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ABSTRACT

The thiol-disulfide redox metabolism in platyhelminth parasites depends entirely on a single
selenocysteine (Sec) containing flavoenzyme, thioredoxin glutathione reductase (TGR) that links
the classical thioredoxin (Trx) and glutathione (GSH) systems. In the present study, we
investigated the catalytic and structural properties of different variants of Fasciola gigantica
TGR to understand the role of Sec. The recombinant full-length Sec containing TGR
(FgTGRsec), TGR without Sec (FgTGR) and TGRsec without the N-terminal glutaredoxin (Grx)
domain (ANTD-FgTGRsec) were purified to homogeneity. Biochemical studies revealed that
Sech97 is responsible for higher thioredoxin reductase (TrxR) and glutathione reductase (GR)
activity of FgTGRsec. The N-terminal Grx domain was found to positively regulate the DTNB-
based TrxR activity of FgTGRsec. The FgTGRsec was highly sensitive to inhibition by
auranofin (AF). The structure of FgTGR was modeled, and the inhibitor AF was docked, and
binding sites were identified. Unfolding studies suggest that all three proteins are highly
cooperative molecules since during GdnHCI-induced denaturation, a monophasic unfolding of
the proteins without stabilization of any intermediate is observed. The Cm for GdnHCI induced
unfolding of FgTGR was higher than FgTGRsec and ANTD-FgTGRsec suggesting that FgTGR
without Sec was more stable in solution than the other protein variants. The free energy of



stabilization for the proteins was also determined. To our knowledge, this is also the first report

on unfolding and stability analysis of any TGR.
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1. INTRODUCTION

Enzymes associated with redox metabolism encompass the most interesting targets for drug
development against infectious diseases. These enzymes maintain cellular homeostasis and play
a major role in antioxidant defenses [1]. A disturbed redox metabolism results in the alteration of
several important cellular processes that are critical for proper cell function. The redox regulation
is mainly accomplished by oxidative modification of the highly susceptible thiol group (-SH) of
the cysteinyl side chain of proteins [2]. Hence, being crucial players in redox regulation, the
thiol-proteins become the most vulnerable targets of cellular redox imbalance.

All organisms are equipped with a variety of antioxidant thiol-based enzymes that
maintain the cellular redox homeostasis. In most aerobic organisms it is comprised of two
separate redox systems: the glutathione/glutaredoxin (GSH/Grx) system containing Grx, GSH
and NADPH-dependent glutathione reductase (GR); and the thioredoxin (Trx) system containing
Trx and NADPH-dependent thioredoxin reductase (TrxR) [3]. In contrast to these classical redox
systems, the platyhelminth parasites contain a single multifunctional selenocysteine (Sec, U)
containing flavoenzyme, thioredoxin glutathione reductase (TGR), having fused Grx and TrxR
domains that link both these systems [4, 5]. Transcriptomic and genomic data of F. hepatica, T.
solium, Schistosoma sp. and E. multicularis reveals the absence of GR and TrxR genes in these
parasites [6, 7]. TGR is the sole enzyme responsible for both Trx and GSH reduction in parasitic
flukes. In the absence of catalase, the cellular redox homeostasis of these parasites depends
entirely on the TGR, which supplies electrons to both glutathione disulfide (GSSG) and Trx.
Also, TGR is the key enzyme responsible for reactive oxygen species (ROS) detoxification,
redox homeostasis maintenance, and synthesis of deoxyribonucleotides in parasitic flukes [8, 9].
Helminth TGR encodes a Sec in its C-terminal end. Sec is the 21% amino acid encoded by the

UGA codon in the mRNA and it acts as an important active site residue in many redox active



selenoenzymes such as TGR, TrxR, glutathione peroxidase (GPx), iodothyronine deiodinase, etc,
in all forms of life [10, 11]. Its role is also implicated in redox signaling, antioxidant defense,
thyroid hormone metabolism and immune response [11]. Co-translational incorporation of Sec
into the polypeptide chain involves a complex machinery that includes a SECIS element
(selenocysteine insertion sequence), SECIS binding protein (SBP1 and SBP2), a Sec-
tRNAPIS sec specific elongation factor and other accessory proteins[10]. Several structures
of TGR have been determined [7, 12, 13]. The X-ray crystallographic structure of S. mansoni
TGR shows that like other members of the pyridine nucleotide disulfide oxidoreductase family, it
is @ homodimeric protein with monomers arranged in a head-to-tail fashion creating a twisted
‘W’ shape [14]. Each monomer is composed of two key domains: an N-terminal Grx domain and
a C-terminal TrxR domain. The two Grx domains are at the top of the two outer arms of the
dimer ‘W’. In addition to an NADPH binding site, the TrxR domain has two redox active centers
viz. a -CX4C- motif in the FAD-binding domain (also found in GR and TrxR) and a Sec
containing -GCUG- redox center in the C-terminus. The Grx domain has a GSH binding site and
a redox active Cys pair (-CXXC- or -CXXS-) [15]. The dithiol Grx containing TGR exhibits a
unique hysteresis phenomenon as its GR activity is regulated by the [GSSG]/[GSH] ratio. Under
high GSSG concentrations, the GR activity of TGR decreases and the behavior is reverted in the
presence of GSH, Trx, or DTT. This behavior is associated with glutathionylation of TGR by
GSSG and is blocked by deglutathionylation [16, 17]. In contrast, the monothiol Grx containing
TGR shows no hysteresis for GR activity [18].

