggested the
distribution of energetically interacting residues across the interface (Clackson, 1995, 1998;

Myers et al., 2001).

In mammalian ODC 19 conserved residues were mutated. Among all these mutations
only G387 was found to play important role in dimer formation (Tobias et al., 1993). The
inability of mutants to associate with each other and form active dimer is solely responsible
for catalytic inactiveness (Pilzi et al., 1990; Ghoda et al., 1989). Salt bridges in the molecular
structure are proven to be involved in stabilizing interactions, regardless of whether they are

buried or exposed. Strong electrostatic interactions of the salt bridging with side-chains or

92



charges in the protein surrounding are due to the absence of solvent masking. Spatial
geometry is a major factor for determining the stability of salt bridges which in turn provide
favorable positioning and stabilizes the structure anywhere in the protein interior
(Sarakatsannis ef al., 2005). In human ODC, the K169 which is involved in the salt bridge
formation with D364’ of other subunit at a distance of 2.9 A. Salt bridge ties two monomers

properly so that C360” and D361 complement a functional site (Almrud et al., 2000).

In the previous chapter 11, we identified the conserved active site and interface
residues important for catalysis and stability of the dimer. In present study we created
mutants of EAODC substituted at these particular sites and characterized each mutant to

insight into the functioning of EhODC enzyme.
4.3 Materials and Methods
4.3.1 Reagents

The E. coli expression vector pET 30a (Novagen) containing full-length gene of EAODC
having N-terminal Histidine tag (6x His) followed by enterokinase cleavage site was used as
template-for mutant gene amplification (Jhingran er al., 2008). Oligonucleotides for site
directed muta;genesis were ordered from Imperial Life Sciences (India). Resfriction
endonuclease Dpni and Phusion DNA polymerase were acquired from New England BioLab

Inc.
4.3.2 Methodology
4.3.2.1 Site directed mutagenesis

The pET30a-E#ODC plasmid containing E#ODC gene was mutated using the QuikChange
XL mutagenesis kit by following the instructions of manufacturer (Stratagene, La Jolla, CA).
Mutations were introduced into the synthetic mutagenic oligonuclotide primers and were
used for construction of mutant plasmids. Mutations and respective mutagenic primers are
listed in table 4.1. The pET30a-EAODC plasmid was used as a template in the primer
extension reaction for constructing the mutants. The reaction mixture used for PCR
amplification contained 10 ul of 5X HF Phusion buffer supplied with the enzyme, 300 uM of
dNTP mix , 6.25 pmol of each primer, 10 ng of template DNA, 2.5 U of Phusion polymerase
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and water was added to make up the final volume of 50 pl. PCR reaction was performed by

subjecting the samples to 20 cycles of 30 s denaturation at-95 °C, 1 min at annealing

temperature (as given in Table 4.1) and 6 min 50 s elongation at 72 °C, and finally reaction

was completed by doing extension for 15 min at 72 °C. PCR products were analyzed on 1 %

agarose gel electrophoresis. The parent methylated template plasmids were digested with

Dpnl restriction enzyme at 37 °C for 1 h. Digested product was directly used to transform

XL-1 Blue competent cells. Transformed cells were plated on LB agar plate containing 50

ng/ml of kanamycin and plates were incubated at 37 °C for ~16 h. The presence of the

mutations in the constructed plasmids were confirmed by DNA sequencing using T7

promoter or terminator universal primers at genomic and proteomic facility of TCGA (New

Delhi, India).
Mutant Nucleotide sequencé (Tm)
Lys57Ala (S) CTTGCTTTGCTGTTGCATGTAATCCTGAACCTCA 53°C
Lys57Ala (An) | TGAGGTTCAGGATTACATGCAACAGCAAAGCAAG
Cys334Ala (S) GTATTATTTATGGACCTTCTGCTAATGGAAGTGATAAAG | 57°C
Cys334Ala (An) | CTTTATCACTTCCATTAGCAGAAGGTCCATAAATAATAC
Gly361Asp(S) GGTTATTATTTCCCAATATGGATGCTTATACAATTTC 51°C
Gly361Asp (An) | GAAATTGTATAAGCATCCATATTGGGAAATAATAACC
Gly361 Tyr(S) GGTTATTATTTCCCAATATGTATGCTTATACAATTTC 50°C
Gly361Tyr (An) | GAAATTGTATAAGCATACATATTGGGAAATAATAACC
Lys157Ala (S) ATGTATTTGGAGAGGCATTTGGACTTCATGATGA 58°C
Lys157Ala (An) | TCATCATGAAGTCCAAATGCCTCTCCAAATACAT

Table 4.1: Sequences of mutagenic primers and annealing temperatures used for PCR

amplification of mutant plasmids. Mutated nucleotides are underlined. S: sense and An:

antisense.
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4.3.2.2 Purification, activity and size exclusion chromatography of mutants E£ODC

protein

All the mutants obtained by site directed mutagenesis were purified using the standard
protocol for wild EAODC purification as mentioned previously in chapter II. The activity of
each mutant was done according to the colorimetric assay and analysis on gel filtration

column using same buffer composition as for wild type EAODC.
4.4 Results and discussion

The critical residues responsible for dimerization and catalytic activity of EAODC were
identified on the basis of multiple sequence alignment of £AODC with human mouse and 7.
brucei ODC (Figure 3.3). The sequence alighment of EhODC showed that many conserved
domains are present which play important role in active site formation in other ODC. The
K57 was found to be present in the conserved domain AVKCN and critical for cofactor PLP
binding to the active site during catalysis. Similarly C334 was found to be present in the
conserved domain corresponding to the C36O of human ODC which is responsible for

substrate binding at the active site pocket.

In addition to this, residues which were found to be responsible for dimer formation
in human and mouse ODC were also found to be conserved in the EAODC sequence..T.he
residue G387 of mouse which is responsible for dimer formation was conserved in EAODC
and sequénced as G361. K169 of mouse and human ODC involved in salt bridge interactions
with opposite monomer were alsp identical and corresponding to the residue K157 of

ERODC.
4.4.1 Site directed mutagenesis

The pET30a-EAODC plasmid was used as a template in the prirher extension reaction for
constructing the mutants. Oligonucleotide site directed mutagenesis primers were designed
on the basis of nucleotide. sequence of EAODC (Table 4.1, Figure 4.1, 4..2).
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atgaaacaaacatctctagaagtaaaagaattcgctcttaatcttatcagccaatttgaa
M K QT S L EV KEVFAULNIULTI S Q F E
ccagaaaaccaaccacttggtttttggatttttgatactgaaggtgttgaaaaagcagtt
P E N Q P L G F W I F DTUE G V E KA V
gaaagatggaaaaagaatatgccaacagttagaccttgctttgectgttaaatgtaatecct
E R W K K N M P TV RUPUCU FA AUV K CN P
gaacctcatttagttaagcttttaggtgaattaggatgtggttttgattgtgettcattg
E P H LV KL L G EULGTUCGU FDUCM A S L
aatgaaataaaagaagtattagaccttggatttaatcctgaagacattacatattcacaa
N E I K E V L D L G F NP ED I T Y S8 Q
actttcaaaccatataatcaattaattgaagcaagtcatttaggaattaatcatacaatt
T F K P Y N Q L I E A S H L G I NUHTTI
gtagattcaattgatgaagttcaaaaaattgcaaaatatgcaccaaaaatgggtataatg
v D 8§ I D E V Q K I A K Y A P KM G I M
ataagaattatggaaaatgatacatcagcaggtcatgtatttggagagaaatttggactt
I R I M E NDT S A G H V F G E K F G L
catgatgatgaggttgaaatagttttaaaagaaattaaagacaaaggattaaatttagat
H DD E V E I VL K E I K DK G L N L D
ggagtccattttcatgttggaagtgattctcataatagtgaagtttttactaaagcatta
G V H F HV G S DS HN S E V F T K A L
actaaagcaagaaacactgttacattagcagaacaatttggaatgaaaccatatttaatt
T K A R NTV TLAEQVF G M K P Y L I
gatattggaggaggatttagtcaagttgctccatttgaagaatttgcagcaacaattgaa
D I GG G F S Q VA P F E E F A AT I E
aaaacaataaaagaattagagtttccagaaagaacaagatttattgcagaacctggaaga
K T I K E L E F P E R TURF I A E P G R
tatatggcatctaatgcatttcatcttgttagttctttacatggtaaaagagtaagaata
¥ M A §S NA F HL UV S S L HG KR VR I
cagaatggaaagaaacaaattgaatatacttcaggtgatggtttacatggaagttttgga
Q N G K K Q I E Y T S G D G L H G S F G
tgttgtatttggtttgaaaaacaaaaaagttgtgaatgtattacacaaaaagttaatgaa
cCc C I W F E K Q K 8 C E C I T ©Q K V N E
aatactaaaatgtatgaaagtattatttatggaccttcttgtaatggaagtgataaagta
N T K M Y E s I I Y G P S C N G S D K V
gcaactcaagaactaccagaaatggagccagggaaagattggttattatttcccaatatg
A T Q E L P EMUE P G KD WL L F P NM
ggtgcttatacaatttctatggcaactaactttaatggatttgaagaaagaaatcatgtc
G A YT I S M A TNV F NGV F EEIRNUHYV
atttatactttaccattaaagtcaacaaaaattattcaaatccctaagtcaattgaatgt
I ¥ TUL P L K S T K I I Q I P K S I E C
aactcagttccatcattaaatggtattccacactatgcttaa
N S vV P S L N G I P H Y A -

