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Biocomputational analysis of phosphoenolpyruvate
carboxykinase from Raillietina echinobothrida, a cestode
parasite, and its interaction with possible modulators
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SUMMARY

Phosphoenolpyruvate carboxykinase (PEPCK) involved in gluconeogenesis in higher vertebrates opposedly plays a sign-
ificant role in glucose oxidation of the cestode parasite, Raillietina echinobothrida. Considering the importance of the
enzyme in the parasite and lack of its structural details, there exists an urgent need for understanding the molecular
details and development of possible modulators. Hence, in this study, PEPCK gene was obtained using rapid amplification
of cDNA ends, and various biocomputational analyses were performed. Homology model of the enzyme was generated,
and docking simulations were executed with its substrate, co-factor, and modulators. Computer hits were generated
after structure- and ligand-based screening using Discovery Studio 4.1 software; the predicted interactions were compared
with those of the existing structural information of PEPCK. In order to evaluate the docking simulation results of the
modulators, PEPCK gene was cloned and the overexpressed protein was purified for kinetic studies. Enzyme kinetics
and in vitro studies revealed that out of the modulators tested, tetrahydropalmatine (THP) inhibited the enzyme with
lowest inhibition constant value of 93 nMm. Taking the results together, we conclude that THP could be a potential inhibitor
for PEPCK in the parasite.
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INTRODUCTION

Phosphoenolpyruvate carboxykinase (PEPCK, EC
4.1.1.32) catalyses the metabolic reversible reaction,
i.e. formation of phosphoenolpyruvate (PEP) from
oxaloacetic acid (OAA), in higher organisms. This
enzyme is reported to be metabolically involved in
gluconeogenesis, glyceroneogenesis, synthesis of
serine and conversion of amino acids, such as glu-
tamine and glutamate, to PEP (Yang et al. 2009).
PEPCK uses GTP or I'TP (ATP in bacteria and
yeast) and metal ions for its activity. In contrast, in
cestode parasites, including Raillietina echinobo-
thrida (Platyhelminthes: Cestoda; Cyclophyllidea),
PEPCK catalyses the carboxylation step, i.e. forma-
tion of OAA from PEP, in glucose oxidation (Smyth
and McManus, 1989; Tandon and Das, 2007).
Cestode parasites mainly depend on carbohydrates
for their energy derivation, and have limited ability
to metabolize lipids and proteins (Smyth and
McManus, 1989). Hence, the role of PEPCK in
glucose oxidation in these parasites is highlighted,
and inhibiton of the enzyme might down regulate
the utilization of carbohydrates. Because of the
differing primary function of PEPCK in cestodes
and their vertebrate hosts, this step of glucose

oxidation is regarded as a plausible anthelmintic
target (Reynolds, 1980).

Reported for the first time in chicken liver among
vertebrates (Utter and Kurahashi, 1954), PEPCK is
present in two forms, cytosolic and mitochondrial, in
higher vertebrates (Jo et al. 1974). cDNA sequences
of PEPCK (both isoforms) from the avian host,
Gallus gallus, have been deduced (Cook et al. 1986;
Weldon et al. 1990). However, the knowledge of mo-
lecular details of this enzyme is limited to only few
helminths, e.g. Schistosoma japonicum (Liu et al.
2006), Clonorchis sinensis (Wang et al. 2011),
Taenia asiatica (Knapp et al. 2011), Haemonchus
contortus (Klein et al. 1992), Ascaris suum (Rios
and Nowak, 2002), and Brugia malayi (Ghedin
et al. 2007). From previous reports, it has been seen
that genistein and its derivatives alters the activity of
PEPCK in R. echinobothrida when treated in wvitro
(Das et al. 2004). Recently, PEPCK from the parasite
was purified biochemically and characterized (Das
et al. 2013). However, molecular and structural
details of the enzyme are not known so far.
Structural analysis of PEPCK provides a detailed
mechanism of the enzyme reaction and its regulation
(Holyoak, et al. 2006). Virtual screening along with
molecular modelling and docking help to design
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(Rollinger et al. 2008). Since the mRNA sequence of
PEPCK from the parasite is unavailable, in silico
studies, motifs/domains, three-dimensional structure
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and functional studies of the enzyme in R. echinobo-
thrida are largely unknown. To evaluate and under-
stand the molecular details of the enzyme from the
cestode parasite, the present study was undertaken.
For this purpose, the coding DNA sequence
(CDS) encoding PEPCK gene was obtained using
rapid amplification of cDNA ends (RACE), and ana-
lysed using various in silico tools. The homology
modelling of PEPCK was undertaken and the result-
ant model was subjected to molecular docking ana-
lyses with substrate and co-factor. A few possible
modulators were also docked into the active site of
the enzyme in order to analyse their interactions.
The analyses of in silico results were validated
using enzyme Kinetics and in vitro study, and dis-
cussed in the light of available data accessed from
crystallographic studies of PEPCK.

MATERIALS AND METHODS
Vectors and chemicals

pGEM-T easy cloning vector (Code no. A1360)
was procured from Promega, USA, and Purelink
RNA isolation kit (Code no. 12183018A) and
SuperScript III first strand reverse transcriptase-
polymerase chain reaction (RT-PCR) reaction kit
(Code no. 18080051) were from Invitrogen, USA,
whereas SMARTer" RACE ¢cDNA amplification
kit (Code no. 634923) was from Takara Clontech,
USA. GenElute gel extraction kit (Code no.
NA1111) was USA.
Restriction enzymes and other enzymes were pro-
cured from New England Biolabs Ltd. (UK).
Other reagents and chemicals, supplied either from
Sigma, USA, or Sisco Research Laboratories
(SRL), India, were of the highest analytical grade.

obtained from Sigma,

The parasite and total RNA isolation

The parasite, R. echinobothrida, was collected from
the small intestine of chicken, and morphologically
identified by the presence of a heavily armed rostel-
lum with two rows of hooklets and four circular
(Soulsby,  1982).
Immediately, total RNA was isolated from the para-

suckers on the scolex
site using Purelink RNA mini kit following manu-
facturers’ protocol. RNA was then quantified using
Nanodrop 2000 (Thermo Scientific) and its integrity
was checked on 1:2% agarose gel.