Fascioliasis is a major food borne tropical disease caused by the organisms of the genus
Fasciola. It affects over 600 million animals globally resulting in economic losses of >US$3
billion p.a. in livestock production. Around 25-100% of cattle in Africa, the Middle East, and
Southeast Asia are affected annually and in temperate countries it also affects ~70% of humans
[19]. It is estimated that around 2.4-17 million people are infected and approximately 180
million people are at risk globally [20]. Africa, Europe, the Middle East (including Egypt),
Southeast Asia, and Latin America, are listed as the major human fascioliasis endemic areas,
with Bolivian Altiplano having the highest prevalence [21, 22]. Triclabendazole (TCZ) is the
only drug of choice recommended by WHO against these flukes [23]. Recent reports of TCZ
resistance highlight the need for new chemotherapeutics [24-28]. With the help of antioxidant

enzymes, these parasites can scavenge the reactive species produced as a result of host immune



response and can survive in the host for longer periods. In recent years, TGR has emerged as a
rational drug target for the treatment of platyhelminthic infections as it is not present in the
human counterparts. Auranofin, an inhibitor of TGR and TrxRs, kills larval worms in vitro and
has been reported to partially cure Schistosoma infection [29, 30]. Besides auranofin, several
other inhibitors have also been identified for TGRs [31-35]. Limited knowledge is available
regarding the structure-function relationship of redox enzymes of parasitic flukes. In the present
study, we have investigated the structure-function relationship, stability and folding analysis of
FgTGRsec and its truncated variants to define the molecular, functional and structural

characteristics of this enzyme.

2. MATERIALS AND METHODS

2.1 Materials

The molecular biology kits and Ni-NTA agarose were purchased from Qiagen, CA, USA. The
dNTPs and enzymes were purchased from New England Biolabs, MA, USA. All other reagents
and chemicals were purchased either from Sigma-Aldrich Chemical Company, St. Louis, MO,
USA, or Sisco Research Laboratories, Mumbai, India and were of the highest purity available.

Bacterial culture media was purchased from Himedia Laboratories, Mumbai, India.

2.2 Collection and identification of parasites

The adult liver flukes were collected from the liver of naturally infected cattle from the local
slaughterhouse at Bada Bazaar, Shillong, India. The flukes were washed extensively with chilled
phosphate buffer saline (pH 7.5). The flukes were identified as F. gigantica using morphological

properties.

2.3 Isolation of total RNA and cDNA synthesis

The flukes were crushed in a pestle and mortar with liquid nitrogen, and the total RNA was
isolated using the RNeasy mini kit (Qiagen, USA) as per the manufacturer instructions. The first
strand cDNA was synthesized using QuantiTect Reverse Transcriptase kit (Qiagen, USA) as per

the manufacturer instructions.

2.4 Cloning, overexpression and purification of FgTGRsec and ANTD-FgTGRsec



Fgtgrsec and ANTD-Fgtgrsec were amplified by PCR using primers containing a bacterial type
SECIS element for Sec insertion. Three sets of primers were designed based on the full length
TGR sequence of F. gigantica (Supplementary Table 1). The reverse primer of both FgTGRsec
and ANTD-FgTGRsec contained a bacterial type SECIS for Sec insertion, whereas that of
FgTGR was designed without a bacterial-type SECIS. The stop codon of the gene was omitted in
the reverse primers and the resulting peptide ends at stop codon coded by the SECIS element.
The amplicons were cloned into pSK+ vector and further sub-cloned to pET23a(+) (Amp*) and
pET28a(+) (Kan®) vectors, respectively. The method described by Kuntz et al. was followed for
expression of the recombinant selenoproteins [7]. The recombinant plasmids were transformed
into competent E. coli BL21 (DE3) expression host cells and grown in Luria-Bertani media
containing respective antibiotics at 37 °C until an Agy ~0.7 was achieved and then induced at 20
°C with 0.5 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG). Also, as a source of selenium, 5
MM Na,SeO3; was added to the induced culture and 10% glycerol was added for enhancing
solubility and to ensure slow growth. Induced cultures were further grown for ~12 h with
continuous shaking at 150 rpm and 20 °C. After sonication, the clear cell lysate was loaded onto
a Ni-NTA column pre equilibrated with 50 mM phosphate buffer (pH 8.0), containing 300 mM
NaCl and washed with the same buffer to remove unbound contaminants. The column was
washed with increasing concentrations of imidazole, and the proteins were eluted with
equilibration buffer containing 300 mM imidazole. The purified proteins were dialyzed against
20 mM phosphate buffer (pH 8.0), containing 150 mM NaCl. Overexpression and purification of
truncated FgTGR were performed as mentioned earlier [36]. The purity and the molecular weight
of the recombinant protein were determined using 12% SDS-PAGE. Quantitation of the
recombinant proteins was carried out using the Bradford method using bovine serum albumin as
the standard.

2.5 Size exclusion chromatography (SEC)

SEC experiments were carried out on a Superdex ™ 200 10/300 GL column on an AKTA FPLC
(GE Healthcare Biosciences, USA) pre-calibrated with standard molecular weight markers. The
column was equilibrated and run with 20 mM phosphate buffer (pH 8.0), containing 150 mM
NaCl at 25 °C at a flow rate of 0.4 mL/min with detection at 280 nm and 450 nm for detection of
protein and bound FAD respectively.



2.6 Biochemical assays

TrxR and GR activities of FgTGRsec, FgTGR and ANTD-FgTGRsec were analyzed in a Cary 50
(Varian) spectrophotometer at 25 °C based on the methods described by Kuntz et al.[7]. The
TrxR activity was determined by the 5,5'-diothiobis(2-nitrobenzoic acid) (DTNB) reduction
assay. The assay solution contained 1 puM recombinant enzyme, 200 uM NADPH and 10 mM
EDTA in 20 mM phosphate buffer (pH 7.2), containing 150 mM NaCl. The DTNB concentration
was varied from 0.5 mM to 5 mM. The increase in absorbance at 412 nm during the first three
min was monitored, and the extinction coefficient of 13.6 mM'cm™' for 5-thionitrobenzoic acid
(TNB) was used for calculation of activity.

The GR activity was determined using GSSG. The reaction mixture contained 1 pM
recombinant enzyme, 200 uM NADPH and 1 mM EDTA in 20 mM phosphate buffer (pH 7.2)
and 150 mM NaCl. The GSSG concentration was varied from 0.5 uM to 5 uM. The decrease in
NADPH consumption at 340 nm during the first three min was monitored, and the extinction

coefficient of 6.22 mM~'cm™' for NADPH was used for calculation of activity.