Figure 4.1: Amino acid sequence with nucleotide codons. Residues in red font are

showing the corresponding mutation site in the £AODC protein sequence.
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4.4.2 Plasmid map for mutant EAODC

Enterokinase

EhODC™

(1,242bp)

Figure 4.2: Schematic representation of the map of vector pET30a-with EAODC. The
colored tag represents the specific restriction sites, insert gene and promoter region. The
insert gene of EAODC with mutated site EAODC™ in the sequence has been represented with

red color.
4.4.3 Analysis of mutated plasmid

The amplified PCR products were analyzed on 1 % agarose gel.

kbp 1 2
10
6624bp

Ll o B PSR- N

Figure 4.3: PCR product containing amplified mutant plasmid. Lane 1: DNA ladder
(1kb); Lane 2: PCR product containing mutant E2ODC.
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The presence of the mutations in the constructed plasmids were confirmed by DNA
sequencing using T7 promoter or terminator universal primers at genomic and proteomic
facility of TCGA (New Delhi, India) (Figure 4.1, 4.2, 4.3).

4.4.4 Strategy used for site directed mutagenesis of EAODC

plE'I‘SOa-EhODC+PrlmerJ|'

PRl

. Plasmid |
|

[_Dpnl Digestion
|_Transformation

7 l DH5a E. coli cells

el -
[ Celiculture ]
|

~ Plasmid

“ Confirmatory PCR and
b RE wf

[ DNA Sequencing |

|_Transformation |
lBI.21 DE3 E. coli cells

Agar plate with kanamycin

Cell culture”

Figure 4.4: Schematic representation of strategy used for creating mutant EAODC.
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4.4.5 Purification, activity and size exclusion chromatography of EAODC mutants

All the mutants obtained by site directed mutagenesis were purified using affinity
chromatography. Strategy used for cloning and purification of mutant £20DCs has been
represented in figure 4.4. Purification profiles of mutants involving substitutions at active site

and dimer interface residues are given in figure 4.5

A B
123456789 1,23 456

C D
123456789 1 2 345
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Figure 4.5: Purification of mutant proteins of EXODC. A) Mutant KS7A: Lane 1: Pellet;
Lane 2: Supernatant; Lane 3: Flow-through; Lane 4. Washing; Lane 5-9: Purified fractions.
B) Mutant C334A: Lane 1: Pellet; Lane 2: Supernatant; Lane 3: Flow-through; Lane 4-6:
Purified fractions. C) Mutant K157A: Lane 1: Pellet; Lane 2: Supernatant; Lane 3: Flow-
through; Lane 4: Washing; Lane 5-9: Purified fractions. D) Mutant G334D: Lane 1: Pellet;
Lane 2: Supernatant, Lane 3: Flow-through; Lane 4-5: Purified fractions. E) Mutant
G334Y: Lane 1: Pellet; Lane 2: Supernatant, Lane 3: Flow-through; Lane 4-5: Purified

fractions.

Standard protocol for gel filtration was carried out using superdex 200. Elution
chromatogram was compared with wild type and standard molecular weight marker. The
enzyme ornithine decarboxylase is an obligate homodimer forming two active sites at the
dimer interface. Each active site form a pocket to PLP and substrate and specific residues
interact from both the subunit. These residues play significant role in catalyzing the

conversion of substrate to product with intermediate formation at the active site.

Some residues present at the interface also share the active site known for the
stabilization of dimer by forming week/strong inter-subunit interactions. These residues have
been identified in many ODCs and sequence alignment revealed the conservation of such
residues in £2ODC. Mutation at these sites has unfolded the actual function of these residues
and their importance in catalysis. In this study the stability and functional aspects of some
residues have been investigated to further elucidate the efficacy and impact of such mutation

on £hODC catalytic efficiency.
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4.4.6 Characterization of active site mutant EZQODC

Molecular model of the EAODC dimer evidently showed that the conserved catalytic residues
from both monomeric subunits form two equivalent active sites at the dimer interface (Figure
3.3, 3.8). Consequently, it can be hypothesized that the dimeric state of EAODC enzyme is
the active form. Therefore, 3D structure based site-directed mutagenesis approach was used
to examine the functional role of EhODC dimerization. Conserved residues of the catalytic
pocket present at the dimer interface and also the conserved residues of the dimerization

interface were mutated.

The conserved catalytic residues Lys57 and Cys334 present in the active site were
selected for mutational studies, because the structure model as well as the sequence
alignment of E~AODC with human ODC revealed that Lys57 of one subunit (Lys69 in human)
and Cys334’ of other subunit (Cys360 in human) jointly play critical role in catalysis and
substrate specificity in a single active site pocket (Figure 3.3, 3.8) (Lu ef al., 1991; Poulin er
al., 1992; Jackson et al., 2000). The residue LysS7 plays crucial role in PLP binding by
forming Schiff base to aldehyde group with its -NH, group, thus serves as a proton donor
during catalysis (Osterman et al., 1999). The interaction of Lys57 with PLP governs its
position and correct orientation at the active site. Gel filtration analysis indicates that K57A
mutant exists in the dimeric form indicating that this mutation does not disrupt dimerization.
However, when enzyme activity was examined, K57A mutation was found to abolish

enzyme activity with ~2 % activity as compared to the wild type (Figure 4.6).

Moreover, Cys residue in the same active site from other subunit is involved in
substrate binding and stabilizes the quinonoid intermediate by using its carbonyl group
(Poulin et al., 1992;.Jackson et al., 2003). This residue is crucial for decarboxylation of L-
~ ornithine and release of decarboxylated product towards the interface to exit from active site.
The C334A mutant was also found to be a dimer indicating that mutation does not affect
dimerization. However, C334A was also found to be inactive with ~2 % enzymatic activity

as compared to wild type (Figure 4.6).
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100 -
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Relative ODC Activity (%)

40 -
30 A
20 -
10 -

wildtype C334A+K57A K57A  (C334A G361Y KI157A

Figure 4.6: Enzyme activity of wild type EhODC and its mutants. Enzymatic activity of
ERODC mutants relative to the activity of the wild-type enzyme. Cys334Ala, Lys57Ala
Gly361Tyr and LyslS7A1a.are inactive. Cys334Ala and Lys57Ala mutants were mixed in
1:1 ratio and the mixture shows recovery of approximately 29 % of the wild-type enzyme

activity. The plot represents the average of three measurements.

Interestingly, when the two mutant proteins K57A and C334A were mixed in equal
concentration, the enzyme activity was partially regained having 29 % activity as compared
to wild type (Figure 4.6). The recovery of enzyme activity on mixing these two mutants is
only possible when the two mutants associate to form a heterodimer. The formation of
heterodimer is anticipated to restore one of the two active sites at the dimer interface as
depicted in figure 4.7. Three types of enzyme populations are expected in mutant mixture of
i.e. homodimers of K57A, homodimérs of C334A and heterodimers of K57A and C334A. |
Therefore, restoration of approximately one-third of the wild-type enzyme activity in the
mixture of mutants is due to the dimerization of K57A and C334A which possesses a
catalytically active site pocket at one end of the heterodimer. These mutagenesis results
evidently demonstrate that dimeric state is the functional form of ODC enzyme in E.

histolytica (Figure 4.7).

