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Abstract
Fasciola gigantica is an important food-borne trematode responsible for the hepatobiliary disease, commonly known as fasci-
oliasis. In F. gigantica, the glyceraldehyde 3-phosphate dehydrogenase (FgGAPDH) is a key enzyme of the glycolytic pathway
and catalyzes the reversible oxidative phosphorylation of D-glyceraldehyde-3-phosphate (G-3-P) to 1,3-bisphosphoglycerate
(1,3-BPG), with the simultaneous reduction of NAD+ to NADH. In the present study, we analyzed the sequence of
FgGAPDH and investigated its structural, binding, and catalytic properties. Sequence alignment of FgGAPDH showed 100%
identity with the sister fluke Fasciola hepatica GAPDH. The gapdh gene was cloned and expressed in Escherichia coli, and the
recombinant protein was purified. The purified FgGAPDH exists as a homo-tetramer, composed of a ~ 37-kDa subunit under
non-dissociating conditions at 300 mM salt concentration indicating that higher salt stabilizes the tetrameric state. The binding of
the cofactor NAD+ caused a conformational rearrangement in the enzyme structure, leading to the stabilization of the enzyme. A
homology model of FgGAPDH was constructed, the cofactor (NAD+) and substrate (G-3-P) were docked, and the binding sites
were identified in a single chain. The inter-subunit cleft of GAPDH that has been exploited for structure-based drug design in
certain protozoan parasites is closed in the case of FgGAPDH, similar to the human GAPDH. Thus, the conformation of
FgGAPDH in this region is similar to the human enzyme. Therefore, GAPDH may not be a suitable target for drug discovery
against fascioliasis. Still, the analysis of the structural and functional attributes of GAPDHwill be significant in understanding the
various roles of this enzyme in the parasite as well as provide new insights into the biochemistry of flukes.
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Introduction

Fascioliasis is an economically important food-borne disease
of domestic ruminants of the temperate and tropical regions. It
is caused by two trematode parasites Fasciola hepatica and
Fasciola gigantica (Cywinska 2005; Mas-Coma et al. 2001).
These zoonotic parasites were responsible for a significant
economic loss of over US$ 3 billion p.a. in livestock

production (Anderson et al. 1999; Elshraway and Mahmoud
2017). Approximately 70% of humans in the temperate coun-
tries and around 25–100% of the cattle in Africa, the Middle
East, and South-east Asia are infected by these parasites
(WHO 2015). The World Health Organization reported that
about 2.4–11 million people are infected worldwide with sev-
eral million at risk (WHO 2015). Humans most often become
accidental hosts of Fasciolawhen they ingest the metacercaria
encysts present on the aquatic vegetation (Biu et al. 2006).

These parasites require efficient energy production as they
constitutively undergo active and continuous growth.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; EC
1.2.1.12) is the key glycolytic enzyme (Fothergill-Gilmore
and Michels 1993). It catalyzes the reversible oxidative phos-
phorylation of D-glyceraldehyde-3-phosphate (G-3-P) to 1,3-
bisphosphoglycerate (1,3-BPG) in the presence of NAD+ and
inorganic phosphate liberating NADH (Harris and Waters
1976). GAPDH is widely distributed in nature ranging from
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bacteria to higher eukaryotes and humans. Most GAPDH
have a homo-tetrameric structure, each subunit of molecular
mass ~ 35–37 kDa; however, some dimeric and trimeric forms
of the enzyme have also been reported (Ashmarina et al. 1981;
Carlile et al. 2000; Ferreira-da-Silva et al. 2006). Each subunit
of GAPDH contains two binding sites: one for the substrate G-
3-P and another for the co-enzyme NAD+. Additionally, each
subunit contains a single catalytic –SH group at the active site
that plays a key role in the catalysis. Apart from the role in
carbon metabolism, GAPDH is also involved in various other
cellular functions (Sirover 1999), including gene regulation
(Baxi and Vishwanatha 1995), vesicle transport, nucleic acid
binding (Schultz et al. 1996), nuclear RNA export (Singh and
Green 1993), apoptosis (Saunders et al. 1999), and neurode-
generative diseases (Mazzola and Sirover 2001); thus, it has
been identified as a moonlighting protein.

Certain adenosine derivatives and 1,4-dihydro-4-
oxoquinoline ribonucleosides, which target the GAPDH of
Trypanosoma spp., kill the organisms at micromolar concen-
trations (Aronov et al. 1999; Soares et al. 2013). Anti-
trypanosomal compounds that target GAPDH have also been
isolated from Keetia leucantha leaves (Bero et al. 2013). 3-
Bromopyruvate, an antitumour compound, targets the human
GAPDH resulting in altered energy metabolism and cell death
(Dell'Antone 2009; Ganapathy-Kanniappan et al. 2009;
Ganapathy-Kanniappan et al. 2013). Therefore, inhibition of
GAPDHwould likely result in reduced energy production and
reduced growth of the organism. In this work, we report the
cloning of F. gigantica gapdh gene as well as the expression,
purification, and characterization of the encoded protein.