RACE and cloning

About 2 ug of total RNA from R. echinobothrida was
taken, and the first strand synthesis was performed
by using the Super Script III first strand RT-PCR
reaction kit following manufacturers’ protocol. All
the relevant primers used in RACE and cloning
of PEPCK are given in online supplementary
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Table 1. RT-PCR was performed using degenerate
primers from the conserved regions against the
cDNA sequence of Taenia solium (GenBank acc.
no. FN567996.1). The PCR product was gel eluted
using GenElute gel extraction kit, purified and
sequenced. PEPCK amino acid sequences from
different species were aligned against the translated
sequence (partial CDS) using Clustal Omega
(http://www.ebi.ac.uk/Tools/msa/clustalo); and
gene specific primers were designed from the con-
served regions against the partial CDS of PEPCK.
5’- and 3'-RACE were performed using the partial
CDS of PEPCK following SMARTer = RACE
cDNA amplification kit protocol. The 5'-RACE-
PCR reaction was carried out using PCK and 5'-
RACE outer primer. Nested PCR was performed
using PCK along with 5'-RACE inner primer by
using primary PCR product as template. PCR reac-
tions were carried out using the following para-
meters: initial denaturation of 94 °C for 5 min,
followed by 30 cycles of denaturation (94 °C for
30 s), annealing (65 °C for 60 s) and primer exten-
sion (72 °C for 2 min), followed by final extension
step (72 °C for 10 min). Similar procedure and
thermal conditions were followed to carry out 3'-
RACE-PCR, in which PCK and 3'-RACE outer
and PCK and 3'-RACE inner primers were used
for the initial and nested PCR reactions, respectively.
Amplified DNA fragments of both 5'- and 3'-RACE
were cloned into pGEM-T easy cloning vector,
transformed into Escherichia coli (DH50) competent
cells, and plated onto the Luria-Bertani (LLB) agar
plate containing 100 ug mL™" ampicillin. Positive
clones were selected and plasmids were isolated
and sequenced. Sequences of core fragment, 5'-
and 3'-RACE products were assembled by NCBI
vs NCBI/BLAST/blastn suite (https://blast.ncbi.
nlm.nih.gov/Blast.cgi), and full length cDNA se-
quence of PEPCK gene was obtained. NCBI
BLAST was used for the GenBank search and simi-
larity assessment. The ORF of PEPCK was then
amplified using LD_PCK_FP and LD_PCK_RP
primers and cloned into pGEM-T easy vector.

Sequence analysis

The complete CDS of PEPCK from the parasite was
conceptually translated using ExPASy-Translate
tool (http://web.expasy.org/cgi-bin/translate/dna).
PEPCK amino acid sequences of 7. asiatica
(CBH36498.1), A. suum (ADY43130.1), H. contortus
(AAA29180.1), Caenorhabditis elegans (CAF31482.1),
S. japonicum (AAW25103.1), Schistosoma mansoni
(AAD24794.1), and cytosolic and mitochondrial iso-
forms of G. gallus (NP_990802.1 and NP_990801.1),
Rattus  norvegicus  (NP_942075.1 and NP_
001101847.2), and Homo sapiens (NP_002582.3 and
EAW66115.1) were accessed from NCBI Protein data-
base (http://www.ncbi.nlm.nih.gov/protein). Multiple
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sequence alignment was carried out to assess the degree
of homology and consensus sequences using Clustal
Omega.

The properties of the enzyme (number of amino
acids, molecular weight, theoretical pl, secondary
structures, phosphorylation sites, disulphide
bonds and O-linked B-N-acetylglucosamine sites
(O-GlcNAc)) were determined and compared with
other related species using ExPASy — ProtParam
tool (http://web.expasy.org/protparam/), Discovery
Studio 4.1 software (Accelrys-Biovia) (DS 4.1),
NetPhos 2.0 server (http://www.cbs.dtu.dk/services/
NetPhos/), DISULFIND (http://disulfind.dsi.
unifi.it/), and CBS prediction (http://

genome.cbs.dtu.dk). Default parameters were used

Servers

during n silico analyses, unless specified otherwise.

Homology modelling

Homology model of R. echinobothrida PEPCK con-
taining PEP-GDP-2Mn?" was prepared using DS
4.1. The crystal structure of rat cytosolic PEPCK-
PEP-GDP complex (PDB ID 4GNP) served as
structural reference. The template was aligned with
the target sequence and examined for conserved
sequences. The query and template proteins belong
to the same family and class as defined by
‘Structural Classification of Proteins’. The ligands
found in the template structure (GDP”®', Mn"%?,
PEP’®  and Mn’%) were incorporated into
PEPCK model. DS 4.1 was used to build 1000 hom-
ology models for the query sequence, and best model
was selected based on the lowest probability density
functions (PDF) energy, discrete optimized protein
energy (DOPE) score and root mean square devi-
ation (RMSD) value. Side chain refinement was
done using chi-rotor algorithm, and the generated
refined model was used for docking studies. The
model was then verified in the software, which
resulted in a verify score, higher than the expected
high score, suggesting it to be a good model. The
model was also validated using Volume, Area,
Dihedral (VADAR) program
(http://vadar.wishartlab.com). For in silico compari-
son of the structure and interaction studies between
the parasite- and host-PEPCK, the available crystal
structure of mitochondrial chicken PEPCK (PDB
ID 2FAF) was used. In order to check whether
other online bioinformatics tools result in similar
structure or not, a model was also built using
SWISS-MODEL tool (http://swissmodel.expasy.
org) using the same template (PDB ID 4GNP).
The models generated from both sources were
structurally aligned to find out difference in their

Angle Reporter

catalytic regions, if any. Active site residues of
the prepared model manually checked
with both the template and the available crystal
structure of chicken mitochondrial PEPCK (PDB
ID 2FAF).

were
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Molecular docking

The model was  further refined using
‘Macromolecules (Prepare protein)’ tool of DS 4.1.
During refinement, water molecules were removed,
missing hydrogen atoms were added and then the re-
ceptor molecules were optimized by energy mini-
mization till the root mean square gradient reached
about 0:2—0-4. The energy-minimized receptor mol-
ecule was used for molecular docking. The domains
and active site residues of PEPCK were analysed
from NCBI conserved domain search (www.ncbi.
nlm.nih.gov/Structure/cdd/cddsrv.cgi) and CASTp
server (www.sts.bioe.uic.edu/castp). In the case of
docking of the modulators, the binding sites were
defined from receptor cavities having the largest
binding site volume using ‘Define and edit
binding’ tool (DS 4.1).