102



C334A mutant K57A mutan

C334A C334A
Heterodimer Homodimer Homodimer

K57A + C334A C334A K57A

Figure 4.7: Schematic representation of homodimers and heterodimers in the mixture
of EhODC Cys334Ala and Lys57Ala mutants. (A-C) Homodimer formation of wild-type
and mutants of EAODC in individual solution. (D) Possible combinations of EAODC
monomeric subunits in the mixture of Cys334Ala and Lys57Ala mutants forming

heterodimer and homodimers.
4.4.7 Characterization of interface mutant EAODC

In mouse, 19 conserved residues at the dimer interface were mutated to identify the key
residues responsible for dimerization (Tobias ef al., 1993). It was noted that substitution of
conserved Gly387 to any amino acid except alanine abolished the enzymatic activity. The
same result is also observed in case of Lactobacillus and hamster, where the corresponding
glycine was mutated to any bulky amino acid resulted in inactivation of the enzyme (Gopal,

1997; Pilz et al., 1990). Crystal structure of mouse ODC revealed that this mutation could
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position B/a-barrel at a different angle to B-sheet so that in the mutant proteih these domains
have different orientations in the dimer compared to the wild type which makes the enzyme
inactive (Kern et al.,, 1999). In the present study, mutation at Gly361 was done by
substitution of Gly361 to Asp as in mouse ODC. Results obtained with EAODC-Gly361asp
- mutant were not favoring the properties of mouse ODC which resulted in disruption of
dimer. Elution chromatogram was compared with wild type showing a peak at ~71.4 ml
which is of molecular weight (~90 kDa) equivalent to the dimer (Figure 4.8). This

observation revealed that mutation of Gly361 Asp unable disrupts the dimer to monomer.

mAU

| G361D
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Figure 4.8: Gel filtration analysis of interface residue mutants. Gel-filtration

chromatogram of Gly361Asp mutant showing monomer peak corresponding the wild type
ERODC (~90 kDay). '

Interestingly, when EAODC Gly361 (Gly387 in mouse) was mutated to bulky Tyr residue
and its influence on dimerization was assessed by gel filtration analysis. The chromatogram
showed partial destabilization of dimer with two distinct peaks corresponding to the
molecular weight of monomer and dimer (Figure 4.9). The G221Try mutation was observed
in case of Lactobacillus 30a0DC. The examinatioh of enzyme activity showed that the

Gly361Tyr mutant is functionally inactive (Figure 4.6). These results suggest that Gly361 in
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ERODC is not involved in direct interaction between the two subunits of dimer, however it

plays an indirect role in the dimer stability through long range molecular interactions.

Additionally, in the structure model and sequence alignment analysis, Lys157 of
ERODC is conserved and forms a salt bridge with Asp338’ connecting the two monomeric
subunits. At the same position in the crystal structure of human ODC, Lys169 of one subunit
~.is involved in the salt bridge formation with Asp364' of other subunit near the active site
(Grishin et al., 1999, Kern et al., 1999). Thus, Lys157 of EAODC plays a critical role in
spatial arrangement of active site residues from both the subunits in a proper orientation
z;long with its role in dimer formation. Mutation of Lysl57 to Ala (K157A) leads to
inactivation of enzyme (Figure 4.6). Moreover, partial disruption of the dimer as compared to
the wild type protein was observed for K157A mutant, because a peak corresponding to the
monomeric state of £AODC along with the dimer peak was observed in the gel filtration
chromatogram (Figure 4.9). These results suggest that Lysi57 plays a direct role in

dimerization that eventually leads to the active site formation.

Furthermore, a double mutant of EAQODC having two mutations i.e. G361Y and
K157A was expressed in E. coli. The protein was over-expressed using high IPTG
concentration of ~2 M for induction. This double mutant was found to be unstable and
susceptible to protease degradation during purification. Therefore, it could not be purified for
further analysis. The instability of the double mutant G361Y and K157A could be due the

dimer disruption making the protein insoluble as well as proteolytically unstable.
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Figure 4.9: Gel filtration analysis of interface residue mutants. A) Gel-filtration
chromatogram of Gly361Tyr mutant showing partial dissociation of dimers into monomers;

B) Gel-filtration chromatogram of Lys157Ala mutant showing partial dimeric disruption.
4.5 Conclusion

In this study, the role of dimerization with respect to functionality was investigated by
comparative structure modeling and mutational studies. Molecular structure reveals a sharp

complementary arrangement of interface and active site residues to support the proper spatial
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arrangement. Thus, it contributes both the subunits in generation of two equivalent active
sites. The partial recovery of the enzyme activity on mixing the two mutants, C334A and
K57A which were individually inactive, shows that dimer is the active form of EAODC.
Additionally, a émgle substitution at G361Y resulted in partial destabilization of the dimer
and renders the enzyme inactive. Further, K157A mutation expected to disrupt a salt bridge
K157-D338’ between two subunits didn’t completely disrupt the dimer but inactivates the
enzyme. These results signify that various long and short range forces play a crucial role in

the dimerization and the geometry of the dimer interface is ideal for enzyme activity.
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CHAPTER 'V

CRYSTAL STRUCTURE OF ORNITHINE
DECARBOXYLASE FROM E. HISTOLYTICA AND
INSIGHT INTO BINDING MECHANISM OF
DFMO.



5.1 Abstract

In this chapter, crystal structure of DFMO resistant ornithine decarboxylase (at resolution
2.8A) from E. histolytica is described. The flexible 15 residues from the C-terminal of the
ERODC were truncated to decrease the conformational heterogeneity and to facilitate
crystallization. Purified C-terminal truncated protein was found to be as active as full-length
wild type EnODC.

The ODC of E. histolytica has attracted attention as it is reported to be the only
enzyme of polyamine biosynthetic pathway present in this protozoan. The ODC enzyme of
polyamine biosynthetic pathway is validated target for several protozoan diseases. In addition
to this, EAODC has been reported to be insensitive to a-Difluoromethylornithine (DFMO), a
potent and specific irreversible inhibitor of ODC.

Therefore, realizing the importance of structure based drug design. We determined
the crystal structure of EAODC at resolution 2.8 A. Structure was solved by molecular
replacement method. The enzyme forms orthorhombic crystal exhibiting P2,2,2; symmetry
with unit cell parameters a = 76.66 A, b = 119.28 A, ¢ = 179.28 A. Interestingly, structure
analysis of EhODC revealed that the active site has amino acid substitutions in the substrate
binding pocket, making it unable to interact with DFMO. However, these substitutions still
allow the binding of substrate and the enzyme is active. Furthermore, substitutions were not
only limited to bring resistance, but sequence analysis showed similar substitutions in

antizyme inhibitor (AZI), a paralogue of ODC.

Structure, sequence and phylogenetic studies of EAODC revealed the structural basis
for molecular evolutionary adaptation that make it DFMO resistant as well as indicates its

evolutionary relationship with AZI, the inactive ODC paralogue. -
5.2 Introduction

Polyamine biosynthetic pathway is essential for growth and proliferation of cell. This
pathway is tightly regulated at first rate limifing step which results in the formation of

diamine putrescine. The reaction is catalyzed by the enzyme ornithine decarboxylase (ODC).
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Regulation of ODC not only confined to transcriptional level but also to translational and
post translational levels. In addition to this, C-terminal domain of ODC possesses an intrinsic
signal responsible for its rapid intracellular degradation (Rosenberg-Hasson et al., 1991;
Ghoda et al., 1989). Deletion of this domain provides stability to the ODC (Rosenberg-
Hasson et al., 1991). Similar stability was observed in mouse due to the truncation of 37 C-
terminal amino acids (Ghoda et al., 1989). Sequence analysis of human ODC suggested the
presence of basal degradation element that is required for antizyme-mediated proteolysis at
the C-terminus. These elements have been proposed to be solvent accessible rather than to be

buried in the core of the homodimeric protein (Almrud et al., 2000).

Antizyme is the most critical regulatory protein of polyamine synthesis which acts as
a non—cdmpetitive inhibitor of ODC and results in its sequestration (Fong et al., 1976; Heller
et al., 1976; Coffino, 2001; Murakami ef al., 1986). It has been detected in wide variety of
organisms from higher 4cukaryotes such as rat, human to protists and eubacteria (Kyriakidis et
al., 1978, 1983; Pantazaki et al., 1999; Ivanov et al., 1998, 2000; Tosaka et al., 2000). The
antizyme is 26kDa protein containing 227 amino acids (in mouse). It is a down-regulator of
ODC that interacts with the monomeric form of ODC and results in the formation of
AZ:0DC heterodimer (Murakami et al., 1992; Takeuchi et al., 2007). The carboxy-terminal
121-227 is responsible for binding to ODC and 69-112 residues mediate the destabilization
process in 26S proteasome mediated proteolysis (Chattopadhyay et al.; 2001; Ichiba et al.,
1994).