2.7 Inhibition studies
To assess the effect of the inhibitor auranofin (AF) on FgTGRsec, incubation mixtures were
prepared containing 3 UM FgTGRsec with and without AF (0.5 to 5 uM). For DTNB-based
TrxR activity inhibition assay, reaction mixtures were prepared as mentioned above. The
measurements were performed at 120 min after incubation. The reaction was initiated by
addition of 5 mM DTNB and followed by the increase in absorbance at 412 nm.

For GR activity inhibition assay, reaction mixtures were prepared as mentioned above.
The measurements were performed at 120 min after incubation. The reaction was initiated by
addition of 500 uM GSSG and followed by the decrease in absorbance at 340 nm.

2.8 Fluorescence quenching with substrates and inhibitor

For fluorescence quenching experiments, the stock solutions of the quenchers - DTNB (5 mM),
GSSG (10 mM) and AF (250 uM) were prepared separately. Each quencher was added to
achieve the desired range of quencher concentration in 1 uM protein sample. The samples were

excited at 280 nm and the emission spectra were recorded in the range of 300-500 nm. The



Stern-Volmer quenching constants were calculated using the plot of Fy/F; values against the
input concentration of quenchers, in the Stern-Volmer equation,

Fo/F1 =1 + Ksv [Q]
where Fy and F are the fluorescence intensities at a particular wavelength in the absence and
presence of quencher, respectively, Ksv is the Stern-Volmer constant, and [Q] is the

concentration of the quencher.

2.9 Equilibrium unfolding experiments
A stock solution of 8 M GdnHCI was prepared in 20 mM phosphate buffer (pH 7.2) containing
150 mM NacCl. All samples were incubated for 4 h to achieve denaturation equilibrium before

the readings were taken.

2.10 Fluorescence and circular dichroism (CD) spectroscopy

Fluorescence spectra were recorded with Perkin-Elmer Life Sciences LS55 fluorescence
spectrometer in a 10 mm path length quartz cuvette. Protein concentration used was | uM for all
experiments and the measurements were carried out at 25 °C. Slit width for both emission and
excitation were kept as 10 nm. For monitoring Trp and FAD fluorescence, the excitation
wavelength of 285 nm and 445 nm, respectively, were used and the spectra were recorded
between 300-500 nm and 450-600 nm, respectively.

The CD measurements were made on JASCO J1500 spectropolarimeter calibrated with
ammonium (B)-10-camphorsulfonate with a 5 mm path length cell at 25 °C at a protein
concentration of 1 uM. Three consecutive scans were accumulated and an average spectra was
stored. The values obtained were normalized by subtracting the baseline recorded for the buffer

under similar conditions.

2.11 Calculation of free energy of stabilization

Following a two-state model of unfolding of a protein, the CD and fluorescence spectroscopic
data were converted into the free energy of unfolding for each data point (AGp). The AGp values
were then plotted against [GdnHCI] to determine the free energy of stabilization in the absence
of denaturants (AGDH20

[38-41].

) according to the linear extrapolation method [37] as described earlier



2.12 Homology modeling and validation

Homology modeling was performed using Modeller 9.16 [42]. Initially, the BLAST
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) search was performed to find the closely related
homologs of FgTGRsec and then template was selected on the basis of identity, query coverage
and structure resolution. The structure of S. japonicum TGR (SjTGR) (PDB ID: 4LA1) [12] was
taken as the template to model the dimeric FgTGRsec. The obtained structure was superimposed
with the model to find the reliability using Chimera 1.10.2 [43]. Modeled structure was validated
using ProSA [44], PROCHECK [45] and Verify 3D server [46]. The secondary structure was
predicted by using SOPMA tool.

2.13 Molecular docking

Molecular docking of FgTGRsec with AF was performed by using Molegro Virtual Docker
(MVD) as earlier [47, 48]. The structure of AF and TP gold moiety were drawn using Chemdraw
followed by energy minimization of ligand structures by Amberff99SB force field using Chimera
1.10.2. Prior to docking, the protein structure was prepared using MVD [49]. The best pose
having the energetically favorable structure was selected. MVD calculated the interaction
energies between ligands and protein. The MolDock Score was used for energy calculation. The
residues defined in previous studies were selected for molecular docking [31]. The cavity used
for virtual screening had the size constraint of 15 A. The docking parameters for virtual
screening included the number of runs (100), population size (50), max iterations (2,000), scaling
factor (0.50), and crossover rate (0.90). Ten binding pose were generated by molecular docking

and selected on the basis of binding affinity as well as best binding conformation.

3. RESULTS

3.1 Purification of FgTGRsec, FgTGR and ANTD-FgTGRsec

The full-length Sec containing TGR (FgTGRsec), TGR without Sec and the last amino acid
(FgTGR) and TGR without the N-terminal Grx domain (ANTD-FgTGRsec) were purified as
described above. The purified proteins were homogenous as indicated by single protein bands of
~66 kDa for both FgTGRsec and FgTGR; and ~54 kDa for ANTD-FgTGRsec, respectively on
SDS-PAGE (Fig. 1A). The molecular mass of purified recombinant FgTGRsec, FgTGR and



ANTD-FgTGRsec were determined under non-dissociating conditions by size-exclusion
chromatography (SEC). Gel filtration of the recombinant proteins on Superdex™ S-200 column
calibrated with various molecular weight standards showed a single peak for each protein at 280
nm with retention volumes of 13.70 mL, 13.65 mL and 14.15 mL, respectively (Fig. 1B). The
deep yellow color of the proteins indicated the presence of bound FAD that was confirmed
through the 450 nm absorbance peaks for all proteins in SEC (data not shown). When the elution
volumes of the marker proteins were plotted as a function of log of molecular weight, the
FgTGRsec, FgTGR and ANTD-FgTGRsec were found to have molecular weights of about 132
kDa, 132 kDa and 108 kDa, respectively.