Materials and methods

The kits for molecular biology and the nickel-nitrilotriacetic
acid (Ni2+-NTA) agarose matrix were purchased from Qiagen
(CA, USA). Other chemicals and reagents were ordered from
Sigma-Aldrich (St. Louis, MO, USA) and Sisco Research
Laboratories (Mumbai, India). The media for bacterial culture
were purchased from Himedia Laboratories (Mumbai, India).
Enzymes and the deoxynucleotide triphosphates (dNTPs)
were ordered from New England Biolabs (MA, USA).

Collection of the liver flukes

Fasciola gigantica samples were collected from naturally
infected cattles from Bada Bazaar slaughterhouse,
Shillong, India, and washed thoroughly with Milli-Q
followed by chilled 1× phosphate-buffered saline (PBS,
pH 7.4). The flukes were fixed with liquid nitrogen and
stored in − 80 °C until use.

RNA isolation and cDNA synthesis

Total RNA isolation was carried out using RNAse easy mini
kit (Qiagen), and the first-strand cDNA synthesis was per-
formed using QuantiTect reverse transcription kit (Qiagen).

PCR amplification and cloning of gapdh

The full-length gapdh gene of F. gigantica (1017 bp) was
amplified from the cDNA using Phusion High-Fidelity DNA
Polymerase and the gene-specific primer pairs having differ-
ent restriction sites. The sequences of the forward and reverse
primers were 5′-GGATCCATGTCCAAACCCAAAGTG-3′
and 5′-AAGCTTTCACAAATGGTCAATAGTATG-3′ hav-
ing BamHI and HindIII restriction sites (underlined), respec-
tively. The following PCR program was used: initial denatur-
ation at 98 °C for 30 s, followed by 30 cycles of amplification
consisting of denaturation at 98 °C for 10 s, annealing at 64 °C
for 10 s, extension at 72 °C for 25 s, and a final extension of
72 °C for 5 min. The PCR products were resolved using 1%
agarose gel electrophoresis in 1× TAE buffer and purified with
the QIAquick Gel Extraction Kit (Qiagen). The amplified
product was cloned into the pSK+ cloning vector, trans-
formed into Escherichia coli DH5α cells. The recombinant
plasmids were selected on ampicillin (100 μg mL−1) plates
and X-gal and IPTG were added for blue-white screening.
The positive plasmids were isolated and screened by re-
striction digestion, followed by sequence confirmation of
the clone. The gene without any mutation was further sub-
cloned into the pET28a(+) expression vector at the defined
restriction sites.

Overexpression and purification of FgGAPDH

To check the expression of FgGAPDH, the recombinant
FgGAPDH-pET28a(+) construct was transformed into com-
petent E. coli codon+ expression cells and plated on LB agar
plate supplemented with kanamycin (50 μg mL−1). A single
colony was inoculated into 5 mL of LB media containing
50 μg mL−1 kanamycin and grown overnight with continuous
shaking at 37 °C. This starter culture was used to inoculate
500 mL of LB media containing 50 μg mL−1 kanamycin in a
1:100 ratio and grown with continuous shaking at 37 °C until
it reached an optical density OD600 ~ 0.6–0.8. The culture was
then cooled down and induced with 1.0 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG) and further grown at 16 °C,
with shaking at 150 rpm for 24 h. The cells were harvested
by centrifugation at 4 °C, resuspended in ~ 40 mL of equili-
bration buffer, henceforth called as buffer A (50 mM HEPES
pH 7.4, 300 mM NaCl, 10% (v/v) glycerol) and stored at −
80 °C until use.

Prior to sonication, 1× protease inhibitor cocktail was
added to the cell lysate and the cells were lysed in ice
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(50 Hz amplitude, 30 s pulse with 30 s interval, 30 cycles).
The crude lysate was centrifuged at 13,000 rpm for 30 min at
4 °C. The supernatant was filtered through a 0.45-μm pore
size polyvinylidene difluoride (PVDF) membrane before pu-
rification by Ni2+-NTA affinity chromatography. The matrix
was washed extensively with 10 bed volumes of buffer A. The
supernatant was applied to the matrix followed by washing
with increasing concentrations of imidazole. The recombinant
protein was eluted with the elution buffer (50 mM HEPES
pH 7.4, 300 mM NaCl, 10% glycerol, 300 mM imidazole)
in three fractions of 2 mL each. The concentration of the
purified protein was measured spectrophotometrically by
Bradford method using BSA as the standard. The purified
protein was analyzed by 12% SDS-PAGE and dialyzed over-
night with the dialysis buffer (50 mM HEPES pH 7.4,
300 mM NaCl, 10% glycerol, 2 mM DTT) at 4 °C to remove
imidazole.