Sequence and structure-function studies revealed the arise of a new homologue of -
ODC which lost its ability of decarboxylation due to mutation of critical residues in active
site (Murakami et al., 1996, 2009; Mangold, 2006; Kahana, 2009). These homologues hold
the ability to regulate various life processes in addition to protect ODC degradation due to
antizyme (Mangold et al., 2008). The homologues of ODC are designated as antizyme
inhibitors (AZI) due to their unique property of binding o antizyme (Murakami et al., 1996,
2009). However, Binding of AZI to antizyme is stronger as compared to ODC which results
in sequestration of antizyme and elevated level of ODC (Fujita ef al., 1982; Nilsson ef dal.,
2000; Cohavi et al., 2009; Keren-Paz et al., 2006).
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Binding of ODC and AZI to the antizyme is mostly reported at N-terminal region
from 117 to 140 residues. This sequence is highly conserved in both antizyme and ODC
except residues 125, 126, 133, 135 and 140 (numbering according to human ODC). The AZIs
have lost the decarbdxylation activi;ty due to some significant changes in the sequence,
especially at the active site. Inability of cofactor (PLP) binding and decarboxylation of
ornithine can be attributed to substitution of cofactor and substrate binding residues. X-ray
structures of large number of eukaryotic and prokaryotic ODC (Lee et al., 2007) have been
solved. Crystal structures of ODC available till date are from Trypanosome brucei,
Homosapiens, Lactobacillus 30a, Mus musculus, and Vibrio vulnt)‘icus'(Almrud et al., 2000,
Kern et al., 1999; Wang et.al., 1995; Grishin et al., 1999; Dufe et al., 2007). These
eukaryotic organisms share a common fold structure and have overall structural similarity to

alanine racemas family (Grishin et al., 1995).

The crystal structure of TAODC was determined at 2.5 A in space group P2; (a =
67.8A, b =885 A, c=1504 A, B = 90.03°). The final model contained 4 monomers in
asymmetric unit. In general, this enzyme is" an obligate homodimer and monomer is
composed of B/a-barrel domain and -sheet domain. Two identical active sites are formed at
the interface between N-terminal domain of one and C-terminal domain of other subunit
(Grishin ef al., 1999). In addition, many other residues present surrounding to the active site
pocket play role in active catalysis by directly or indirectly interacting with substrate or

product.

Many conserved domain in the sequence contain residues important for interaction
with cofactor and substrate. Importantly, D88, A111, R154, H197, S200, G235-F238, E274,
G276-Y278, Y323, Y331 and Y389 residues interact with PLP in human ODC. The §-amino
group of both substrate and product (e.g. D-ornithine, DFMO, and putrescine) interacts with
D361 of one monomer and D332’ of other monomer. These two residues are present at the
active site pocket and interact directly with substrate (Grishin ez al., 1999; Osterman et al.,
1995, 1997, 1999; Brooks et al., 1997; Swanson et al., 1998). In the present studies, we
analyzed the structural changes and critical substitutions in the active site pocket of EAODC
which render it insensitive towards DFMO and allow us to characterize it as a bridge

between the functional ODC and nonfunctional antizyme inhibitor.
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5.3 Materials and methods
5.3.1 Reagents

Restriction enzymes Ndel, Xhol, T4-DNA ligase and phusion polymerase were purchased
from NEB. Primers were ordered from Integrated DNA Technology. HisTrap HP Ni
Sepharose column and Hiload 16/60 Superdex 200 pg size exclusion column were obtained
from GE healthcare. For crystallization, Crystal screens were obtained from Hampton
Research (Hampton Research Inc. Aliso Viejo, CA). The plasmid pET30 (a) containing full
length of ERODC was taken as template for sub-cloning (Jhingran et al., 2008). Docking
studies were performed using Glide and AutoDock 4.0 (http://autodock.scirpt.edw/).

5.3.2 Methodology
5.3.2.1 Cloning of C-terminal truncated EAODC

A common practice that facilitates crystallization is to truncate the flexible N and/or C
terminus of the polypeptide to decrease the conformational heterogeneity. The amino acid
sequence of EAODC was examined to identify flexible disordered terminus using
bioinformatics tools DisEMBL (Linding ef al., 2003) and globplot (Linding and Russell,
2003). These programs predicted that a fragment of approximately 13-17 residues at the C-
terminus of EAODC was flexible. Based on these observations, C-terminal truncation having
15 residues deleted from the EAODC sequence was designed. The 15AcEAODC construct
was obtained by Polymerase Chain Reaction (PCR) using forward primer 5’-
ATATCCATATGAAACAAACATCTCTAGAAG-3’ and reverse  primer 5’-
GAACCTCGAGTCATTCAATTGACTTAGGGATTTGAAT-3’ with Ndel and Xhol

restriction enzyme sites respectively.

The full length EAODC cloned into pET 30(a) was taken as template (Jhingran et al.,
2008; Preeti ef al., 2012). The PCR reaction was set up for 50 pl volume contained 10 pl of

5X HF Phusion buffer supplied with the enzyme, 300 pM of dNTP mix, 6.25 pmol of each
primer, 10 ng of template DNA, 1ul of 2.5 U/pl Phusion polymerase and water. PCR reaction
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was performed with initial denaturation at 95 °C for 30 s, followed by 30 PCR cycles of
denaturation at 95 °C for 30 s, annealing at 51 °C for 60 sec, extension at 72 °C for 1 min 15
sec and a final extension at 72 °C for 15 min. Amplified product was digested with Ndel and
Xhol, and ligated into Ndel-Xhol backbone fragment of pET 28(c) expression vector. The
gene was cloned with Hisg-tag preceding the N-terminal and included a tobacco etch virus

(TEV) protease cleavage site to allow the removal of tag from recombinant protein (Figure
A1)

Ligated product was transformed into freshly prepared E. coli BL21 (DE3) competent
cells. Kanamycin resistant transformants were selected and were grown in LB broth
supplemented with 50 pg/ml kanamycin. The plasmid was isolated and right construct was

confirmed by DNA sequencing from TCGA, New Delhi (Figure 5.2).

5.3.2.2 Plasmid map of 15AcEAODC construct

TEV protease
site

EhODC

(1,197bp)

(5369bp)
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T7 pramoter primer #69348-3
DET upstres or #9214 >
PETpSHEanf e RIS 17 promoter lac operator Xbal tbs
Neoi His<Tag Nogi Nhel T7+Tag
Eag| thrombin
Bamt 1 EcoR | Sac Sall_Hudly _ Netl  Xhol His-Tag
1
Bput1021i T7 terminator
T7 terminator pnmer #69337-3
pET-28a-c(+) cloning/expression region

Figure 5.1: Schematic diagram of the cloned 15SAcERODC construct map. pET28¢c
expression vector with TEV protease cleavage site and 15AcEAODC of 1,197 bps was
inserted in between Ndel-Xhol fragment red zone with T indicate the C-terminal region that

has been deleted from the sequence.
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5.3.2.3 Strategy used for cloning and purification.

p{lima-EhODC+PrlTen

|__Agarose gel |

I extraction

[ Transformation | el s Mm o~

lBL21 DE3 . colicells l

[__Purification

Figure 5.2: Schematic representation of the strategy used for the cloning of
15AcERODC from full-length ERODC construct.
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5.3.2.4 Expression and purification

The recombinant 15AcEAODC transformed in E. coli BL21 (DE3) was induced with 0.5 mM
isdpropyl B-D-thiogalactoside (IPTG) at optical density (ODggp) of 0.6 and further continued
to grow for 14 hours at 18 °C with agitation. Bacterial culture was then harvested by

centrifugation at 5000 rpm at 4 °C and pellets were stored at -20 °C until further use.

The over-expression and purification of 15AcEARODC was done following the
standard protocol of wild type EAODC protein with little modification in tag cleavage steps.
" His-tag was cleaved using TEV protease with protein to TEV ratio 1:20 (v/v) at 4 °C and tag-
cleaved protein was again reloaded onto HisTrap HP affinity column to get purified cleaved
protein in flow-through. The cleaved protein was further loaded onto Hiload 16/60 Superdex
200 size exclusion column equilibrated with 30 mM HEPES-Na buffer (pH 7.5) containing
300 mM NaCl, 1 mM EDTA, 10% (v/v) glycerol and 1mM DTT. The different eluents were
énalyzed on 12% SDS-PAGE. The fractions containing purified recombinant 15Ac£hODC
were further concentrated to 5 mg/ml using a 10 kDa cutoff Amicon Ultra-15 concentrator

165 (Millipore, Bedford, Massachusetts, USA).
5.3.2.5 Enzymatic activity of 15AcEAODC

Decarboxylation activity of purified 15AcEAODC was determined spectrophotometrically as
reported by Badolo et al., 1999, using the same protocol as for full-length E£ZODC.