Molecular docking was performed with the
selected ligands against the modelled PEPCK by
using DS 4.1 CDocker. The ligands were docked
into the binding site of PEPCK by selecting the
pocket (sphere) of the receptor molecules. The
energy-minimized complex was loaded in the work-
space of DS 4.1. After docking the ligands into the
receptor, the top scoring molecules were considered
for further evaluation. The best pose for each docked
selected by
efficiency, binding energy, hydrogen bonds, non-
bonded populated
cluster. Binding energies (CDocker energy) were

molecule was analysing binding

interactions, and the most
calculated by typing the docked molecules with
Chemistry at HARvard Macromolecular
Mechanics (CHARMmMm) forcefield method using
‘Dock ligands’ (Scoring-Calculate binding energies)
tool of DS 4.1.

As reviewed from the literature, possible modula-
tors for PEPCK, e.g. tetrahydropalmitine (THP,
CID 72301), genistein (CID 5280961), praziquantel
(PZQ, CID 4891) and daidzein (CID 5281708),
were retrieved from PubChem database (https://
pubchem.ncbi.nlm.nih.gov) in canonical simplified
(SMILES)

format, hydrogen atoms were added, and then opti-

molecular input line entry system
mized by using ‘Small molecules’ (Prepare ligand)
tool of DS 4.1. These modulators were docked into
the predicted active site of PEPCK. The predicted
interactions and binding affinities of these molecules
for PEPCK were determined following the proced-
ure mentioned above.

Cloming, expression and purification of PEPCK

the docking simulation

results, the effect of possible modulators was tested
on kinetics of PEPCK. In brief, the ORF of
PEPCK was sub-cloned into pE-SUMO expression
vector (kindly provided by Dr. Todd Holyoak,
University of Waterloo, Canada) using the primers

In order to wvalidate
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pE_PCK_FP having BsmB1 cut site and
pE_PCK_RP having Xhol cut site. The construct
was then transformed into E. coli BL21, induced
by Isopropyl B-D-1-thiogalactopyranoside (IPTG)
(1 mm) overnight at 20 °C. The recombinant His-
tagged PEPCK was purified using Ni-NTA
agarose (Ni?"-nitrilotriacetate agarose), and protein
was eluted at 300 mMm imidazole. The N-terminal
fusion was cleaved by SUMO protease (1 U uL.™})
overnight at 4 °C, and the purified PEPCK was
used for enzyme kinetics.

Enzyme kinetics and inhibitory constant (Ki) of
modulators

Kinetics of the recombinant PEPCK in the direction
of PEP carboxylation was assayed spectrophotomet-
rically (Cary 60 UV-Vis, Agilent Technologies,
USA) at 40 °C according to the modified method
of Mommsen et al. (1985). In brief, 1-0 mL reaction
mixture contained 50 mm Tris-HCI buffer (pH 7-4),
5mm PEP, 0-:2 mm NADH, 0:6 mm GDP, 20 mm
NaHCOj3;, 4 mm MnCl, and 10 units of MDH.
The reaction mixture was pre-incubated for 5 min
and an appropriately diluted enzyme was added to
initiate the reaction. The background and negative
controls were maintained without NADH and the
enzyme, respectively. The enzyme activity was cal-
culated by taking 6-22 X 10° as the molar extinction
co-efficient for NADH. One unit (U) of enzyme ac-
tivity is defined as the amount of the enzyme that
catalyses oxidation of 1 umole of NADH per min
under standard assay conditions. Protein concentra-
tion was determined using Bradford’s reagent
(Bradford, 1976) and bovine serum albumin was
used as the standard. Specific activity was expressed
as U mg™! of protein.

Three different concentrations (5, 10 and 20 um)
of each modulator were studied in presence of vari-
able concentrations of the substrate (0-01-8 mwm).
Inhibitory constant (Ki) for the modulators was cal-
culated by plotting the reaction rates at varying con-
centrations of the substrate (Michaelis—Menten and
Lineweaver—Burk plots).

Treatment of parasites and PEPCK activity

In order to find out their biological significance, the
modulators (THP, genistein, PZQ and daidzein)
were tested on the parasite in vitro. Onset of paraly-
sis, absence of motility upon physical disturbance, in
the parasites was also recorded by visually examining
them every 15 min. For enzyme kinetic studies, for
each set of experiment, 3 numbers of live parasites
(about 0-2 g wet wt.) with roughly same size and de-
velopmental stage were incubated at 40 °C in 10 mL
of PBS (pH 7-4) containing 5 mM D-glucose and 1
mM of respective modulator dissolved in DMSO
along with simultaneous maintenance of control,
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with and without the vehicle (DMSO with
maximum concentration of 1%). After 4 h of treat-
ment (2 h in the case of PZQ), the parasites were col-
lected and snap-frozen, and processed for enzyme
activity. A 10% (w/v) homogenate was made,
within 24 h, from the snap-frozen parasites in
Tris-HCI homogenate buffer (50 mMm, pH 7-4) con-
taining 0-25 m sucrose, 2 mMm EDTA, 1 mm DTT
and 0-01 mm PMSF. The homogenate was treated
with 1-0 volume of 0:5% Triton X-100 for 30 min,
and sonicated for 10 cycles (30s pulse at 25 W
with 30s interval) at 4°C using a sonicator
(Soniprep 150). The homogenate was then spun at
10000 g for 30 min, and the resultant supernatant
was used for enzyme Kkinetics. All steps were
carried out at 4 °C. PEPCK activity was assayed
spectrophotometrically in the direction of PEP carb-
oxylation following the method as mentioned in the
preceding section above.

Dosage- and time-dependent experiments were
also performed in order to find out the effect of
THP and genistein on PEPCK activity in the parasite.

Statistical analysis

In this study, all experimental data were presented as
the mean * s.E.M. (n=4). Probability value <0-05
was considered as statistically significant. Co-
efficient of bivariate regression line was calculated
using OriginPro 8 software and the co-efficient for
linear lines was =09 (R? > 0-9).