3.2 Structural characteristics of the recombinant proteins

The Trp fluorescence spectra of FgTGRsec, FgTGR and ANTD-FgTGRsec are shown in Figure
2A. An emission wavelength of about 336 nm, 334 nm and 340 nm was observed for the
recombinant FgTGRsec, FgTGR and ANTD-FgTGRsec, respectively. The sequences of
FgTGRsec, FgTGR and ANTD-FgTGRsec encode 9, 9 and 8 Trp residues, respectively. In
general, the buried Trp residues in folded protein show fluorescence emission maxima between
330-335 nm [50, 51]. Thus the Trp residues in FgTGRsec and FGTGR are predominantly buried
in the hydrophobic core. The analysis of far-UV CD spectra demonstrates the presence of o/
type secondary structure (Fig. 2B) in all the three proteins. From these results, it is evident that
all these proteins are present in the properly folded conformation.

3.3 Sec597 is responsible for higher DTNB-based TrxR activity in FgTGRsec

Recombinant FgTGRsec encodes a Sec at position 597. A decrease in fluorescence intensity was
observed following the binding of DTNB with FgTGRsec and FgTGR (Supplementary Fig. 1).
The extent of quenching was greater in the case of FgTGRsec (~300% decrease from the starting
point) than the FgTGR (~ 200% decrease from the start). The comparative larger reduction in the
intrinsic fluorescence of FgTGRsec observed upon DTNB binding with respect to FgTGR
suggests that FgTGRsec may have a greater affinity for DTNB than FgTGR. The fluorescence
data were further analyzed using the Stern—\Volmer plot. Higher Ksv of FgTGRsec (60.6 x 10
uM™) confirmed the higher affinity of DTNB towards FgTGRsec than FgTGR (42.5 x 107 uM"
1) (Fig. 3A and Table 1).



We then performed comparative enzymatic activity analysis of FgTGRsec and FgTGR
with DTNB. It was observed that FgTGRsec showed higher activity than FgTGR (Fig. 3B). The
result of activity analysis is in corroboration with the binding profile of DTNB with FgTGRsec
and FgTGR. The decrease in activity of FgTGR may be attributed to the absence of Sec at the C-

terminal region of the protein that is necessary to attain optimal catalytic behavior.

3.4 FgTGRsec has higher GR activity with respect to FgTGR

The N-terminal Grx domain of TGR is also involved in the GR activity. Studies suggest that
there are two different binding sites for GSSG, one at the Grx domain and another in the TrxR
domain. Also, some TGR truncations lacking Grx domain were found incapable of reducing
GSSG [52-54]. ANTD-FgTGRsec also showed almost no/negligible GR activity in absence of
Grx domain (data not shown). Moreover, Grx domain contacts with the N-terminal part of the
TrxR domain, thus allowing a shorter route of the electron transfer [55]. To characterize this
activity, GSSG was used as a substrate. For comparative analysis of the binding of GSSG with
FgTGRsec and FgTGR, fluorescence quenching analysis was performed. A decrease in the
quantum yield of fluorescence with increasing concentration of GSSG represents the binding of
GSSG with the protein. The fractional change in quenching was found to be greater for
FgTGRsec than FgTGR (Supplementary Fig. 2). Stern-Volmer analysis of quenching experiment
suggested that the binding affinity of GSSG with FgTGRsec (Ksv = 0.7 x 10 pM™) is greater
than that of FgTGR (Ksv = 0.5 x 10 pM™) (Fig. 3C and Table 1). This implies that FgTGRsec
may have higher GR activity than FgTGR due to favorable GSSG binding. To confirm this, we
performed the GR activity analysis of FgTGRsec and FgTGR with GSSG and observed that
FgTGRsec indeed shows higher GR activity than FgTGR (Fig. 3D and Table 2).

3.5 The N-terminal Grx domain positively regulates the DTNB-based TrxR activity of
FgTGRsec

To examine the possible role of the N-terminal Grx domain in the DTNB-based TrxR activity of
FgTGRsec, we constructed a truncation for FgTGRsec lacking the N-terminal Grx domain
(residues 1 to 109) (ANTD-FgTGRsec). The structural feature of the ANTD-FgTGRsec has been
discussed in section 2.2. To analyze the effect of Grx domain on the DTNB-based TrxR activity

of the proteins, we performed two sets of experiments. Firstly, we determined the comparative

10



binding analysis of DTNB with FgTGRsec and ANTD-FgTGRsec using fluorescence quenching.
Stern-Volmer analysis of quenching experiment suggested that the binding affinity of DTNB to
ANTD-FgTGRsec (Ksv = 52.2 x 10 pM™) was slightly less than that of full length FgTGRsec
(Ksv = 60.6 x 10° uM™) (Fig. 4A and Table 1). The extent of quenching was greater in
FgTGRsec than ANTD-FgTGRsec (Supplementary Fig. 3), which suggests that the binding of
DTNB was partly compromised in the ANTD-FgTGRsec. To confirm whether this binding
pattern correlates with the activity, we performed activity assay and found that ANTD-
FgTGRsec exhibited about two-fold lesser DTNB-based TrxR activity when compared with the
FgTGRsec (Fig. 4B and Table 2). These results suggest that the N-terminal Grx domain has a

positive role in regulating TrxR activity.

3.6 Binding and inhibition of catalytic activity of FgTGRsec by AF

AF is a gold-containing compound that binds to and inhibits TGRsec activity of several parasitic
flukes [13, 17, 30, 56, 57]. To evaluate the effect of AF on the activity of FgTGRsec, inhibition
studies were performed. Stern-Volmer analysis of quenching experiment shows strong binding
affinity of AF with FgTGRsec (Ksv = 58.8 x 10 uM™) (Supplementary Fig. 4) (Fig. 5A). AF
inactivates the activity of FgTGRsec ina concentration dependent manner (Fig. 5B) with an 1Csg
of 0.87 uM for DTNB-based TrxR activity and 8.30 uM for GR activity (Fig.5C). Both TrxR
and GR activities were found to be decreased by ~10 fold at ~2 uM concentration of AF at a
fixed concentration of DTNB and GSSG, respectively.