Determination of molecular mass and subunit status

The native molecular mass of FgGAPDH was determined by
gel exclusion chromatography on Superdex™ 200 10/300 GL
column (exclusion limit 700 kDa for proteins) on an ÄKTA-
FPLC (GE HealthCare Biosciences, USA) under non-
dissociating conditions. The column was equilibrated with
equilibration buffer (50 mM HEPES pH 7.4 containing
300 mM NaCl and 10% glycerol) at room temperature and
loaded with 500 μL of affinity purified FgGAPDH and eluted
at a flow rate of 0.3 mLmin−1. The protein was detected by its
absorbance at 280 nm.

Enzyme activity assays

The enzyme activity of FgGAPDH was measured spectro-
photometrically using a Varian Cary 50 UV-Visible spec-
trophotometer by measuring the increasing in absorption at
340 nm resulting from the reduction of NAD+ to NADH
(Krebs 1955). For the assay, 1 mL reaction mixture con-
taining 100 nM FgGAPDH, 1 mM NAD+, 20 mM sodium
arsenate, and 50 mM HEPES, pH 7.4 was incubated at
37 °C for 15 min. The reaction was started by adding
2 mM G-3-P (stock: 51 mg mL−1) and the absorption was
recorded at 10 s intervals for 5 min (Nelson et al. 2001).

The catalytic parameters such as Km, Vmax, Kcat, and Kcat/
Km for G-3-P and NAD+ were determined by varying the
concentration of one ligand while keeping the other constant.
Data were fitted through non-linear regression by plotting the
Michaelis–Menten graph. Kinetic measurements were per-
formed by the GraphPad Prism 3.0 software. The experiments
were performed in triplicates, and the background data was
subtracted in all the experiments.

Fluorescence quenching

Quenching of the fluorescence of the tryptophan (Trp) resi-
dues of FgGAPDH protein was performed on the Perkin
Elmer fluorescence spectrometer LS 55. To 1 μM
FgGAPDH, increasing concentrations of the stock quencher
solutions of G-3-P (300 mM), NAD+ (30 mM), acrylamide
(10 M), and KI (5 M) were added. The solutions were excited
at 280 nm and emission was recorded from 300 to 500 nm
using slit width of 5 nm. The Stern–Volmer constant was
calculated using the equation

F0=F ¼ 1þ KSV Q½ �
where F is the fluorescence intensity in the presence of
quencher, F0 is the intensity in the absence of quencher, [Q]
is the concentration of quencher, and KSV is the Stern–Volmer
constant. The dissociation constant (Kd) was calculated by
using a plot of fractional change in fluorescence intensity vs
quencher concentration.

Phylogenetic analysis

FgGAPDH sequence was submitted to BLAST search to pre-
dict the homologs as earlier. From NCBI, 10 homologous
sequences were selected and aligned using the ESpript 3.0
software, which util izes the ClustalW algorithm.
Phylogenetic analysis of FgGAPDH was also carried out by
ClustalW (Chenna et al. 2003) algorithm by using an online
server (https://www.genome.jp/tools-bin/clustalw).

Homology modeling and structure validation

The FgGAPDH sequence was submitted to PDB-BLAST to
predict the closely related homologs, and the structure of the
GAPDH of Brugia Malayi (PDB ID: 4K9D) was selected as
the template for homology modeling. The FgGAPDH was
aligned with BmGAPDH sequence using the ESpript3.0 serv-
er (Robert and Gouet 2014), and a color coded alignment was
generated. The structure was modeled on the basis of the crys-
tallographic information of BmGAPDH using MODELLER
9.16 (Webb and Sali 2014). The predicted model was validat-
ed by structure alignment using Chimera 1.10.2 (Pettersen
et al. 2004), ProSA-web (Wiederstein and Sippl 2007),
PDBsum (Laskowski et al. 1997), MetaMQAPII (Pawlowski
et al. 2008), ERRAT (Colovos and Yeates 1993), and Verify3d
(Bowie et al. 1991; Luthy et al. 1992) servers. ProSA-webwas
used to calculate the Z score and energy value. PDBsum was
used for constructing the Ramachandran plot to visualize the
backbone dihedral angles ψ against ϕ of the amino acid resi-
dues in the protein structure. MetaMQAPII was used for the
prediction of GDT_TS and RMSD, which were calculated by
aligning other GAPDH structures available in PDB. If the
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GDT_TS and RMSD scores are high and low, respectively,
then the structure is acceptable. ERRATwas used to calculate
the statistics of non-bonded interactions between different at-
om types. It calculates the value from highly refined struc-
tures. Verify3D was used to determine the compatibility of
the 3D atomic model of FgGAPDH with its own amino acid
sequence by assigning a structural class based on its location
and environment and comparing the results to known
structures.