RESULTS
RACE and analysis of PEPCK sequence

A core amplicon of 627 bp was obtained using degen-
erate primers, and 5'- and 3'-RACE were carried out
in order to get the complete CDS of PEPCK. The
complete CDS of 2166 bp (online supplementary
Fig. 1) was obtained and submitted to NCBI
(GenBank acc. no. KC252609.1), which contained
an ORF of 1884 bp, starting with an ‘ATG’ codon
at position 32 and ending with the stop codon
‘TAA’ at position 1918, with 5'- and 3'-untranslated
region (UTR) of 31 bp and 248 bp, respectively
(online supplementary Fig. 2). Clustal Omega ana-
lysis of the sequence revealed various conserved
domains; R-loop (¥VARVESKT®®) and PEPCK-
specific domain (**GSGYGGNSLLGKK?®) for
substrate binding, kinase-1 motif or P-loop domain
(***FPSACGKT?*7’) for nucleotide binding,
kinase-2 motif ('*CVGDD?!") for metal binding,
and the mobile Q-loop catalytic
(*"SEATAAAEFKGRQVM™")  involved in
enzyme catalysis (Fig. 1).

PEPCK encoded a protein of 628 amino acids
having a theoretical molecular mass of 70-9 kDa,
and a predicted pl of 7-57 ('Table 1). The aliphatic,

domain
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KC252609.1
CBH36498.1
RRD24794.1
NP_990802.1
NP_990801.1
NP_942075.1
NP_001101847.2
NP_002582.3
EAWE6115.1

KC252609.1
CBH3E498.1
ARD24794.1
NP_990802.1
NP_990801.1
NP_342075.1
NP_001101847.2
NP_002582.3
EAW66115.1

HC252609.1
CBH36498.1
ARD24794.1
NP_990802.1
NP_990801.1
NP_942075.1
NP_001101247.2
NP_002582.3
EAW66115.1

HC252609.1
CBH36498.1
AAD24T794.1
NP_990802.1
NP_990801.1
NF_942075.1
NP_001101847.2
NP_002582.3
EAW66115.1

KC252609.1
CBH36498.1
ARD24794.1
NP_990802.1
NP_990801.1
NP_942075.1
NP_001101847.2
NP_002582.3
EAWE6115.1

KC252609.1
CBH36498.1
RRD24794.1
NP_990802.1
NP_990801.1
NP_942075.1
NP_001101847.2
P_002582.3
EAWE6115.1
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EPLINNWPCNPELTLIAHLPDRREIISHGSGYGGNSLLGKHCFALRIASRIAKEEGWLAEHMLILGITHPEGEKKY FAANF PSACGKTHLAMMN P SRPGWKI CVGDII ARMKE DELGNL
EPLVSSWECDRSRVLVAHIPSERRIV LGKHCFALATASRMAQRQGWLAEHML I LGVT SPSGEKRYMAANF PSACGKTNLAMMT PSLPGWRI HCVGDIT AWMKFDDRGRL
KPLVNNWACNPELTLIAHLPDRREIISHGSGYGGNSLLGKHCFALR IASRLAKEEGWLAEHMLI LGITN PEGKKKY LAANF PSACGKTNLAMMN PTL FGWKVECVGD I ARMKFDAQGNL
GDEVGRWECNPEKTLIGHVEEQREIVSE FALRIASRLARDEGWLAEHMLILGITNPAGKKRYVAANF PSACGKTHLAMMRPAL PGWKVEICVGDII ARMRFDSEGQL
KPLVNNWECNPELTLIAHLPDRREII LGKHCFALRMASRLAKEEGWLAEHML I LG ITNPEGEKKY LAANF PSACGKTNLAMMN P SLEGWKVECVGDII ARMKFDAQGHL
GEFVSQWPCHPEKTLIGHVPDQREI I SHGSGYGGNSLLGKHCFALRIASRLARDEGWLAEHML ILGITSPAGKKRYVAANF PSACGKTHLAMMR PAL PGWKVECVGDII ARMRFDSEGRL
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Fig. 1. Alignment of amino acid sequences of PEPCK. Amino acid sequences of the enzyme were accessed from NCBI
database: KC252609.1 (R. echinobothrida), CBH36498.1 (T asiatica), AAD24794.1 (S. mansoni), NP_990802.1 (G. gallus
(cytosolic)), NP_990801.1 (G. gallus (mitochondrial)), NP_942075.1 (R. norvegicus (cytosolic)), NP_001101847.2
(R. norvegicus (mitochondrial)), NP_002582.3 (H. sapiens (cytosolic)), and EAW66115.1 (H. sapiens (mitochondrial)). The

putative functional sites are shown in boxes. “*’ identical amino acid residues,
” absence of amino acid in the sequence. Abbreviation: PEPCK, phosphoenolpyruvate carboxyklnase.

residues and ‘—

Table 1.

3

’ conserved residues,

semi-conserved

Comparative biochemical analysis of PEPCKs from R. echinobothrida, other helminths*, Xenopus

tropicalis, G. gallus, R. norvegicus and H. sapiens origin. [(c) denotes cytosolic; and (m) denotes mitochondrial]

No. of Molecular Predicted

Species name GenBank acc. no. amino acids mass (kDa) pl

R. echinobothrida KC252609.1 628 70-9 7-57
Taenia asiatica(partial)* CBH36498 484 541 8-49
Hymenolepis microstoma*® CDS27807.1 624 69-7 7-43
Schistosoma japonicum* AAW25103 626 70-3 6-35
S. mansoni* AAD2479%4 626 705 675
Clonorchis sinensis* GAA49544 800 90-5 8-49
Ascaris suum* ADY43130 656 73-4 5-69
Haemonchus contortus® AAA29180 619 69-7 6-86
Caenorhabditis elegans* CAF31482 587 66-0 5:62
Brugia malayi* XP_001896498 691 77-8 5-76
X. tropicalis(c) AAI24063 604 666 6-84
X. tropicalis(m) CA]J83705 604 66-6 6-84
G. gallus(c) NP_990802.1 622 69-5 6-10
G. gallus(m) NP_990801.1 640 71-0 816
R. norvegicus(c) NP_942075 622 69-4 6-09
R. norvegicus(m) NP_001101847 640 70-7 7-88
H. sapiens(c) NP_002582 622 69-2 5-80
H. sapiens(m) EAW66115 640 70-7 7-57