3.7 Homology modeling, energy minimization and structure validation of FgTGR

The crystal structure of FgTGRsec is not available so we modelled the structure of FgTGR. The
sequence was submitted to PDB BLAST for predicting homolog structures. The crystal structure
of SJTGR (PDB ID: 4LA1) was selected as a template for modeling the FgTGR structure. We
found 99% query coverage with 63% sequence identity in pairwise sequence alignment. The
predicted structure was modified with the Sec residue. The structure alignment between SjTGR
and FgTGRsec was carried out to predict the reliability of the modelled structure. The RMSD
value was found to be 0.277 A which indicates that the predicted model is very close and similar
to the template structure. The sequence alignment and structure alignment of FgTGRsec with

SJTGR is shown in supplementary Figure 5 and 6. The structure was further validated by using

11



Ramachandran plot, Z score and Verify-3D score. Ramachandran plot showed that most of the
amino acids were present in most favored region with 5.8% in additional allowed region and
only three residues (263, 519 and 521) belong to the disallowed region (Supplementary Fig. 7).
The energy window of FgTGRsec model showed that only some of the C-terminal residues lie in
the positive window while all other residues belong to the negative window (Supplementary Fig.
8) indicating that the overall energy of the model is good. The Z-score of the predicted model (-
12.25) was similar to the template structure (-12.41) suggesting that the accuracy of predicted
model is good (Supplementary Fig. 9). The verify-3D showed a score of 95.48% for FgTGRsec
that suggests the good quality of the model (Supplementary Fig. 10). All the stereo-chemical
parameters suggested that the predicted model was good and can be used for further analysis.
The stereochemical parameters of FgTGRsec were found to be the same as our previous study
with FgTGR model [31]. The SOPMA server was used to predict the secondary structure content
of FgTGRsec. The percentage of a-helix, extended strand, f-turn and random coil were found to
be 31.44%, 25.08%, 10.70% and 32.78% respectively.

3.8 Molecular docking

AF was docked against FgTGRsec to predict the binding pattern. It showed binding with several
catalytic residues with a good docking score. AF showed -141.32 MolDock Score with five
hydrogen bonds. The Sec597 from chain A and Lys125, GIn216 from chain B were involved in
hydrogen bonding with FgTGRsec. Sec597 form a hydrogen bond between the N-atom of the AF
and its own amide group. The amide group of catalytically important polar amino acid Lys125
interacts with the O-atom of the ligand by hydrogen bond. GIn216 form three hydrogen bonds
with the ligand. The amide group of the polar amino acid GIn216 interacts with the three O-atom
of the ligand. The residues Ala595, Thr594, Sec597, Thr580, Ser504, Glu576 and Val593 from
chain A and Leu209, Tyr213, GIn216, Lys125, Arg451, 1le447 from chain B are involved in
hydrophobic interactions (Fig. 6A). AF interacts with both the chains and also with the
catalytically important amino acid residues.

3.9 Triethylphosphine-gold moiety (TP gold)

A crystal structure of TGR in complex with gold has been reported by Angelucci et.al [56]. In
this structure, they co-crystallized AF with SmTGR and predicted the binding of gold to the

12



protein. They found that gold binds at three places. We also docked a single TP gold moiety to
FgTGRsec to predict its binding pattern. We found that it shows a MolDock Score of -52.57 that
is less than AF. This is due to the larger size of AF that leads to higher binding affinity. The TP
gold moiety did not form any hydrogen bond with the protein though it showed hydrophobic
interactions with residues- Phe506, Pro508, Leu509, His571, Pro572, Glu576 and Cys574.
Interestingly, during the gold binding, the position of the gold moiety was changed, and it
showed very close interaction with a catalytically important amino acid His571 with a distance
of 3.847 A (Fig. 6B).

3.10 GdnHCIl-induced changes in structural and functional properties of FgTGRsec and
FgTGR

To study the difference in the folding behavior and conformational stability of FgTGRsec and
FgTGR, GdnHCI-induced unfolding of both the proteins was studied. Figure 7A summarizes the
changes in Trp emission maxima of both FgTGRsec and FgTGR with increasing concentrations
of GdnHCI. A sigmoidal loss in the emission maxima of FgTGRsec and FgTGR from 336 nm
and 334 nm, respectively to about 356 nm was observed between 0 and 4 M GdnHCI. At
GdnHCI above 4.0 M, the emission maxima reached 356 nm demonstrating that the proteins are
completely unfolded under these conditions as the exposed Trp residues in an unfolded protein
show emission maximum between 350-356 nm [51].To test whether the two-state unfolding of
FgTGRsec and FgTGR reflects the disruption of the overall structure of the proteins or is merely
an indicative of local unfolding near the Trp microenvironment, we studied the GdnHCI-induced
alterations in the secondary structure of the proteins. Figure 7A also summarizes the effect of
increasing concentrations of GdnHCI on the CD ellipticity at 222 nm for FgTGRsec and FgTGR.
Increase in GdnHCI concentrations between 0.5 and 3.0 M GdnHCI resulted in a gradual
decrease in CD ellipticity at 222 nm of FgTGRsec, and almost complete loss of CD signal was
observed at about 3.5 M GdnHCI. For FgTGR complete loss of CD signal was observed at about
4.0 M GdnHCI. Thus, the far-UV CD results show that FgTGRsec unfolded at a lower GdnHCI
concentration than FgTGR, which was similar to that observed from changes in tryptophan
fluorescence. The average Cm calculated from fluorescence and CD signal of FgTGRsec was
found to be ~2.1 M while that of FgTGR was observed at ~2.4 M (Table 2).
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FgTGRsec contains a single, tightly but non-covalently bound FAD molecule and nine
Trp residues in each subunit. In the structure of FgTGRsec, the FAD moiety is present towards
the interior of the protein core. It is well known that a strong correlation between alterations in
enzymatic activity and FAD fluorescence polarization exists in flavoproteins. Hence, we
monitored the changes in FAD fluorescence polarization of FgTGRsec and FGTGR at increasing
GdnHCI concentrations. A sharp decrease in the fluorescence polarization and the GR activity of
FgTGRsec and FgTGR was observed between 0 and 1 M GdnHCI and beyond this concentration
a complete loss of activity was observed (Fig. 7B). This suggests a slight perturbation in the Grx
domain active site that is involved in GR activity of the protein. The DTNB-based TrxR activity
also showed gradual decrease between 0 and 2 M GdnHCI. Beyond this denaturant concentration
a complete loss of polarization as well as activity occurs. Interestingly, both FgTGRsec and
FgTGR showed an initial increase in the DTNB-based TrxR activity at 0.25 M and 0.5 M
GdnHCI concentration that may be due to slight melting of the secondary structure making the
active site more accessible to substrate (DTNB) binding. At these concentrations, even though
FgTGR showed ~2 fold higher activity than the FgTGRsec, its activity decreased abruptly
beyond 1.0 M GdnHCI while complete loss of DTNB-based TrxR activity of FgTGRsec was
seen beyond 2.5 M (Fig.7C).