Cavity identification and binding site analysis

After validation, the modeled structure was used for binding
site prediction. The binding site was predicted using the PDB
structure co-crystallized with substrate and cofactor (Frayne
et al. 2009). Chimera1.10.2 was used to visualize the hydro-
gen bonding, electrostatic and steric interactions. For the iden-
tification of the residues, the E. coli GAPDH (PDB ID:
2VYV) was retrieved from the PDB database (Frayne et al.
2009) that is co-crystallized with the cofactor and substrate
analogs. To predict the binding site of NAD+ (cofactor) and
G-3-P (substrate), the FgGAPDH model was superimposed
with EcGAPDH using Chimera1.10.2 (Pettersen et al.
2004). For G-3-P, the key binding site residues Thr178,
Thr183, and Arg235 were selected (Frayne et al. 2009), while
for NAD+, Arg13, Ile14, Asp35, Ser126, and Asn317 were
selected (Frayne et al. 2009). The binding site cavity associ-
ated with these residues was selected for docking.

Molecular docking

The G-3-P and NAD+ were docked using AutoDock
(Goodsell et al. 1996). AutoDock is a freely available and
extensively used software for protein-ligand docking (Pathak
et al. 2017). AutoDock uses the semi-empirical free energy
force field for the calculation of ligand binding conformations.
The FgGAPDH structure and ligands (substrate and cofactor)
were prepared using AutoDock 1.5.6. Hydrogen atoms were
added to the structure of FgGAPDH, and partial atomic
charges were assigned. A 3D grid box for docking was set
into X = 50°, Y = 42°, Z = 46° grid points, and the grid spacing
was 0.398 Å for G-3-P. For NAD+, the 3D grid box was set
into X = 58°, Y = 68°, Z = 72° grid points, and the grid spacing
was 0.452 Å. The binding poses were generated by
Lamarckian genetic algorithm. Other docking parameters
were population size (150), maximum number of evalua-
tions (25.00,000), maximum number of generations
(27,000), rate of gene mutation (0.02), and rate of cross-
over (0.8). All other parameters were kept as default. Two
thousand binding poses were generated for each ligand.
The results were clustered according to the RMSD values
and ranked by the binding free energy.

Results

Multiple sequence alignment and phylogenetic
analysis of FgGAPDH

The BLAST tool from NCBI was used to identify the closely
related homologs of FgGAPDH. The protein BLAST of
FgGAPDH resulted in two putative domains, N-terminal
NAD+ binding domain (residues 1–150) and C-terminal sub-
strate binding domain (residues 151–338). We retrieved 10
sequences from various species for phylogenetic analysis
(Fasciola hepatica, Opisthorchis viverrini, Schistosoma
haematobium , Schistosoma mansoni , Schistosoma
japonicum, Echinococcus multilocularis, Haemonchus
contortus, Brugia malayi, Onchocerca volvulus, and Homo
sapiens) to identify and compare the conserved residues and
their evolutionary relatedness with FgGAPDH. Interestingly,
the amino acid sequence of FgGAPDH showed 100% se-
quence identity with the GAPDH of F. hepatica. From
pairwise sequence alignment, it was observed that the se-
quence FgGAPDH showed high sequence similarity with re-
lated organisms, such as O. viverrini (86.69%), S. japonicum
(77.22%), S. haematobium (76.33%), S. mansoni (76.63%),
B. malayi (74.41%), O. volvulus (73.53%), E. multilocularis
(72.40%), and H. contortus (69.01%). It also showed 70.54%
sequence identity with H. sapiens (Fig. 1).