PEPCK, phosphoenolpyruvate carboxykinase.
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Fig. 2. Homology model of R. echinobothrida PEPCK and its validation. (A) The model (ribbon diagram) was prepared
using the crystal structure of rat cytosolic PEPCK Ld_3 g in complex with PEP and GDP (PDB ID 4GNP) as template.
N- and C- terminal domains of PEPCK are shown in red and blue colours, respectively. (B) Structural superimposition of
the modelled PEPCK from the parasite (in green colour) with its template (red colour) showing a RMSD value of 0-22 A.
Abbreviations: GDP, guanosine diphosphate; PEP, phosphoenolpyruvate; PEPCK, phosphoenolpyruvate carboxykinase;

RMSD, root mean square deviation.

instability and grand average of hydropathy
(GRAVY) indices of PEPCK were calculated and
found to be 71-91, 38-95 and —0-313, respectively.
The secondary structure, phosphorylation sites, di-
sulphide bonds, and O-GlcNAc sites of PEPCK
were also predicted (online supplementary Fig. 3).
The secondary structure contained 485 a-helices,
205 B-strands, and 87 turns. Phosphorylation sites
of PEPCK were predicted to be S181, S457, T42,
and Y103. Amino acids, such as aspartic acid,
methionine and cysteine, were found to be more;
whereas, glutamine, leucine and serine were less in
the parasite PEPCK in comparison with its host
counterpart.

Homology modelling and validation of the model

The modelled structure for the PEPCK-PEP-GDP-
2Mn?* complex has been shown in Fig. 2A, which
has sequence identity of 54-5% and a sequence align-
ment length of 610 residues with the template
(rat cytosolic PEPCK-GDP-PEP-2Mn?*" complex,
PDB ID 4GNP). The sequence had a fair identity
with the template with respect to domains and
active sites of the enzyme.

To validate the model, it was superimposed upon
the template and the RMSD value was found to be
0-22 A (Fig. 2B). The PDF energy of PEPCK
model was checked, and DOPE score found to
be —84956-65. Ramachandran plot of the model
also showed that 96:6% residues were in the most
favourable region (online supplementary Fig. 4A).
To support these, hydrophobicity plot of the model
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and the template was investigated and fairly consist-
ent profiles were observed demonstrating that the
model was reasonable and could be employed for
docking studies (online supplementary Fig. 4B—C).
The model was also validated using VADAR
program and compared with its structural reference
(online supplementary Table 2). The RMSD value
between the models, obtained from SWISS-
MODEL and DS 4.1, was found to be 0-75 A, confi-
rming its structural similarity (online supplementary
Fig. 5A). This model was also superimposed with
crystal structure of its host counterpart (PDB ID
2FAF) showing an RMSD value of 1:05 A (online
supplementary Fig. 5B). Hence, the model gener-
ated using DS 4.1 was used for molecular docking
studies.

Molecular docking of the substrate, co-factor and
modulators

Residues of the conserved domains were selected to
form the binding site sphere in DS 4.1. The likely
interactions of the substrate and co-factors with
various residues of PEPCK model were visualized,
and atomic co-ordinates were compared with its
structural reference (PDB ID 4GNP) and were
found to be similar (Table 2). The modelled
PEPCK contained all the catalytic domains;
however, due to sequence alignment, the residues
positions were different from the original parasite
PEPCK sequence. The predicted docking results
showed that most of the compounds formed hydro-
gen bonds with the predicted interacting residues of
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Table 2. Comparative analysis of atomic co-ordinates of substrate and cofactors with rat cytosolic PEPCK LL.d_3g in complex with PEP and GDP (PDB ID 4GNP)

and PEPCK model (in complex with PEP and GDP) of the cestode parasite, R. echinobothrida

Distance Predicted Distance
Interacting between the PEPCK interacting between the
PEPCK complex Ligands amino acids Types of bonds atoms (A) complex Ligands amino acids Types of bonds atoms (A)
Rat cytosolic GDP A287 Hydrogen (N-O1B) 2-8 PEPCK model GDP A293 Hydrogen (N-O1B) 2-82
PEPCK Ld_3g in G289 Hydrogen (N-O3B) 3 in complex with G295 Hydrogen (N-O3B) 3-01
complex with PEP K290 Hydrogen (N-O3B) 2-8 PEP and GDP K296 Hydrogen (N—O3B) 2-82
and GDP T291 Hydrogen (N-O2B) 29 T297 Hydrogen (N-O2A) 2-93
Hydrogen (OG1-0O2B) 3 Hydrogen (N-O2B) 3-32
N292 Hydrogen (N—O2A) 2-8 N298 Hydrogen (N-O2A) 2:79
Hydrogen (ND2-02A) 3 Hydrogen (ND2-02A) 3-06
R436 Hydrogen (NH1-04) 3 — - -
F530 Hydrogen (N-O6) 3 F537 Hydrogen (N-O6) 2-96
N533 Hydrogen (ND2-06) 3 N540 Hydrogen (N-06) 3-07
PEP R87 Hydrogen (N-0O2) 29 PEP R90 Hydrogen (N-O2) 29
Hydrogen (NE-O3P) 29 -
G237 Hydrogen (N-O1) 2-7 G243 Hydrogen (N-O1) 2-83
N403 Hydrogen (ND2-02) 29 N411 Hydrogen (ND2-02) 2-84
R405 Hydrogen (NH1-O1P)  3-2 R413 Hydrogen (NH1-O1P)  4-46
Hydrogen (NH2-O1P) 29 Hydrogen (NH2-O1P) 2-78
Mn (1) H264 Metal interaction (NE2) 2-3 Mn (1) H270 Metal interaction (NE2) 448
D311 Metal interaction (OD1) 2-2 D317 Metal interaction (O) 2-76
Metal interaction (OD2) 3-3 - -
K244 Metal interaction (NZ)  2-3 K250 Metal interaction (NZ) 2-27
Mn (2) T291 Metal interaction (OG1) 2-4 Mn (2) 'T297 Metal interaction (O) 2-93

GDP, guanosine diphosphate; Mn, manganese; PEP, phosphoenolpyruvate; PEPCK, phosphoenolpyruvate carboxykinase.
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Fig. 3. Homology model of R. echinobothrida PEPCK-PEP-GDP-2Mn?* complex. The protein backbone is rendered as a
grey ribbon, and dotted lines represent the predicted hydrogen bonds. All catalytic residues are rendered as thin stick
models and ligands, as thick stick models. N atoms are in blue colour, O atoms in red, and C atoms in green. First
manganese metal ion (IM1) is shown in blue CPK model and second manganese metal ion (IM2) is shown in green colour.
Abbreviations: GDP, guanosine diphosphate; Mn, manganese; PEP, phosphoenolpyruvate; PEPCK,

phosphoenolpyruvate carboxykinase.

the modelled PEPCK. The substrate, PEP, was pre-
dicted to interact with R90 (R-loop), G243, N411
and R413; and the first metal ion (M1) was found
to directly co-ordinate with K250, H270 and D317
residues (Fig. 3). The likely interactions of GDP
were observed with A293, G295, K296, T297,
N298, F537 and N540 (Fig. 3). In order to validate
the accuracy of the co-ordination geometries of the
ligands, the docked poses were superimposed with
available crystal structure complexes (PDB IDs
4GNP and 4GMW) showing RMSD value of 0-22
and 0-36 A, respectively (online supplementary
Table 3).