5.3.2.6 Gel filtration analysis

The average molecular weight of 15AcEAODC was determined using' size exclusion
chromatography and compared with previously characterized full length EAODC (Preeti et
al. 2012). In brief, the purified protein»(S mg/ml) was injected onto Hiload Superdex 200
16/60 gel filtration chromatography column using AKTA purification system (GE
Healthcare). The protein was allowed to pass through the column at a rate of 0.5 ml/min.
Further, elution volume of the protein was compared with the standard molecular weight

markers (GE healthcare) loaded onto the same column.
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5.3.2.7 Crystallization

Crystallization conditions of 15AcERODC were obtained using Hampton crystallization
screens (Hampton Research Inc. Aliso Viejo, CA). The homogenously purified protein
solution was concentrated to 12.5 mg/ml in 30 mM HEPES-NaOH buffer (pH 7.5)
containing 1 mM EDTA, 0.2 M NaCl, ImM DTT and 10 % (v/v) glycerol. The crystals were
grown at 20 °C by sitting drop vapor diffusion method using 2 pl of protein solution mixed
with 1 pl of reservoir solution containing 20 % PEG 3350 in 0.2 M LiCl solution maintained
at pH 6.8 as provided in Hampton PEG ION screen. Diamond shaped single crystal appeared
in four months after crystallization. Prior to data collection, crystals were cryo-protected by
directly transferring it to mother liquor containing 3 % (v/v) ethylene glycol. Crystal was
flash-frozen under cryogenic conditions at 100 K using liquid nitrogen stream to prevent

radiation decay during data collection.
5.3.2.8 Data collection and structure determination

All diffraction data of 15AcEAODC crystal were collected as consecutive series of 1° rotation
images using rotating anode X-ray source (Bruker Microstar) assembled with MAR345
detector plate installed at home station, IIC, IIT Roorkee, India. The data were indexed,
integrated and scaled using HKL2000 program. A summary of data processing has been
described in Table 5.1.

The structure of 15AcEAODC was solved by molecular replacement method.
Patterson searches were computed using Molrep program of CCP4-6.0 suite (Vagin ef al.,
1997). Model was generated using previously reported crystal structure of human ODC (PDB
accession number 20N3) (Dufe et al.,, 2007). The crystal contained two copies of
15AcERODC dimer in the asymmetric unit. Non-crystallographic symmetry restraints were
applied throughout the refinement stages using four 15AcEAODC molecules in asymmetric
unit. Further, refinement was performed using CNS v.1.2, REFMAC 5.2, and Phenix v 1.7.2-
869 refinement tools/software (Briinger et al., 1998, 2007; Adams ef al., 2010; Vagin et al.,
1997, 2004). Rounds of model building were carried out using program Coot v 0.6.2 and
iterative cycles of computational refinement interspersed with visual inspection and manual

adjustments, values of R / Rge reached to 0.35 / 0.395 (Emsley et al., 2004). Further,
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Crystallography and NMR system (CNS) refinement involving typical protocol of simulated
annealing, minimization, grouped B-factor refinement reduced the R / Rge value to
0.30/0.325. Later, the refinement strategy was shifted to omit map and simulated annealing
with slowcool protocol, thus further reduced the R / Rfree value to 0.25/0.299. The quality of
the model was evaluated by PROCHECK. The structure has been deposited in Protein Data
Bank with accession code 4AIB.

5.3.2.9 Sequence analysis, model generation and docking

The sequence of EAODC along with the ODCs and antizyme inhibitor from other
representatives were retrieved from NCBI database. Multiple sequence alignment and
phylogenetic tree of these sequences were obtained by using ClustalW applying default
settings. In crystal structure, as different loops were missing at different positions of all
subunits, the complete model for active site analysis was generated using MODELLER 9.10
and crystal structure of 15AcERODC as a templafe (Sali ef al., 1993). Multalin program was
used for sequence alignments and manual corrections were done for gap regions in the
structure sequence (Corpet, 1988). Evaluation of ‘the steriochemical properties of obtained

model was performed using PROCHECK (Luthy et al., 1992).

The docking studies of substrate, cofactor and substrate based inhibitor were
- performed using GLIDE v 5.5 software (Grid-based ligand docking with energetics) by
Schrédinger running on Red Hat enterprise Linux 5 operation system installed on HPxw8400
workstation (Cross ef al., 2009). Maestro’s protein preparation wizard was used for adding
hydrogen, assigning bond orders and overall structure minimization to RMSD (Root Mean
Square Deviation) of 0.30 A using OPLS2005 force-field. All ligands were generated with
cofactor PLP using chemdraw and energy minimization of the ligand was done using
chemdraw Ultra 8.0. Ligand preparation ‘inodule; of Maestro was then used for ligand
preparation. GLIDE receptor grid generated to the centroid of the selected amino acids of
active site residues and docking of the ligand was done using extra precision mode (Friesner
et al., 2004). Best pose was selected by evaluation of Glide score rank, glide energy and
visually inspecting the molecule by PyMol (DeLano, 2002). |
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5.4 Result and Discussion
5.4.1 Sequence analysis and cloning of 15AcEAODC

The EhODC protein belongs to fold type III group IV decarboxylase of a B6-dependent
family, having characteristics of eukaryotic ornithine decarboxylases. Under this
classification, three crystal structures are available till date including human, mouse and 7.
bruceii ODC (Almrud et al., 2000; Kern et al., 1999; Grishin et al., 1999; Dufe et al., 2007).
From previous studies, it was reported that deletion of C-terminal of functional ODC resulted
in increased stability of the protein without affecting the activity (Rosenberg-Hasson et al.,
1991; Ghoda et al., 1989). In mouse, as C-terminal contains a PEST like sequence
responsible for ubiquitin independent 26S proteasome mediated degradation process and
deletion of 37 residues from C-terminal increased the stability of ODC (Fujita et al., 1982;
Kitani et al., 1989; Nilsson et al., 2000; Cohavi et al., 2009; Keren-Paz et al., 2006).

- However, in T. brucei, no such phenomenon has been observed (Hua et al., 1995).

In EAODC, the C-terminal sequence shows similarity with mouse ODC having a
similar kind of PEST sequence though such kind of degradation is not reported till date. With
our repeated trials, we didn’t find any crystals with expression of full length EAODC.
However, we increased the stability of the protein with deletion of 15 residues from C-
terminal. The primers for PCR amplification for 15AcERODC were designed on the basis of
sequence alignment of full length EAODC with T. brucei ODC and mouse ODC. The gene
was cloned into pET28(c) expression vector and expressed with N-terminal His tag (Figure

5.1, 5.3). Further, His tag was cleaved by TEV protease and used for enzyme assay, and
| crystallization study.
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10kb

pET28c with insert

15AcERODC 6kb
3kb 15A¢ERODC
1kb 1,197bp

Figure 5.3: Agarose gel profile of 15AcERODC: Lane 1: Cloned plasmid containing the
15AcERODC with insert size 1,197 bps; Lane 2: 1 kb DNA ladder; Lane 3: Cloned plasmid
RE digested with Ndel and XAol enzymes.

5.4.2 Expression and purification of 15AcEAODC

The overexpression of 15AcEAODC was done with 0.5 mM IPTG at ‘18 °C for 14 hours
(Figure 5.4). The over-expression and purification of 15AcERODC was done following the
standard protocol of wild type E#ODC protein with little modification in tag cleavage steps

as mentioned in material and method section above (Figure 5.4).

B

Figure 5.4: 12% SDS-PAGE gel showing the expression and purification of
1SAcERODC. A) Lane 1: Induced pellet; Lane 2: Induced supernatant; Lane 3: Uninduced
pellet; Lane 4: Uninduced supernatant arrow indicating the overexpressed 15AcEAODC. B)
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Lane 1: Molecular weight marker; Lane 2-5: Purified fractions. Arrow points to the protein
of molecular weight ~44 kDa.

5.4.3 Oligomeric state analysis in solution

To determine the oligomeric state, 1SAcEAODC was loaded on to Hiload Superdex 200
16/60 gel filtration chromatography column and was loaded onto 12 % SDS-PAGE revealed
a sharp band corresponds to molecular weight of 43.7 kDa (Figure 5.5). Comparing the
results of both the experiments, we found the protein exist in dimeric form in the solution

having a molecular weight of ~87 kDa (Figure 5.4, 5.5).