Multiple sequence alignment revealed several conserved
residues and conserved motifs that are important for the cata-
lytic activity of GAPDH. Sequence motifs like 12GRIGRLV18,
34NDPFI38, 122ISAPS126, and 314WYDNE318 that are reported
to be important for NAD+ binding (Baker et al. 2014; Frayne
et al. 2009; Jenkins and Tanner 2006) were conserved. They
form the hydrophobic core as well as contain the catalytic
residues and make a novel binding cavity for cofactor stabili-
zation. These motifs are also conserved in humans. The sub-
strate binds to the active site and converts to product by a
mechanism using NAD+. The motifs 173EGLMTT178,
183TATQ186, and 235RVPT238 serve as the catalytic core for
substrate stabilization (Frayne et al. 2009) and are the key
residues that are required for the catalytic activity. Several oth-
er residues are also conserved that facilitate cofactor and sub-
strate binding. The conserved residues and motifs that are in-
volved in substrate and NAD+ binding are highlighted in the
Fig. 1.

The evolutionary relationship with FgGAPDHwas studied
based on the comparison of all the 10 retrieved sequences
(Fig. 2). FgGAPDH and OvGAPDH were closely related be-
cause they originate from the same clade as FgGAPDH and
FhGAPDH. They also showed the highest sequence similarity
in pairwise alignment. All Schistosoma species sequences
originated from the same clade and share similar evolutionary
pattern but they differed from FgGAPDH. Sequences of H.
contortus, B. malayi, and others originated from other clades.
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HsGAPDH showed far-related evolutionary relationship with
FgGAPDH though it showed 70.54% sequence similarity,
suggesting that the HsGAPDH is evolutionary far from the
FgGAPDH.

Cloning, overexpression, and purification
of FgGAPDH

The F. gigantica gapdh gene (1071 bp) was amplified and the
PCR product was cloned into pSK+ vector followed by blue-
white screening to confirm the positive clone. The positive
clone was further confirmed by restriction digestion using
defined restriction enzymes. Upon digestion, two bands ~
1.0 kb (gapdh gene) and ~ 2.9 kb (pSK+ vector backbone)
were obtained (Supplementary Figure 1). The sequence fidel-
ity of the positive clone was further confirmed by sequencing.

Fig. 2 Phylogenetic relation of the FgGAPDH with other related
organisms and human. The NJ method was used to construct the
phylogenetic tree by comparing amino acid sequences. Tree describes
the evolutionary relationship between different organisms

Fig. 1 Multiple sequence alignment. Alignment of FgGAPDH with
GAPDH from related organisms and human. The alignment was
generated by ClustalW algorithm. Fasciola hepatica (AIE44418.1),
Opisthorchis viverrini (009169164.1), Schistosoma haematobium
(012801387.1), Schistosoma mansoni (CCD75626.1), Schistosoma
japonicum (CAX80276.1), Echinococcs multilocularis (AAA61574.1),
Haemonchus contortus (ADI46817.1), Brugia malayi (001899849.1),

Onchocerca volvulus (CAA70607.1) , and Homo sapiens
(AAH83511.1) were included in the alignment. Similar residues are
shown in yellow boxes; the red boxes represent identical amino acid
residues while the amino acid residues with different properties have no
boxes. Blue boxes represent NAD+ binding site while green boxes
represent G-3-P binding conserved motifs

Parasitol Res (2019) 118:861–872 865



The digested gene fragment was cloned into the pET28a(+)
expression vector and confirmed by digestion.

FgGAPDH is composed of 338 amino acid residues with a
calculated molecular mass of ~ 37 kDa and a theoretical pI
value of 7.10. The FgGAPDH protein was highly expressed
and predominantly (> 95%) present in the soluble fraction.
The yield of purified FgGAPDH was ~ 18 mg L−1. The puri-
fied FgGAPDH was homogenous as indicated by a single
protein band on SDS-PAGE (Fig. 3a).

FgGAPDH exists as homo-tetramer in solution

The oligomeric status and molecular mass of the purified re-
combinant FgGAPDH were determined under non-
dissociating conditions at 300 mM NaCl concentration using
size exclusion chromatography (SEC). Gel filtration of
FgGAPDH on a Superdex S-200 column showed a single
peak with an elution volume of 13.4 mL (Fig. 3b) that corre-
sponds to about 145 ± 5 kDa when compared with the molec-
ular weight markers. The results of the SDS-PAGE along with
SEC suggest that FgGAPDH exists as a tetramer under non-
dissociating conditions.

Kinetic analysis of FgGAPDH

The steady-state kinetics of FgGAPDH with G-3-P and NAD+

were calculated using the Michaelis–Menten plot as shown in
Fig. 4 and Table 1. The calculated kinetic parameters of
FgGAPDH fall within the previously reported range of
FhGAPDH (Zinsser et al. 2014). Under our experimental con-
ditions, the Km of FgGAPDH was found to be slightly higher

than FhGAPDH. The comparative analysis of the kinetic pa-
rameters of FgGAPDH and the FhGAPDH is shown in Table 1.