The modulators were docked into the modelled
PEPCK-PEP-2Mn** complex. Determination of
the probable binding conformation and interactions
of modulators showed that THP had similar interac-
tions as seen in the case of GDP (Fig. 4). Analysis of
the THP-PEPCK complex revealed that in its most
likely binding pose, the ligand behaved as a t-bond
donor to A293 and F537, whereas the hydrogen
atoms of the ligand served as hydrogen bond accep-
tors from F537, N540. A non-classical hydrogen
bond was also predicted with N540 residue. The
ligand was also predicted to occupy a groove and
made hydrophobic interactions (n-alkyl) with A293
and F537. In order to examine the difference in
affinity of THP, if any, towards the enzyme from
the parasite and its host, it was also docked into the
available crystal structure of chicken PEPCK
(PDB ID 2FAF) and differential binding affinity
was observed (R118, K276, C320, R437, D510 and
P516). Other two compounds, genistein and PZQ,
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were predicted to interact with few residues from
the nucleotide binding site (online supplementary
Table 3), however, daidzein, an analogue of genis-
tein, showed no significant interactions with residues
of active site of PEPCK (online supplementary
Table 3). THP had the lowest CDocker energy of
(=51-3 kecal mol™") and most numbers of hydrogen
bonds with the interacting residues in comparison
with other modulators and also to chicken PEPCK
docked with the compound. The predicted binding
energies (AG) showed that every ligand had a nega-
tive value, which suggested that all the compounds
analysed for binding with PEPCK complexes were
likely to be highly stable and that the reactions
were spontaneous. The atomic co-ordinates of the
possible modulators with PEPCK model (in
complex with PEP) of the cestode parasite, R. echi-
nobothrida, have been presented in Table 3.
Considering its binding conformations, the pro-
pensity of THP to bind to the parasite PEPCK
was predicted to be higher than other modulators.
In order to find the probable inhibition pattern of
THP, top poses of the compound were overlaid
with GDP (Fig. 5A) and PEP (Fig. 5B) in the
binding site of PEPCK. The docking study pre-
dicted that THP bound to the same receptor
pocket as GDP, but not in the case of its substrate.

Cloming and purification of recombinant PEPCK and
enzyme Rinetics

In order to validate the docking simulation results,
effect of THP and other modulators on PEPCK
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Fig. 4. Likely interactions of THP with the PEPCK model. THP was docked into the active site of PEPCK-PEP-2Mn**
complex using DS 4.1. The protein backbone is rendered as a grey ribbon, and dotted lines represent the hydrogen bonds.
The catalytic residues and the ligand are shown as thin and thick stick models, respectively. N atoms are in blue colour, O
atoms in red, C atoms in green, and H atoms in grey. Abbreviations: Mn, manganese; PEP, phosphoenolpyruvate;
PEPCK, phosphoenolpyruvate carboxykinase; THP, tetrahydropalmatine.

activity was studied. In brief, the ORF of PEPCK
was sub-cloned into pE-SUMO vector, and induced
by IPTG. The induced recombinant protein was
found to be predominantly in the soluble fraction,
and then the protein was purified by His6-tag
affinity chromatography (on Ni**-nitrilotriacetate
agarose), which gave a band of apparent monomer
molecular mass about 70 kDa on SDS-10% (w/v)
PAGE (Fig. 6A). As it was a single step purification,
few impurities were observed on the SDS-PAGE gel.

Inhibitory constant of THP and other modulators
were determined using enzyme kinetics (T'able 4).
From replots of the slope and Y-intercept, it was
observed that THP (Fig. 6B—D) and other modula-
tors inhibited PEPCK in a non-competitive manner.
Further, it was revealed that THP was more inhibi-
tory than other modulators for PEPCK with Ki
value of 93 nwm (T'able 4).

Biological relevance of the modulators

Biological significance of the modulators was studied
on the parasite in vitro. When exposed to defined
concentrations of the test compounds, the onset of
paralysis ensued in the parasite after ~2—8 h of incu-
bation, while in control the parasites survived up to
~90-96 h ('Table 4). After 4 h of exposure, there was
a significant decrease in PEPCK activity in the para-
site in case of THP (~70%); however, the changes
were insignificant for other tested compounds
(‘Table 4). Dosage-dependent experiments revealed
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a significant decrease in PEPCK activity in the para-
site at the concentration of >0-25mm for THP
(Fig. 7A); while time-dependent experiments
showed no significant change in the enzyme activity
within 1 h of treatment in the case of genistein (data
not shown), the activity decreased by ~35% in the
case of THP within the same time limit (Fig. 7B).