We further determined the conformational stability of FgTGRsec and FgTGR assuming
the two-states model of unfolding. The GdnHCI-induced unfolding curves of both fluorescence
and far-UV CD experiments were used to determine the free energy of stabilization in the
absence of denaturants (AGp"2°) by linear extrapolation of the AGp values to zero denaturant

concentration (Fig. 7D). From these measurements, a comparable AGpH?

value for FgTGRsec
was calculated to be around 16.32 kcal.mol™ and 16.24 kcal.mol*, respectively. Similarly, the
AGp"? value for FgTGR was calculated to be around 17.96 kcal.mol™ and 17.35 kcal.mol ™,

respectively.

3.11 Comparison of GdnHCI-induced changes in structural and functional properties of
FgTGRsec and ANTD-FgTGRsec

To understand the effect of the N-terminal Grx domain in the unfolding of TGR, GdnHCI
induced unfolding of FgTGRsec and ANTD-FgTGRsec was studied. GdnHCI induced unfolding
of ANTD-FgTGRsec also showed cooperative transitions in both fluorescence and far-Uv CD
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spectroscopy (Fig. 8A). These results showed a sigmoidal loss of structure in both proteins
leading to the complete loss in structure beyond 3.5 M GdnHCI. The correlation between FAD
polarization and its DTNB-based TrxR activity was also monitored for ANTD-FgTGRsec. A
significant decrease in FAD polarization and activity was observed between 0 and 1.0 M
GdnHCI concentration (Fig. 8B). Similar to that of the full-length FgTGRsec, ANTD-FgTGRsec
also showed an initial increase in its activity between 0.25 to 0.5 M GdnHCI, but beyond 1.0 M
GdnHCI, complete loss of activity was observed. Also, a lower Cm value of ANTD-FgTGRsec
(~1.9 M) suggests that it is comparatively less stable than the FgTGRsec (~2.1 M) (Table 2).

From these measurements, a comparable AGp™ value for ANTD-FgTGRsec was
calculated to be around 15.98 kcal.mol *and 15.90 kcal.mol 2, respectively, which is slightly less
than that of the full-length FgTGRsec, suggesting a relatively feasible thermodynamic process
for ANTD-FgTGRsec unfolding by GdnHCI (Fig. 8C).

4. DISCUSSION

The redox homeostasis of parasites is precarious due to the oxidative stress imposed by the host,
and in the case of parasitic helminths, it is absolutely dependent on selenium. This has led to
successful targeting of TGR in these parasites. Parasitic flukes have a unique and simplified
thiol-based redox system. It represents an unusual fusion of the conventional Trx and GSH
system, where a single enzyme TGR supplies electrons to both Trx and GSSG. TGR was first
discovered in S. mansoni [53] and since then, it has been reported in a number of parasitic flukes,
including S. japonicum, F. hepatica, and F. gigantica [16, 36, 58, 59]. TGR is also present in
mammals, albeit in low amounts. It is expressed in male germ cells and found only at low levels
in other tissues [54, 60]. Parasitic flukes lack catalase, and in the absence of catalase, the thiol
redox homeostasis of these parasites depends completely on TGR. TGR is the main enzyme
responsible for the maintenance of redox homeostasis, ROS detoxification, and
deoxyribonucleotides synthesis in these organisms. Unlike GR, TrxR and TGR enzymes contain
a C-terminal extension of 16 amino acids, where an additional active site (-GCUG-) is located
and is indispensable for most functions of these enzymes. TGR is characterized as
selenoenzymes, with Sec occurring as the penultimate amino acid in the redox center -GCUG-.
Selenium has multifunctional importance in selenoenzymes. It is a homolog of Cys with the thiol

chain replaced by selenol moiety. We propose that, Sec is more nucleophilic than sulfur, and
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therefore, its presence may increase the reaction rate of Sec-containing enzymes. Though it has
been shown that replacement of sulfur with selenium in a thiol/disulfide exchange reaction
accelerates the rate of reaction whether selenium acts as a nucleophile, electrophile, or leaving
group [61]. Additionally, after reacting with substrates, the resultant thiol-selenolate may
efficiently accept electrons from other redox-active Cys pairs as Sec has a lower pKa value than
Cys, making it a better leaving group. In addition, under the conditions of oxidative stress,
selenoenzymes are more resistant to inactivation by irreversible oxidation than Cys-containing
enzymes.

In the present study, we studied the catalytic and structural properties of different variants
of Fasciola gigantica TGR to understand the role of Sec. The ORF of FgTGR was fused with a
bacterial type SECIS element by PCR to form a chimeric gene. We constructed three enzyme
forms- full-length Sec containing TGR (FgTGRsec), TGR without Sec and the last amino acid
(FGTGR) and TGR without the N-terminal Grx domain (ANTD-FgTGRsec). All the three
proteins were purified, and the SEC results suggest that all three proteins exist as dimers in
solution and that the TrxR domain is responsible for dimerization of the subunits. We further
examined the structural properties of the proteins and found the proteins to be in a properly
folded conformation. A lower value of fluorescence emission maxima for FGTGR relative to
FgTGRsec implies slight compactness of the protein without a Sec tail end. The ANTD-
FgTGRsec shows comparatively higher fluorescence emission maxima relative to both
FgTGRsec and FgTGR. This may be due to the absence of the Grx domain that leads to slight
exposure of certain Trp residues towards solvent.