Binding affinity of GAPDH towards the substrate
(G-3-P) and cofactor (NAD+)

Fluorescence quenching is an important method to determine
the binding affinity of substrates, cofactors, and other ligands
with a protein. A subtle change in the microenvironment of
the buried Trp residues upon ligand binding can be detected as
a factor of change in fluorescence intensity.

To understand how the binding of G-3-P and NAD+ influ-
ences the Trp microenvironment in FgGAPDH, intrinsic Trp
fluorescence quenching was performed. A decrease in the
intensity of fluorescence emission was observed upon binding
of FgGAPDH and G-3-P or NAD+, suggesting binding of the
quencher near the solvent accessible Trp residues. From the
quenching experiment, the Stern–Volmer plot was constructed
to obtain the Stern–Volmer constant (Ksv). The Ksv value for
G-3-P and NAD+ was found to be 0.278 × 10−3 μM−1 and
19.5 × 10−3 μM−1, respectively (Fig. 5a, b). The fractional
change in the fluorescence intensity vs the concentration of
G-3-P or NAD+ suggests a binding constant (Kd) of 0.963mM
and 0.104 mM for G-3-P and NAD+, respectively (Fig. 5c, d).

NAD+ binding affects Trp accessibility and stability
of the protein

Acrylamide is a neutral fluorescence quencher that can pene-
trate into the core of protein, whereas KI being ionic in nature
can quench only the surface lying Trp residues (France and

Fig. 3 Overexpression of FgGAPDH in E. coli and purification of the
recombinant protein on Ni-NTA agarose. a SDS-PAGE analysis of cell
lysate showing overexpression of FgGAPDH and the purified protein.
Lanes 1–4 represent molecular weight markers, supernatant of un-
induced culture lysate, supernatant of induced culture lysate, and purified
protein, respectively. b Molecular mass and subunit structure of

FgGAPDH. SEC profile of FgGAPDH on Superdex™ 200 10/300 GL
column. The inset shows the column calibration curve. The column was
calibrated with the gel filtration calibration kit containing aldolase
(158 kDa), conalbumin (75 kDa), ovalbumin (44 kDa), carbonic
anhydrase (29 kDa), ribonuclease (13.7 kDa), and aprotinin (6.5 kDa)
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Grossman 2000; Möller and Denicola 2002; Van deWeert and
Stella 2011). FgGAPDH contains 12 Trp residues in its native
tetrameric structure. Fluorescence quenching of FgGAPDH
with these quenchers was performed with and without the
cofactor NAD+ (further designated as holo-FgGAPDH and
apo-FgGAPDH, respectively), to understand the role of
NAD+ in the structural dynamics of the protein.

Upon binding of acrylamide, a decrease in the fluorescence
intensity was observed for both apo- and holo-FgGAPDH. The
Ksv was higher for the apo-FgGAPDH (3.33 × 10−3μM−1) com-
pared to the holo-FgGAPDH (0.93 × 10−3 μM−1), suggesting
higher affinity of acrylamide for apo-FgGAPDH (Fig. 6a); thus,
the presence of NAD+ confers additional conformational stabil-
ity to the holo-FgGAPDH. Similarly, during KI quenching,
there was a decrease in the fluorescence intensity for both
holo- and apo-FgGAPDH and the affinity of KI was also
found to be higher for the apo-FgGAPDH (1.06 ×
10−3 μM−1) in comparison to the holo-FgGAPDH
(0.38 × 10−3 μM−1) (Fig. 6b), suggesting that NAD+ causes
conformational rearrangement in the holo-FgGAPDH and
the Trp residues become less accessible to the quencher. A
smaller Ksv for KI quenching in comparison to that of ac-
rylamide could be due to the inability of KI to access the
Trp residues present in the interior of the protein due to its
ionic nature. The Stern–Volmer constant (Ksv) of
FgGAPDH for different quencher is shown in Table 2.

Homology modeling and structural validation

The secondary structure of FgGAPDHwas predicted by using
the PSIPRED server. The structure contains 7 α-helices, 15β-