Al 74mi

700/

600

Absorption at 280nm

|
’ 0 20 40 60 80 100 ml
Elution volume

Figure 5.5: The gel filtration chromatogram elution profile of the 15AcEAODC protein.
The elution volume of 15AcERODC protein was compared with the standard molecular
weight markers. The protein was eluted at a volume of 74 ml corresponding to molecule
weight of ~87 kDa. Insert shows the purified protein in 12 % SDS-PAGE after gel filtration
chromatography.
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5.4.4 Activity of 15AcERODC

The enzyme assay of 15AcEAODC was performed spectrophotometrically as reported by
Badolo ef al., 1999. We didn’t report any change in activity of 15AcERODC with respect to
full length EAODC. ‘ V

5.4.5 Crystal packing

Crystallization of 15AcERODC was performed using sitting drop vapor diffusion method.
Crystals of EAODC were obtained at 20 °C in Hampton PEG Ion screen 4 containing 20 %
(v/v) PEG 3350, 0.2 M LiCl maintained at pH 6.8 (Figure 5.6). The crystal belonged to
orthorhombic unit cell exhibiting P2,2,2; symmetry with unit cell parameters a = 76.66, b =
119.28, ¢ =179.28 A and o = f =y = 90° (Figure 5.6, 5.7). The crystal was diffracted up to
28 A and its Mathew coefficient is 2.2. The crystal has the solvent content of 46.69 % with
four numbers of molecules per asymmetric unit. Quality of the model obtained was assessed
by PROCHECK. Model was found to contain 88.7 % residues in allowed region and 0.4 % in

residues in disallowed region of Ramachandran Plot (Table 5.1).

A B

Figure 5.6: Crystals of 15AcERODC along with the diffraction pattern. A) Diamond
shaped crystals in 20% (v/v) PEG 3350, 0.2 M LiCl maintained at pH 6.8. B) Diffraction
pattern of 15AcERODC crystal at 2.8 A. |
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Monomers in asymmetric unit are arranged as two separate difners (subunits A, B and
subunits C, D) facing each other at convex surfaces (Figure 5.7). The arrangement and
interaction between two monomers was found to be different from their symmetry mates
within the unit cell. Dimer of chain A and chain B was arranged in head to tail manner at
origin O of orthorhombic unit cell. f/a-barrel of A and B-sheet of B chain were arranged at
origin and their counterpart in x direction (Figure 5.7). Each monomer makes side to side as
welvl as back to back contacts and forming a cavity at the center. In a dimer, one subunit
arranged above other forming a curved structure. The B-sheet of C and p/a-barrel of D make
back to back contact with dimer of B and A chains at the curved surface. Dimer of AB is
situated along with axis x by making an angle of 30° approximately, rotation angle of other
dimer CD is 180° with a screw distance of 19.1 A which is equivalent to one quarter of edge

a of unit cell.

The crystallized structure of 15AcERODC is of a tetramer (Figure 5.7). The
asyfnmetric unit contains two dimers comprising of chain A, B, C, D. Although in all chains,
the loops at the dimer interface are disordered, clear electron density was not observed. The
total area of the molecule of EAODC containing four molecules was estimated to be 61227.6
A2, Each dimer interacts with its symmetry mate to form dimer-dimer interfaces as A-B
dimer interacts with C-D dimer. Interface area evaluated by PISA web server was averaged
to 1373.4 A% which was 1599.8 A? and 1147.0 A” between B, A and D, C respectively. Each
monomer interacts with other counterpart monomer, making extensive contact area of
18487.5 A2. Buried surface area of each assembly of dimer A, B and C, D that shields a
combined area of protein from solvent was averaged to 5490.0 A2, Crystal packing provides

additional contacts between molecules.
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Data collection

Space group

Unit cell parameters

a(A), b (A), c (A)

Resolution (A)

Number of reflections
Completeness (%)

Mean redundancy

I/

Rmerge (%0)

Refinement strategy

Resolution (A)

Number of non-H atoms in asymmelric unit
Protein

Water molecules:

R-factor (%)

Ryree value (%)

Average B-factor (A%)

Rms deviations

bond lengths (A)

bond angles (°)

Ramachandran plot

Residues in favored region (%)
Residues in allowed region (%)
Residues in generously allowed region (%)

Residues in outlier region (%)

P2,2,2,

76.66, 119.28, 179.28
99.5-2.87 (2.92-2.87)°
35570

92.1(59.0)°

3.4 2.1)°

4.82 (2.0)"

0.150 (0.670)?

99.5-2.87 (2.92-2.87)°

10484
101
25.3
299
54.4

0.005
0.831

88.7
10
0.9
0.4

Table 5.1: Statistical representation of data collection and structure refinement
parameters along with quality of the model accessed by Ramachandran plot. “value in

parentheses are for the highest resolution shell.
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Crystal packing and 3D structure determined using molecular replacement method has been

presented below

2-E

Figure 5.7: Schematic representation of crystal packing and overall structure of the
model obtained after molecular replacement. A) Crystal packing of £E2ODC in an

orthorhombic unit cell; O is the origin of the unit cell with four chains arranged on a, b and ¢
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axis in x, y and z direction; B) Cartoon diagram of tetrameric model of E#ODC showing AB-
CD, dimer-dimer interface; C) Tetrameric model rotated to 90° to insight into the center of

the molecule.
5.4.6 Overall structure and folding

Each monomer consists of B/a barrel and B sheet domains which are arranged identical to
previously known ODC structure. However, the tetramer arrangement displays a number of
unusual features. Residues from barrel involved in contact formation are located at the
surface or in proximity to sheet domain of opposite monomer and resulted in homodimer
formation, Residues of A chain barrel are in helix S, a7, o8, a9 which appear to be at

interface and form extensive contacts with sheet domain S2 of B chain.

All four chains in asymmetric unit showed similar structures and involved same
interaction. The analysis of dimer-dimer interactions exhibited large intermolecular distances
of ~4.0 A, N-terminal of the monomer starts with the helix al (L6-Q18) facing other dimer
of asymmetric unit. Helix al is connected to sheet p1 (G27-F31) through a loop and enters to
the barrel which is an arrangement of 8 helices following 8 parallel sheets. Helix a2 (T33-
N46), o3 (P62-L71), a4 (L80-L89), a5 (Y105-L114), a6 (1124-Y133), o7 (D163-K175), a8
(E194-F213), a9 (F232-L246), follow the sheet B2 (R51-A55), B3 (G74-C77), B4 (196-Y98),
BS (H118-V121), B6 (G138-R142), B7 (V182-F184), B8 (L219-D221) and B9 (R253-A256)
following a helix-turn connecting the sheet domain. Sheet domain comprised of eight
randomly arranged sheets which can be further divided into S1 and S2 sheets perpendicular
to one another. Sheet S1 consisted of four sheets 10 (F267-SZ71), B15 (L355-F357), p16
(I381-T3 83) in addition to 1, which are roughly perpendicular to S2 containing f11 (H274-
Q281), B12 (K284-S291), B13 (Y325-Y330) and B14 (A341-L345) (Figure 5.8).

Residues Glul10 and His113 of chain B are at a distance of 4.1A and 3.3A from Lys84
and Asp88 of chain D respectively, similarly Asp88 of chain A forms direct intéraction with
residue Leu386 of chain C and vice versa. The structure of EAODC has several disordered
regions. These include the first four residues at the N-terminal, 13 residues of C-terminal in
all chains. Chain A containing disordered regions (146-156), (297-308), (331-337) and (366~
378); Chain B (146-159), (187-192), (228-229), (292-308), (336-337), and (336-378); chain
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C (146-162), (187-192), (228-229), (331-337), (366-378) showing density for K and S at the
C-terminal which is absent in other chains. Chain D similar to chain C having disordered

regions in same loops except region (293-304).

C-Terminal

N-Terminal

Figure 5.8: Crystal structure of E2ODC monomeric subunit. A) Cartoon diagram of the
monomer showing arrangement of barrel-and sheet domain. B) Topology diagram of
monomer of £FAODC where helices are represented with cylinder and sheets with the arrows

connected with loops, dashed line indicates the sequence missing in the structure.
5.4.7 Active site of EAODC

Electron density corresponding to cofactor and substrate was not identified in the putative
sites. All the residues involved in PLP binding are absolutely conserved in £20ODC. Electron

density was clear and distinct for almost all cofactor binding residues in all chains but
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substrate binding residues were only observed in B and D chains. In active site, A111 (No.
according to human ODC) was found to be existed at the active site. Residue All11 is also
conserved in 7. brucei and mouse ODC where it interapts through water and Argl54 which
in turn interacts with PLP and maintains the integrity of active site. In EAODC Alll is
substituted with S99 and in AZI same residue is substituted with T/I/S.
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In AZI, some mutations of conserved residues important for PLP binding resulted in
incapability to bind PLP. Residues found to be mutated in active mouse ODC and mouse AZI are
as foliows D88/A88, Al11/T111, R154/H154, R277/S274 Y331/8329, D332/E330 and
Y389/D387. However, the PLP and substrate bindin,c_;,y residues of EAODC are conserved except
four residues which show similarity to AZI residues.. These four residues of
ERODC/ODC/DrAZI are S99/A111/S111, binds to PLP and F305/Y331/F329, E306/D332/E330
(mAZI) and N335/D361/D361 binds to substrate respectively (Figure 5.9, Table 5.3). These
observations signify that EZODC is evolutionarily developing in the direction of AZI. Thus, it is
- safe to hypothesize that ODC from E. histoZytica is the bridge between the antiZYme inhibitor

and active form of ODC having decarboxylation capability.
3.5 Active site pattern revealing insensitivity towards DFMO

Earlier reports have indicated that EAODC is resistant to DFMO, an irreversible inhibitor of
ThODC (Arteaga-Nieto et al., 2002). Investigations of this interesting property draw our
attention towards the active site of E#ODC. The generated crystal structure was lacking some
loops at the active sife in different chains. Thus, it was necessary to generate a complete dimeric
model to insight into difference in the binding of DFMO and L-ornithine at the active site.
Homology model was generated using MODELLER 9.10 with EAODC crystal structure as
template. Docking of cofactor-substrate and DFMO was performed using the Glide docking -
version 3.5. Docking of L-ornithine and DFMO was revealing the spatial position of substrate
binding residues. Role of each residue for the substrate interaction was analyzed in detail to

insight into the mechanistic function in £AODC.