DISCUSSION

The apparent monomer molecular mass of the para-
site PEPCK (~70 kDa), as observed in the present
study, is in close agreement with that in other hel-
minths (Klein et al. 1992; Liu et al. 2006) and also
in avian host counterpart (Cook et al. 1986). The
similarity of PEPCK sequence of the parasite to
that of its host, G. gallus (cytosolic), and also to
H. sapiens (cytosolic) is 69 and 56%, respectively.
The parasite PEPCK is observed to have higher
cysteine content (3:2%), as also in other helminths,
in comparison with higher vertebrates and A'TP-
utilizing PEPCK. However, it is unclear as to why
there is high amount of cysteine in helminths com-
pared with others. No disulphide bonds are pre-
dicted for PEPCK, even though there are 20
cysteine residues. Likewise, though the native
PEPCK (mitochondrial) from chicken contains 13
cysteine residues (Weldon et al. 1990), none of
these are found to form a disulphide bond
(Makinen and Nowak, 1989). The formation of di-
sulphide bonds is suggested to account for not only
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Table 3. Atomic co-ordinates of possible modulators with PEPCK model (in complex with PEP) of the
cestode parasite, R. echinobothrida

Predicted Distance
Possible interacting between the
modulators amino acids Types of bonds atoms (A)
THP A293 Pi sigma/Pi alkyl 5-09
C294 Pi-hydrophobic 4
F524 Pi sigma/Pi alkyl 4-86
F537 Hydrogen bond (N-019) 3
Hydrogen bond (N-0O21) 3-14
Pi-hydrophobic 4-45
Pi sigma/Pi alkyl 5
N540 Hydrogen bond (N-O19) 2-97
Hydrogen bond (N-0O21) 2-59
Non classical H-bond (O-H43) 2:91
Genistein R444 Hydrogen bond (H22—-018) 1-89
F524 Pi-hydrophobic 5-08
Pi-hydrophobic 5-4
F537 Pi-hydrophobic 5-16
Pi-hydrophobic 489
Pi sigma/Pi alkyl 2-76
PZQ W523 Pi sigma/Pi alkyl 473
Pi sigma/Pi alkyl 5-25
F524 Pi sigma/Pi alkyl 3-89
Pi sigma/Pi alkyl 5-2
F532 Pi-hydrophobic 417
Pi sigma/Pi alkyl 4-32
F537 Hydrogen bond (N-O8) 2-94
Pi-hydrophobic 5-33
Pi sigma/Pi alkyl 5-48
N540 Hydrogen bond (N-O8) 3-2
Daidzein 1116 Non classical H-bond (O-H24) 2-17
Q119 Hydrogen bond (O1-H29) 2-64
H-bond (H21-013) 1-97
Non classical H-bond (H22) 1-86
R255 Hydrogen bond (H-0O19) 2-62
R491 Pi sigma/Pi alkyl 5-42
P492 Pi sigma/Pi alkyl 4-48

PEP, phosphoenolpyruvate; PEPCK, phosphoenolpyruvate carboxykinase; PZQ, praziquantel; THP, tetrahydropalmatine.

(A) ®

Fig. 5. The molecular overlay of the top poses of THP-GDP-PEPCK complex and THP-PEP-PEPCK complex. DS 4.1
was used to generate a soft surface structure (corresponding to volume of binding site). (A) Surface structure of THP and
GDP in the nucleotide binding site (kinase-1 motif) of the enzyme showing similar pocket. (B) Surface structure of THP
and PEP showing different binding pockets in the catalytic site of the enzyme. Abbreviations: GDP, guanosine
diphosphate; PEP, phosphoenolpyruvate; PEPCK, phosphoenolpyruvate carboxykinase; THP, tetrahydropalmatine.

the loss of free sulfhydryl groups, but also the loss of The predicted pl of PEPCK is 7-57, indicating the
enzyme activity (Lewis et al. 1993; Hlavaty and enzyme is active in slightly basic buffers. Sequence
Nowak, 1997). analysis using ExPasy-ProtParam tool reveals that
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Fig. 6. Purification of recombinant PEPCK and its kinetics. (A) The recombinant PEPCK was induced by IPTG and
purified using His6-tag affinity chromatography (on Ni?*-nitrilotriacetate agarose), which gave a band of apparent
monomer molecular mass about 70 kDa on SDS-10% (w/v) PAGE: lane 1. molecular weight marker; lane 2. purified
digested PEPCK; lane 3. undigested purified PEPCK; (B) Lineweaver—Burk plot showing inhibition of PEPCK activity
by THP at variable substrate concentrations. The plot was calculated from assays of seven different concentrations of PEP
(0-01 to 8 mMm) in the presence of three different concentrations of THP {(¥*) control, (@) 5 uM, (M) 10 M, and (V) 20 um};
(C) replot of slopes of the lines from the Lineweaver—Burk plot s THP concentration shows positive correlation (R* =
0-9964), the intercept on the X-axis is —1/Ki of THP for PEPCK. (D). Replot of Y-intercept shows positive correlation
(R?=09999), and the intercept on the X-axis is —1/0Ki of THP for PEPCK. Abbreviations: PEPCK,

phosphoenolpyruvate carboxykinase; THP, tetrahydropalmatine.

Table 4. Effect of various modulators (1 mm) on PEPCK activity (U mg™' of protein) and onset of paralysis
in R. echinobothrida in vitro. Values are expressed as mean * s.E.M. (n = 3).

PEPCK activity

(Umg™" of Paralysis
Modulators Ki (um)? protein) time (h)
Control - 0-263+0-018 ~96-0
Vehicle - 0-234+0-027 ~90-0
THP 0-093 (R*=0-9904) 0-082 % 0-009° ~4-0
Genistein 0-13 (R*>=0-9964) 0-210 £ 0-009° ~7-0
Daidzein 0-23 (R?=0-9958) 0-201 £0-017°¢ ~8:0
PZQ 0-269 (R*=0-9996) 0-213£0-012°¢ ~2:0

PEPCK, phosphoenolpyruvate carboxykinase; PZQ, praziquantel; THP, tetrahydropalmatine.
# Ki was determined from Lineweaver—Burk plot as described in the material and methods, and the nature of inhibition

was found to be non-competitive for all tested modulators.

b Signifies statistical significance in treated parasites compared with control with P value of <0-01.

¢ Non significant.
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(A)
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Fig. 7. Dosage- and time-dependent modulatory effect of THP on PEPCK specific activity. *-significant at P value <0-05;
"*_ significant at P value <0-01. (A) Enzyme activity at different dosages of THP at 4 h treatment; (B) enzyme activity at
different time intervals in the parasites treated with 1 mm THP. Abbreviations: PEPCK, phosphoenolpyruvate

carboxykinase; THP, tetrahydropalmatine.

aliphatic index of PEPCK from the parasite and its
host is very high (i.e. 71:91 and 72-09, respectively),
indicating that the protein is stable at wide range of
temperature as in other PEPCKs (Smith and
Caruso, 2013). The instability index of PEPCK is
calculated to be 38-95, which provides an estimation
of 1its stability (Guruprasad et al. 1990). The
GRAYVY indices of PEPCK from the parasite and
its host are very low (—0-313 and —0-329), as in
most other PEPCKSs, indicating a high affinity of
the enzyme for water or their solubility in hydro-
philic solvents (Kyte and Doolittle, 1982).
Though, four O-GlcNAc and phosphorylation
sites were predicted for the parasite PEPCK (T7,
S412,419,470), the enzyme is unlikely to be regu-
lated either by glycosylation or phosphorylation
(Yang et al. 2009).