We observed that FgTGRsec shows higher DTNB-based TrxR and GR activity than
FgTGR. This property of the enzyme may be attributed to the presence of the Sec. The C-
terminal selenotetrapeptide of TGR is known to shuttle electrons from NADPH to both Trx and
GSSG [11]. Also, at physiological pH, the selenol of Sec is mainly in its anionic (pKa 5.2) form.
This lower pKa value and stronger nucleophilicity make FgTGRsec more reactive than FgTGR
[11]. To study the role of the Grx domain in the DTNB-based TrxR activity of FgTGRsec, we
performed comparative binding analysis of DTNB with FgTGRsec and ANTD-FgTGRsec. The
result suggests that the binding of DTNB was partly compromised in the ANTD-FgTGRsec. The
decrease in binding efficiency of DTNB towards ANTD-FgTGRsec might be because of some

structural perturbations that occurred due to the absence of the Grx domain. The comparative
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activity assays also confirmed this observation. GR activity studies suggested that the Sec was
required for the transfer of electrons from the thiol/disulfide active site of FgTGR to the Grx
domain. Thus, the physiologically relevant NADPH dependent activities of FgTGR were
dependent on Sec. These results suggest that the Sec is responsible for higher DTNB-based TrxR
and GR activity in FgTGRsec and that the N-terminal Grx domain positively regulates DTNB-
based TrxR activity. It was also observed that like other dithiolic Grx domain containing TGRs,
the GR activity of FgTGRsec exhibited a hysteretic kinetic behavior at high GSSG
concentrations (Supplementary Fig. 11).

The structure of FgTGRsec was modeled using the crystal structure of SJTGR as a template.
The RMSD showed an excellent value of 0.277 A indicating the accuracy of the structure. AF is
a well-known inhibitor for TGR of parasitic flukes [7, 30]. It is a pro-drug that delivers the gold-
containing compound to Sec containing flavoreductases (TrxR and TGR) more effectively than
non-Sec containing ones (GR) where this preference has been attributed to the high affinity of
selenium for gold [62]. Structurally, it has a linear two coordinated Au(l) center with a TP-gold
ligand and a tetraacetylthioglucose ligand (Supplementary Figure 12). The phosphine moiety
confers membrane solubility to AF, whereas the tetraacetylthioglucose ligand is excreted in vivo,
suggesting that the TP-gold is the active therapeutic compound [63]. AF inhibits SMTGR at a
nanomolar concentration (ICso ~7 nM) and subsequently reduces worm burden in mice [7, 56].
We observed that the disulfide reductase activity of FgTGRsec was inhibited by AF, suggesting
that FgTGR is dependent on Sec with an ICso of 0.87 uM for DTNB-based TrxR activity and 8.3
UM for GR activity. Molecular docking studies showed that the binding of AF can change the
conformation of the enzyme and lead to stop the electron flow. His571 is a key catalytic residue
in the formation of selenolate anion that is conserved in human and Plasmodium TrxR and other
TGR homologs from parasitic flukes [14, 64, 65]. The gold can reach and interact with the
His571 residue of FgTGRsec leading to the disruption of the electron transfer mechanism. Such
interaction of gold and His residue of various selenoenzymes have been shown in previous
studies [66, 67] and thus validate our observation.

Lastly, we compared the folding and conformational stabilities of Sec containing and non-
containing TGR and also determined the role of the Grx domain in the folding and stability. The
results were compared with the activity data. To our knowledge, no other investigation to date

has been performed to study the unfolding and stability parameters of any TGR. Our results
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indicate that GdnHCI induces cooperative unfolding of the proteins without stabilization of any
intermediate state (Fig. 7A). The Cm of FgTGRsec was found to be lower than that of FgTGR
suggesting that FgTGRsec is comparatively less stable than FgTGR. The Cm value represents
the midpoint of unfolding transition, higher the Cm, more stable is the nature of the protein. A

H20 alue for FgTGR than that of FgTGRsec further validates the more stable nature

greater AGp
of FgTGR. The lesser stability of the full-length enzyme could be explained by the presence of
Sec in the C-terminal that makes the protein flexible to be catalytically more active. This type of
flexibility could be also a prerequisite for facilitating proper binding/positioning of the cofactors
and substrates into their respective pockets, which also correlates with our activity results. The
decrease in the fluorescence polarization as well as the GR and DTNB-based TrxR activity of
FgTGRsec and FgTGR suggests perturbation in the binding of the co-factors to the enzyme. Our
result suggests that slight variations in binding/orientation of the FAD may lead to complete loss
of enzymatic activity of flavoproteins due to the release of protein-bound FAD molecule [66,
68]. The comparative unfolding of FgTGRsec and ANTD-FgTGRsec showed that the Cm of
ANTD-FgTGRsec is less than FgTGRsec, indicating that it is reasonably less stable than
FgTGRsec. This suggests that the presence of the Grx domain enhances the stability of the
enzyme and may be attributed to increased favorable interactions between the domains. These
results demonstrate the role of the Grx domain in maintaining the integrity of the FgTGRsec
structure and that the absence of the Grx domain in the ANTD-FgTGRsec makes the structure

susceptible to denaturation at lower GdnHCI concentration.

5. CONCLUSIONS

TGR plays an indispensible role in the redox biochemistry of parasitic flukes. Several studies
validated TGR as a novel drug target and identified potential leads that show great promise for
treatment of parasitic helminth infections by disrupting redox homeostasis. We investigated the
biochemical and structural properties of different variants of F. gigantica TGR to understand the
role of Sec and the Grx domain. Our results showed that Sec597 is responsible for higher TrxR
and GR activity of FgTGRsec and the N-terminal Grx domain positively regulates the TrxR
activity of FgTGRsec. The unfolding experiments suggested that FgTGR without Sec was more
stable in solution than FgTGRsec and ANTD-FgTGRsec. The unique properties of TGR in F.

gigantica make it a promising target for developing new treatments for fascioliasis.
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Figure Legends

Figure 1. Purification of the recombinant proteins over Ni-NTA agarose. (A) SDS-PAGE
analysis of the purified proteins. Lanes 1-4 represent molecular weight markers, purified
FgTGRsec, FgTGR and ANTD-FgTGRsec, respectively. (B) SEC profile of native FgTGRsec,
FgTGR and ANTD-FgTGRsec. Molecular weight and oligomeric status of the recombinant
proteins were determined on Superdex™ 200 10/300 GL column at pH 8.0 and 25 °C. The
column was calibrated with standard molecular weight markers: Aldolase (158kDa), conalbumin
(75 kDa), ovalbumin (44kDa) and ribonuclease A (13.7 kDa).