Sequence analysis of ERODC revealed many substitutions of amino acid residues
important for the decarboxylation of the substrate (Figure 5.10, 5.11, Table 5.3). It has been
reported that substrate binding residues are present mainly at the C-terminal region. During
earlier studies D-ornithine, L-ornithine and DFMO were used for substrate binding and reaction
mechanism determination. Cys360 was found to play very important role by directly attaching to
the substrate through a covalent bond (Poulin et al., 1992). Cys360 is highly conserved in all
functional ODC including EAODC (Cys334). The amino acid Asp361 (no according to human

ODC) has been identified as an essential substrate binding determinant. Substitution of residue
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Asp361 to Glu or Ala results in 2000 fold increase in K., and significantly affects the binding of
substrate 1o the active site. Function of Asp361 has been investigated in details and B-carboxylate
oroup of this residue is reported to interact with substrate directly via forming salt bridge with
cither of the two amino group of substrate (Osterman et al., 1995. 1999). However, in EAODC
Asn335 was found to be uniquely substituted. Interestingly, it is uncharged polar residue having

an amino group in contrast to Asp which is charged and have B-carboxyl group.

One more important acidic residue Asp364 (no according to human ODC) at the active
site to provide a proton to carbanion formed after decarboxylation reaction. Mutation of Asp364
to Ala has most profound effect on catalysis which decreases Keo/Kpy by greater than 105 fold
(Osterman ef al.. 1995). Asp338 residuc in £AODC that corresponds to conserved Asp364 at the
active site and play essential role in ODC catalysis. The residue participates in catalytic function
by interacting with substrate/analogues by cither making direct or indirect contact thought water.
I'urthermore. Tyr323 residue plays essential role in catalysis by making contact with substrate
through water. The reactive hydroxyl (OH) moicty of Tyr323 makes hydrogen bond with water
molecule and interacts with the amino group of substrate (Lu et al., 1991; Grishin er al., 1999;
I'sirka ef al.. 1993). In ERODC, residue Tyr323 a hydrophilic residuc was found to be mutated
with 11is296 a positively charged amino acid. Furthermore, Asp332 was found to be important
for interacting with the substrate by making hydrogen bond with water (Grishin ef al., 1999). In
EHODC. Asp332 found to be substituted by Glu306 which is conserved in antizyme inhibitor. It
has been reported that poor identity around Asp332 or no Asp residue in surrounding region may
have adverse effect on substrate binding capacity of ODC. Mutation of Asp332.-to Glu may
interfere with binding of substrate duc to one extra methyl moiety which may not allow the

proper orientation of side chain at the active site (Figure 5.10, Table 5.2).

ligand attached with PLP | GLIDE score | GLIDE cnergy

|.-ornithine -5.550 -52.068

DEMO ' -6.463 -49.789

Table 5.2: Comparative glide score and energy for L-ornithine and DFMO for determining

the binding efficiency of the ligand to dimer of £LAODC.
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Property of substrate binding residues of EAODC and insensitivity towards DFMO were studied
'in details. Insight into the structure and property of active site of E#ODC bring out one more
important characteristic of residues which were found to be similar to AZI and may not allow the
interaction with DFMO. In general, residue D332 (of human ODC) found to be present in active
ODC that is substituted with E331 in AZI which interacts with substrate through water molecule.
E331 has an extra methyl group and DFMO is already accompanied with two fluorine moieties
result in stearic hindrance. However, it has been reported that EAODC actively décarboxylate the
ornithine, in contrast it is insensitive towards DFMO (Figure 5.10). This may be the result of
inefficient accommeodation of DFMO in the active site which can be speculated from the Table

5.2 showing the glide score and binding energy of both DFMO and substrate L-ornithine.
5.6 Sequence comparison with other ODC and AZI

The detailed sequence analysis of EAODC opened up a new phase for studying the structure
function and evolutionary relationship with 'different OoDC hbmologues. Recently, the sequence
analysis of several functional and non-functional ODCs revealed that several orthologs 6f ODCs
including putative antizyme inhibitors apparently arise independe_nﬂy through evolution (Ivanov
et al., 2010). However, from sequence émalysis, we identified critical residues of functional
ERODC which may represent the status of the protein as evolutionary bridge between functional
and nonfunctional ODC.

Antizyme inhibitor is a homolog of ODC which has lost decarboxylation activity due to
mutation of critical residues in active site (Murakami et al., 1996, 2009; Kahana, 2009; Ivanov et
al., 2010; Hascilowicz et al., 2002). However, they are irﬁportant in mammals as they are
responsible for antizyme down regulations, thus regulate the ODC activity in cell system (Ivanov
et al., 2007). Presently we have identified 27 residues from sequence alignment of ODCs from
different sources responsible for formation of active site pocket and salt bridges in dimerization
(Table 5.3). Out of 27 residues, 16 residues (as mentioned in table 5.3) contribute to active site
interacting with cofactor PLP, 5 residues for substrate binding, 3 residues for salt bridges, 3

interface residues and 1 for dimerization.
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Table 5.3: Sequence analysis of ODC and' antizyme inhibitor, comparing thé active site
residues of ODC/AZI from various organisms. Abbreviation denoted:- Cf for cofactor
binding; B® salt bridge formation; S substrate binding residues; I' interface of dimer ; D'
important for dimer formation. Species with the name of protein are shown on left side. Colour
indication:- Violet columns signifies the mutation in AZI; Orange columns signifies the mutated .
residues in E. histolytica ODC which are similar to AZI; Gray shows the unique mutations in
ERODC which is neither conserved in ODC nor in AZI; Blue indicate the mutation in EAODC
which are rarely found in AZI and functional ODC; Olive color point out the mutations in
ERODC which are similar to some ODC. Sequence analysis and numbering has been done
according to EhODC. Residues which are not conserved have been shown by single letter codon
and conserved “wild type” left blank. A indicates the deleted amino acid. % identity indicates the
ODC sequencé identity with the E#ODC sequence (Ivanov et dl., 2010).

From various mutational studies, it is reported that Lys 57 (numbering is according to
ERODC) is important as it forms Schiff base with PLP which is later displaced by L-ornithine
which undergoes decarboxylation tﬁrough nucleophilic attack via Cys334° (Osterman ef al.,
1999; Myers et al., 2001; Tsirka et al., 1993). However, these residues are conserved in both
functional ODCs and AZI except in few AZIs. Out of sixteen PLP binding residues, AZIs have
major mutations in five positions. Thus, it may render low affinity of cofactor towards active site
pocket. However, interestingly, EAODC has a; mutation at 99 positions where Ala is substituted
by Ser. The same substitution of Ala to Ser is also observed in few AZIs including AZI from

Danio rerio, Tetraodon nigroviridis and Anolis crolinensis (Table 5.3) (Hascilowicz, 2002).

In Human ODC, four residues Tyr331, Asp332, Cys360 and Asp361 are reported to be
key active site residues which interact with L-ornithine. In all functional ODCs these four
residues are highly conserved and Cys360 plays a critical role in decarboxylation catalysis
(Myers et al., 2001; Tsirka et al., 1993). However, EhODC is exception where Tyr and two Asp

residues are substituted by His, Glu and Asn respectively.

The mutations of His296 and Asn335 are unique in case of EAODC as these two residues
are substituted by Tyr and Asp respectively and conserved in both AZI and functional ODC. The

mutation of Glu shows similarity with AZI as in maximum AZlIs, out of four substrate binding
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residues only Asp is substituted by Glu. In case of human and other functional ODCs, Tyr331
contributes to form an aromatic zipper responsible for complementary packing in two monomers
(Grishin et al., 1999; Kern et al., 1999). In AZI this is mutated to Ser rendering a loose contact
between monomers. But in E#ODC, same residue is substituted by Phe performing same job in
aromatic zipper. The mutation of Tyr to Phe is also reported in Plasmodium Sfalciparum,
Leishmania donovani and Glycine max ODCs (Table 5.3) (Jacksoh et al., 2003; Ivanov et al.,
2010).