In the absence of information on crystal struc-
tures, homology models are often valuable for ra-
tionalizing existing evidence and guiding new
experiments (Baker and Sali, 2001). PEPCK hom-
ology models have been prepared for various organ-
Anaerobiospivillum  succiniciproducens
(Jabalquinto et al. 2002), Saccharomyces cerevisiae
(Villarreal et al. 2006), A. suum (Verma et al.
2012), S. mansoni (Swargiary et al. 2013), and
Cyanobacteria (Smith and Caruso, 2013). In the
present study, a homology model was prepared

isms, e.g.

using the crystal structure of rat cytosolic PEPCK
as template, and this shows a sequence identity of
54:5% containing all the active sites and catalytic
domains of the protein. The active sites of the mod-
elled PEPCK are also found in the chicken mito-
chondrial PEPCK containing all mobile elements
and motifs, with slight variations in the residue
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Structural studies on PEPCK from
various organisms show that the catalytic sites are
well conserved (Hanson, 2009). In general, the
active site of the enzyme lies in a deep extended

positions.

groove between the N- and C- terminal domains,
whereas cationic residues like arginine, lysine and
histidine play an important role in substrate
binding and catalysis (Cheng and Nowak, 1989;
Matte et al. 1997). The active site of the enzyme
also contains the 15-residue mobile Q -loop lid
domain (Y’SEATAAAEFKGRQVM™* in this
study), the closure of which is critical for catalysis.
The R-loop is another mobile element
(*®VARVESKT®® in PEPCK from the parasite)
that contains the catalytically active arginine
residue (R90) for substrate binding (Carlson and
Holyoak, 2009). The nucleotide binding site
(kinase 1 motif) and metal ion binding site
(kinase 2) are the conserved catalytic domains of
the protein belonging to kinase family. In most
species of PEPCK, there are about 10-15 amino
acids separating the kinase 1 and 2 motifs (Cheek
et al. 2002). Analysis of the enzyme from both the
parasite and its host shows that there are 15 residues
between these motifs. The enzyme also contains the
reactive cysteine residue (C294) at its P-loop domain
that is conserved in all G'TP-dependent PEPCKs
(Lewis et al. 1989; Makinen and Nowak, 1989). It
is reported that the metal binding site of PEPCK
from G. gallus gets cleaved in the presence of ascor-
bate, an observation that has been subsequently
confirmed in A. suum PEPCK as well (Hlavaty and
Nowak, 1997). This observation suggests a close
similarity of the catalytic site in helminth parasites
and higher vertebrates.
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Docking against homology-modelled structures is
used to understand structure-activity relationships
(Marhefka et al. 2001). Docking scores are essential-
ly approximations to the true binding constant,
which are based mostly on the non-covalent interac-
tions between the ligand and the target (Huang et al.
2010). Atomic coordination of the metal ion (IMT1)
was found to directly co-ordinate with K250, H270
and D317 residues of PEPCK model as observed
in other crystal structures (PDB IDs 4GNP,
4GMW, 2FAH, and 2QZY). The substrate and
co-factors, when docked with the PEPCK model,
resulted in similar interactions comparable with the
available corresponding crystal complexes. The ar-
ginine residue of the mobile R-loop, which binds
directly to the PEP through electrostatic interactions
(Johnson and Holyoak, 2012) as shown in the crystal
structure of chicken mitochondrial PEPCK (PDB
ID 2QZY) is also observed in our docking study
(R90) corresponding to R87 in the template struc-
ture. A comparison of GDP docked complex, in
the present study, with the GDP-bound chicken
mitochondrial PEPCK (PDB ID 2FAH) shows con-
servation of P-loop residues. Although the active site
residues are conserved in PEPCK from the parasite
and its host, conformational sampling and structural
fluctuations may contribute towards differential
binding of the ligands. It has been shown that
ligand binding depends on the microenvironment
of the enzyme active sites, and conformational dy-
namics of the protein, which play an important
role in binding event (Hammes, 2002).

The docking studies are performed considering
several parameters of the selected ligands, such as
molecular weight, number of rotatable bonds,
hydrogen bond and the donor and acceptor groups
(Lipinski et al. 2001). In the present study, molecu-
lar docking of all the tested modulators predicted
that THP, genistein and PZQ interacted with
active site residues of PEPCK from the parasite,
whereas daidzein did not show any interaction with
any active site residue. THP was predicted to inter-
act with residues of the nucleotide binding site; it
inhibited the recombinant PEPCK in a non-
competitive manner for its substrate, which was
also predicted in our molecular docking study
(Fig. 5B). It was found to have lowest Ki, more sign-
ificantly compared with other compounds as corro-
borated by in vitro study. Hence, THP may be
predicted as a potential GDP inhibitor in the
enzyme catalysis. However, it would be possible to
pin point the exact mechanism of inhibition of
PEPCK by THP only when ligand-bound crystal
structures are available. It may be hypothesized
that the enzyme selectively inhibits and provides a
target for anthelmintic action because of difference
of its primary function between cestodes and their
vertebrate hosts (Reynolds, 1980). Inhibition of the
enzyme activity resulting in retarded glucose
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oxidation may, in turn, cause subsequent paralysis
in the parasite. However, in the case of PZQ, which
primarily acts upon voltage-operated Ca>" channels
(Chan et al. 2013), no change in PEPCK activity
was observed. In contrast, mebendazole, a broad
spectrum anthelmintic, disrupts certain enzymes of
carbohydrate metabolism, which may ultimately
cause death of cestodes (Ahmad and Nizami, 1987).
In conclusion, in the present study, we could
deduce the complete CDS of PEPCK from R. echi-
nobothrida. Results from our computational studies
reveal that the parasite PEPCK is structurally
similar to that of its avian host and that THP may
be used as an inhibitor for the enzyme. Further,
crystallographic studies would help to understand
the molecular interactions of THP with PEPCK.
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