sheets, and 23 coil conformations (Supplementary Figure 2).
The result of BLASTp search revealed many templates with
high sequence identity. We used the structure of NAD+ bound
BmGAPDH (PDB ID: 4K9D, X-ray, 2.1 Å) for modeling as it
showed the highest identity and query coverage. It showed
72.1% identical and 81.5% similar residues in pairwise align-
ment (Supplementary Figure 3). Eight models were predicted
by MODELLER 9.16, and the best model was selected. To
predict the reliability of the predicted model, the model was
aligned with BmGAPDH that gave an RMSD value of
0.229 Å for 239 Cα atoms (Fig. 7). The Z score, calculated
using the ProSA-web server, was within the X-ray crystal
structure range and showed a value of − 9.14 for the predicted
FgGAPDH model and − 10.7 for the template BmGAPDH
structure (Supplementary Figure 4). The energy plot sug-
gested that all the residues had low energy except a few resi-
dues (Supplementary Figure 5). Ramachandran plot revealed
that 92.6%, 6.4%, 0.7%, and 0.3% residues were in the
most favored regions, additional allowed regions, gener-
ously allowed regions and disallowed regions, respectively
(Supplementary Figure 6). The ERRAT showed a good
score of 85.45 (Supplementary Figure 7) and the
Verify3D score was found to be 91.72 (Supplementary
Figure 8). Alignment of the FgGAPDH structure with the
other similar structures using the MetaMQAPII server gave
GDT_TS and RMSD values of 47.855 and 3.892 Å, re-
spectively, which is an excellent score, indicating that our
structure is acceptable. Thus, all the stereochemical param-
eters suggested that the modeled structure is good in terms
of stereochemical parameters and can be considered for
further docking studies.

Fig. 4 Michaelis–Menten plots.
Enzymatic activities were
measured at various
concentrations of glyceraldehyde
3 phosphate (a) and NAD+ (b).
Kinetic constants were obtained
using the Graph Pad Prism
software. Results are mean ± S.D.
of three independent
measurements

Table 1 Comparative kinetic parameters of FgGAPDH and FhGAPDH

Organism Km

G-3-P
(mM)

Km NAD+

(mM)
Vmax

(μmol s−1)
Kcat

G-3-P
(s−1)

Kcat NAD
+

(s−1)
Kcat/Km

G-3-P
(s−1 mM−1)

Kcat/Km

NAD+

(s−1 mM−1)

F. gigantica 1.44 ± 0.26 0.612 ± 0.050 0.158 ± 0.004 1.58 ± 0.07 1.43 ± 0.08 1.10 ± 0.04 2.33 ± 0.11

F. hepatica 1.01 ± 0.15 n.d. 0.044 ± 0.002 n.d. n.d. n.d. n.d.
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Molecular docking with substrate and cofactor

Molecular docking is a widely used method to identify the
position and orientation of the ligand with respect to the recep-
tor. It helps in the identification of the key interacting residues
as well as to predict the protein-ligand binding pattern (Shukla
et al. 2017a; Shukla et al. 2017b; Shukla et al. 2018). Here, we
docked the G-3-P (substrate) and NAD+ (cofactor) with the
modeled FgGAPDH structure using AutoDock, which showed
novel binding patterns and similar interacting residues (Fig. 8).

The binding affinity of NAD+ was − 6.79 kcal mol−1 for
FgGAPDH. The complex was stabilized with eight hydro-
gen bonds with various catalytic residues. Several residues
actively participated in the hydrogen bond interactions;
they are Arg13 (2.4 Å), Ile14 (2.0 Å), Ser123, (two bonds,
1.996, and 1.928 Å), Cys153 (3.7 Å), Arg80 (2.0 Å), Ser98
(2.1 Å), and Ser 152 (1.8 Å). The residues Asn9, Gly10,
Gly12, Asn34, Asp35, Pro36, Phe37, Thr99, Val101,
Ala124, and Thr154 actively participated in the hydropho-
bic interactions.

Fig. 5 Fluorescence quenching
experiments. The graph is plotted
between F0/F against the
concentration of substrate (G-3-P)
and cofactor (NAD+). The
straight line shows the quenching
of FgGAPDH in the presence of
G-3-P (a) and NAD+ (b). The
Stern–Volmer constant was cal-
culated for both the substrate and
cofactor. The Kd was also calcu-
lated for both the G-3-P (c) and
the NAD+ (d)

Fig. 6 Quenching of FgGAPDH
with acrylamide and KI. The plots
shows the quenching of
FgGAPDH with acrylamide (a)
and KI (b), in the absence of
NAD+ (unfilled square) and in the
presence of NAD+ (filled square)
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The substrate G-3-P was also docked for predicting the
binding pattern of substrate with the FgGAPDH enzyme.
The binding affinity was − 3.4 kcal mol−1 for FgGAPDH.
The complex was stabilized with six hydrogen bonds with
various catalytic residues. Several residues actively participat-
ed in the hydrogen bond interactions; they are Lys195
(1.787 Å), Asp199 (three H-bonds, 1.735, 1.857, and
2.127 Å), and Arg235 (two bonds, 1.852 and 2.471 Å). The
residues Thr185, Leu196, and Ala210 actively participated in
the hydrophobic interactions.