AZI genes have accumulated mutation in key active site residues which are important for
ODC activity. In Petromyzon marinus, the ortholog of AZI as classified on the basis of
conserved key amino acid residues is found to be functional ODC (Ivanov et al., 2007). In
contrast to this, 4edes aegypti ODC is found to be non-functional (Ivanov et al., 2010). The
mutation at active site, ranging from one residue to fourteen residues may cause the inactivation
of the enzyme. In 7. nigroviridis, 11 residues are altered in active site where as in-mammals 4
residues are altered to make a functional ODC to a nonfunctional homolog. Howevér, in
Drosophila melanogaster ODC paralogs, though all 18 key residues of active site are conserved,
but a single mutation of Asp332Tyr hinder dimer formation in addition to cofactor and substrate

binding, thus cause to express the nonfunctional ODC (Table 5.3) (Ivanov et al., 2010).

The evolutionary relationship of ODC and AZI can be evaluated by considering the root
of phylogenib tree which connects the branch of both homologs. Evidences indicated that both
the homologs are from same subfamily and have evolved and diverged according to their
function. In phylogenetic tree, the group of AZI and ODC make different clusters according to
the sequence alignment. Interestingly EAODC is clustering to the ODC group just beneath the
Aedes aegypti which is a nonfunctional ODC due to His197Asn and Asp332Arg substitution as
given in table and sequence alignment. (Table 5.3, Figure 5.11, 5.12). If ODC of Aedes aezypti
presents at the border line of functional ODCs and nonfunctional AZI then EAODC is also
evolutionarily close to 1t These evidences of sequence phylogeny and alignment profile of
ERODC allow us to establish the fact that it can be considered as a bridge between active ODC

and 1nactive AZI.
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Figure 5.12: Phylogenetic relationship of EAODC with antizyme Inhibitor and ODC:
Sequence of ODC and their evolutionary related homologous were retrieved from various
sources. Antizyme inhibitor of Homo sapiens (BAA23593.1), Nomascus leucogenys
(XP_003256127.1), Macaca mulatta (XP_002805501.1), Mus musculus (AAB87464.1), Rattus
norvegicus (BAA23594.1), Monodelphis domestica (XP_001369332.1), Xenopus laevis
(NP_001087584.1), Danio rerio (BAB84695.1), Tetraodon nigroviridis
(ENSTNIT00000008148.1), Anolis  carolinensis  (XP_003219500.1), Gallus  gallus
(NP_001008729.1),  Ornithorhynchus anatinus (XP_001506230.1), Canis familiaris
(XP_849306.1), Bos Taurus (NP_001076080.1), Loxodonta africana (XP_003408472.1).
Ornithine decarboxylase sequence from Aedes aegypti (EAT48998.1), Entamoeba histolytica
(AAX35675.1), Plasmodium falciparum (AAF14518.1), Leishmania donovani (AAA29259.1),
Datura stramonium (CAA61121.1), Solanum lycopersicum (NP_001234616.1), Glycine max
(CAD91349.1), Chlamydomonas reinhardtii (CAE46409.1), Monodelphis  domestica
(XP _001371947.1), Bos Taurus (AAA92339.1), Macaca mulatta (NP_001185615.1), Homo
sapiens (NP_002530.1), Mus musculus (NP_038642.2), Anolis carolinensis (XP_003215471..1),
Trypanosoma brucei (AAA30219.1), Xenopus laevis (CAA39760.1).

5.7 Analysis of AZ binding sequence in EAODC

AZI lacks decarboxylase activity but possess higher affinity towards antizyme (Su et.al.,
2009). The high binding efficiency of AZI towards AZ as compared to ODC has been studies in
detail. Recent studies revealed that the residues K125 and K140 of AZI (human AZI) play

significant role in binding to antizyme.

The differences in residues of ODC and AZ] are responsible for the differential binding
affinity towards the antizyme. The K125 and K140 of AZI introduce extra charge to the AZ
binding site as compare to N125 and M140 which are neutral. In case of EAODC residue H
present corresponds to K125/N125 of AZI/ODC which is having physiological properties similar
to K in HsAZI In contrast to this, residue K140/M140 substituted by Q in £AODC which 1is
neutral amino acid residue as in HsODC (Figure 5.13). The binding efficiency of ODC from P.
Jfalciparum can be considered as strongly towards antizyme due to the presence of K125/K140

interaction similar to AZI.
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117 140

H. sapience 0ODC VSQIKYAANNGVQOMMTFDSEVELM
H. sapience AZI VSQIKYAAKVGVNILTCDNEIELK
T. brucei OoDC ISHIRYARDSGVDVMTFDCVDELE
P. bursaria ODC IDDLIFAKDQGVDIATFDSSFELD
L. donovani ODC LGDLREAQACGVTYVTVDNPLEME
E. histolytica ODC YNQLIEASHLGINHTIVDSIDEVQ
P. falciparum ODC INSLIYARKENINLCTFDNLDELK
* . * * .

Figure 5.13: Antizyme binding sequence of Human ODC (HsODC) is compared with
EhODC. Residues 117-140 in HsODC, HsAZI and other ODC were considered for
comparative analysis. Antizyme binding region of homo sapience, Trypanosome brucei,
Paramecium bursaria, Leishmania donovani, Entamoeba histolytica and plasmodium falciparum

were aligned by ClustalW.

Interestingly the phylogeny analysis showed the close sequence similarity of £AODC
with P. falciparum. Here we can consider the more affinity of £2ODC towards antizyme as
compared to active ODC which is one more evidence allow us to relate it as a bridge between
AZI and ODC (Figure 5.12).

The antizyme has been reported to exist in wide range of organisms from higher
eukaryotes to prokaryotes (Liu er a/., 2011; Palanimurugan et al., 2004; Lioliou et al., 2004).
Different forms of AZs (AZ1, AZ2 and AZ3) have been reported possessing different roles in
cell. Polyamines can induce a +1 translational frameshift on AZ mRNA and result in complete
AZ protein synthesis (Miyazaki et al., 1992; Hayashi et al., 1985, 1997). Genome sequence
analysis of E. histolytica using human AZ nucleotide as a query sequence in BLAST search was
showing hypothetical sequence identity of 20-30% but sequence coverage was insufficient to
predict anything. Without any confirmation about the presence of antizyme sequence in the

genome, regulatory role of ODC as an AZI cannot be designated. It can be predicted here that
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sequence of EAODC substitution towards AZI also resulted in the development of resistance

towards DFMO a well-known drug against protozoan diseases.
5.8 Conclusion

In present chapter, we successfully determined the 3D structure of EAODC. The structure was
found to be a tetramer composed of two dimers in one asymmetric unit. In contrast to these
results, protein was found to be dimer in solution. Interestingly, the dimer in crystal showed
extensive interactions with their symmetry mate within the unit cell. Based on sequence analysis,
and investigation of evolutionary aspects we unveil many unique characteristics of EAODC. One
important feature is, conservation of amino acids important for cofactor binding with other
ODCs except S99. Second feature is substitution of all substrate binding residues except C334.
Out of all substitution in EAODC some are unique to £EAODC as H296 and N335 which are
neither showing similarity to ODC nor to AZIs. One substitutions as E306 was identical to non-

functional AZlIs.

The extensive investigation revealed that even a single mutation at the active site may
result in the formation of non-functional enzyme. Comparison of EAODC sequence with AZI and
ODC revealed many residues which were identical to former but some residues important for
activity were similar to ODC. More specifically the cofactor binding amino acids were conserved
as ODC and substrate bindihg site was randomly mutated. The sequence analysis and
evolutionary relationship of EAODC with AZI and ODC allow us to place it as an evolutionary
bridge between AZI and ODC. This can be safely elaborated here as EAODC has evolved in the
direction of AZI associated with function properties pf ODC.

In addition to this, docking studies and structure analysis revealed inefficient binding of
DFMO to substrate binding pocket. The DFMO is associated with two fluorine molecules which
results in the inefficient accommodation due to substitution of Asp335 to Asn335 (numbering
according .to EhODC sequence) having NH2 group instead of C=O group of Asp which is
incapable of interacting with —NH grouﬁ of DFMO. In addition another mutation of Asp332 to
Glu332 which is having one methyl group long side chain and leave insufficient space for the

substrate based inhibitor molecule.
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