Figure 2. Structural features of recombinant proteins. (A) Tryptophan emission fluorescence
spectra. (B) Far-UV CD spectra. In these figures, the black, red and green lines represent the data
for FgTGRsec, FgTGR and ANTD-FgTGRsec samples, respectively.

Figure 3. Comparison of binding affinity of DTNB and GSSG with FgTGRsec and FgTGR
using fluorescence quenching and activity assays. (A) Stern—Volmer plot for the fluorescence
intensity (Fo/F1) of FgTGRsec and FgTGR upon DTNB binding. (B) Comparative TrxR activity
of FgTGRsec and FgTGR with DTNB. (C) Stern—Volmer plot for the fluorescence intensity
(Fo/F1) of FgTGRsec and FgTGR upon GSSG binding. (D) Comparative GR activity of
FgTGRsec and FgTGR with GSSG. In these figures the solid squares with solid line represents
FgTGRsec and the hollow squares with dotted line represents FgTGR, respectively.

Figure 4. Comparison of DTNB binding affinity to FgTGRsec and ANTD-FgTGRsec with
fluorescence quenching and activity assays. (A) Stern—Volmer plot for the fluorescence
intensity (Fo/F1) of ANTD-FgTGRsec upon DTNB binding. (B) Comparative TrxR activity of
FgTGRsec and ANTD-FgTGRsec with DTNB. In these figures the solid squares with solid line
represents FgTGRsec and the hollow circles with dotted line represents ANTD-FgTGRsec,

respectively.

Figure 5. Inhibition of FgTGRsec by AF. (A) Stern—Volmer plot for the fluorescence intensity
(Fo/F1) of FgTGRsec upon AF binding, where the solid squares represents FgTGRsec (B)
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Inhibition of TrxR activity and GR activity of FgTGRsec by AF. (C) Calculation of 1Csy by
plotting percent inhibition of activity against log of [AF]. In figures (B) and (C) The solid
squares represents Trx activity and hollow squares represents GR activity of FgTGRsec,

respectively.

Figure 6. The potential binding poses for the Auranofin and TP-gold moiety. (A) Auranofin,
and, (B) TP-gold moiety. The sphere represents the gold atom. Red dotted lines represent the
hydrogen bonds.

Figure 7. Comparison of GAnHCI induced unfolding of FgTGRsec and FgTGR. (A) Effect
of increasing GdnHCI concentrations on the CD ellipticity at 222 nm and the tryptophan
emission wavelength maxima of FgTGRsec and FgTGR. The data is presented as fraction
unfolded with the value observed in absence of GdnHCI taken as 0%. (B) Calculation of free
energy, AGp"2° of unfolding in absence of denaturants from both CD and fluorescence signals.
In figures (A) and (B) the solid squares, solid circles represent data for fluorescence and CD of
FgTGRsec and; the hollow squares and hollow circles represent data for FgTGR, respectively.
(C) and (D) Effect of GAnHCI on activity and polarization of FAD. The solid circles (black) and
solid circles (red) represent activity of FgTGRsec and FGTGR respectively. The solid triangles
(black) and solid triangles (red) represent change in FAD polarization of FgTGRsec and FgTGR,

respectively.

Figure 8. Comparison of GAnHCI induced unfolding of FgTGRsec and ANTD-FgTGRsec.
(A) Effect of increasing GdnHCI concentrations on the CD ellipticity at 222 nm and the
tryptophan emission wavelength maxima of FgTGRsec and ANTD-FgTGRsec. The data is
presented as fraction unfolded with the value observed in absence of GdnHCI taken as 0 %. In
figures (A) and (B) the solid squares, solid circles represent data for fluorescence and CD of
FgTGRsec and; the hollow squares and hollow circles represent data for ANTD-FgTGRsec,
respectively. (B) Calculation of free energy, AGH?° of unfolding in absence of denaturants from
both CD and fluorescence signals. (C) Effect of GdnHCI on TrxR activity and polarization of
FAD. The solid circles (black) and solid circles (red) represent TrxR activity of FgTGRsec and
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ANTD-FgTGRsec respectively. The solid triangles (black) and solid triangles (red) represent
change in FAD polarization of FgTGRsec and ANTD-FgTGRsec, respectively.
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Table 1. Stern Volmer quenching constants (Ksy) in pM™.

Quencher FgTGRsec FgTGR ANTD-FgTGRsec
DTNB 60.6 x 10° 425x10° 52.2 x 107
GSSG 0.7x10° 0.5x 107 ND
Auranofin 58.8 x 10°° - -
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Table 2. Thermodynamic parameters for GdnHCI-induced unfolding of FgTGRsec,
FgTGR and ANTD-FgTGRsec.

AGp? Average AGp"?° | Average Cp,
Enzyme Parameters L L

(kcal.mol™) (kcal.mol™) [M]
Far-UV CD 16.24

FgTGRseC 16.28 ~21
Trp fluorescence 16.32
Far-UV CD 17.35

FITGR 17.66 ~2.4
Trp fluorescence 17.96
ANTD- Far-UV CD 15.91

FgTGRsec | Trp fluorescence 15.98 15.94 ~19
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Highlights

We investigated the catalytic and thermodynamic properties of different variants of FgTGR to
understand the role of Sec.

Biochemical studies revealed that Sec597 is responsible for TrxR and GR activity of FgTGRsec.
The N-terminal Grx domain positively regulates the TrxR activity of FgTGRsec.

Unfolding studies suggest that all three proteins are highly cooperative molecules.

FgTGR without Sec was more stable in solution than the other protein variants.

To our knowledge, this is the first report on unfolding and stability analysis of any TGR.
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