Discussion

FgGAPDH showed 100% amino acid sequence identity
with FhGAPDH, suggesting evolutionary conservation of
the protein in the genus. Zinsser et al. have reported the
biochemical characterization of recombinant FhGAPDH
(Zinsser et al. 2014). They showed that in the absence of
ligands, FhGAPDH exists as a mixture of homodimers and
tetramers. The addition of either NAD+ or G-3-P shifted
this equilibrium towards a dimeric state. They also dem-
onstrated that the dimeric form was comparatively more
stable than the tetrameric form. These responses to ligand
binding that leads to alterations in the oligomeric state

differ from mammalian GAPDH, which may be exploited
for drug discovery. However, it has been reported that the
oligomeric states of several mammalian GAPDH can be
differentially modulated by ligands. Rabbit GAPDH dis-
sociated into dimers in the presence of NAD+ and G-3-P
(Hoagland Jr. and Teller 1969). In contrast, in some mam-
malian species, the addition of NAD+ stabilized the tetra-
meric state of the enzyme (Lakatos and Zavodsky 1976;
Osborne and Hollaway 1976). Thus, the differential exis-
tence of oligomeric states, depending on the ligands, may
not be suitable for drug discovery against Fasciola. We
showed the ligand-mediated regulation of the oligomeric
structure, but the relevance of this regulation is limited to
its utilization for structure-based drug discovery. We ob-
served that at a slightly higher salt concentration
(300 mM), the FgGAPDH protein exists in a homogenous
tetrameric state and the dimeric population was absent,
suggesting that the presence of high salt concentration
leads to the association of dimers into tetramers.
Therefore, it can be concluded that higher salt concentra-
tion stabilizes the tetrameric population of FgGAPDH.
The binding affinity of GAPDH for NAD+ was found to
be higher than G-3-P, suggesting stronger interactions be-
tween the protein and the cofactor. Using fluorescence
quenching studies, we show that binding of NAD+ confers
additional conformational stability to the FgGAPDH.

The overall architecture of GAPDH is well conserved.
It exists as homotetramer consisting of dimer of dimers
with known regions of dimerization. Each subunit is com-
posed of ~ 330 amino acid residues and consists of two
domains: an NAD+ binding domain (residues 1–150)
displaying the characteristic Rossmann-fold (a central par-
allel β-sheet surrounded by α-helices) and a catalytic do-
main (residues 151–316), containing eight-stranded anti-
parallel β-sheet and four α-helices. GAPDH is an attrac-
tive target for drug discovery against protozoan parasites
that live in blood and depend solely on glycolysis for
energy production. The inter-subunit cleft present in close
proximity to the 2′-OH on the NAD+ in Trypanosoma
GAPDH has been exploited for structure-based design of
anti-trypanosomatid compounds, particularly adenosine
analogues. This cleft is closed in human GAPDH, and
the side chain of Ile37 is present, thereby leading to the
selectivity of the drugs for the parasite enzyme over the
human counterparts. The Ile37 is conserved in FgGAPDH
and FhGAPDH (as Ile38), and thus the conformational
topology in this region is similar to the human enzyme.
Therefore, GAPDH may not be a suitable target for drug
discovery against fascioliasis.

Metabolic pathways that extract energy from the carbon-
based compounds are essential for energy generation and thus
critical for the organism’s survival. GAPDH catalyzes one of
the two steps of glycolysis that produce NADH. This reaction

Fig. 7 Structural features of FgGAPDH. Structural alignment of
FgGAPDH (cyan) with BmGAPDH (pink) generates 0.229 Å for 239
Cα atoms. Low RMSD value indicates higher structural similarity

Table 2 Stern–Volmer constants (Ksv) of FgGAPDH in × 10−3 μM−1

Quenchers FgGAPDH FgGAPDH with NAD+

G-3-P 0.28 ± 0.01 n.d.

NAD+ 19.50 ± 0.92 n.d.

Acrylamide 3.33 ± 0.07 0.93 ± 0.03

KI 1.06 ± 0.03 0.38 ± 0.01
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precedes the two ATP-generating steps. Thus, the inhibition of
GAPDH will lead to significant reduction in energy genera-
tion, thereby representing a potential therapeutic strategy to
combat the parasitic infections. However, high structural sim-
ilarity between the host and liver fluke enzymes makes this
approach theoretically challenging. Nevertheless, the identifi-
cation of specific inhibitors of GAPDH from other parasites
suggests that slight differences in structural and biochemical
properties could be exploited in the development of novel,
parasite-specific inhibitors. Nevertheless, the study of the
structural and catalytic characteristics of GAPDH will be im-
portant in understanding the functions of this enzyme in the
parasite as well as provide new insights into the biochemistry
of flukes.
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