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Abstract

Schistosomiasis is a widespread human parasitic disease currently affecting over 200 million 

people. Chemotherapy for schistosomiasis relies exclusively on praziquantel. Although significant 

advances have been made in recent years to reduce the incidence and intensity of schistosome 

infections, these gains will be at risk should drug resistance parasites evolve. Thioredoxin 

glutathione reductase (TGR) is a selenoprotein of the parasite essential for the survival of 

schistosomes in the mammalian host. Several high-throughput screening campaigns have 

identified inhibitors of Schistosoma mansoni TGR. Follow up analyses of select active compounds 

form the basis of the present study. We identified eight compounds effective against ex vivo 
worms. Compounds 1 – 5 are active against all major species and development stages. Ability of 
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these compounds to target immature worms is especially critical because praziquantel is poorly 

active against this stage. Compounds 1 – 5, 7, and 8 displayed schistosomicidal activity even after 

only one-hour incubation with the worms. Compounds 1 – 4 meet or exceed standards set by the 

World Health Organization for leads for schistosomiasis therapy activity. The mechanism of TGR 

inhibition was studied further with wild type and mutant TGR proteins. Compounds 4 – 6 were 

found to induce an nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity in 

TGR, leading to the production of superoxide and hydrogen peroxide. Collectively, this effort has 

identified several active compound series that may serve as the basis for the development of new 

schistosomicidal compounds.
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Schistosomiasis, caused by blood-dwelling flukes of the genus Schistosoma, currently 

affects over 200 million people, mostly in developing countries.1–2 The global burden of 

schistosomiasis is estimated at 2.6 million disability-adjusted life years.2 Schistosomiasis 

ranks second only to malaria based on the World Health Organization’s assessment of 

parasitic diseases.3 Great efforts have been devoted to the development of antischistosomal 

drugs,2, 4 but since the mid-1980s the treatment of schistosomiasis relies on a single drug, 

praziquantel.5 Reports of praziquantel-resistant cases, as well as the generation of 

praziquantel-resistant parasites in the laboratory, highlight the need for new drugs to treat the 

disease.6

Living in the aerobic environment of its mammalian host, schistosomes have effective 

mechanisms to maintain cellular redox balance and to evade reactive oxygen species 

generated by the host’s immune response.7 Unlike their mammalian hosts, which have 

dedicated enzymes in the glutathione (GSH) and thioredoxin (Trx) pathways, the redox 

system of schistosomes depends on a unique, multifunctional enzyme, thioredoxin 
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glutathione reductase (TGR), to maintain reduced forms of both GSH and Trx.8 RNA 

interference proved that TGR is essential for parasite survival and auranofin, a clinically 

used anti-inflammatory drug, found to inhibit TGR, was able to kill parasites rapidly in 

culture at physiological concentration (5 μM) and to partially cure infected mice, showing 

that TGR is drugable.9 These results show that TGR is a bottleneck in the maintenance of 

redox balance in schistosomes and have, in turn, made TGR an attractive antiparasitic target.
10–12 The amino acid sequence and domain structure of schistosome TGR has similarities to 

mammalian forms of thioredoxin reductase (TrxR) and glutathione reductase (GR), with an 

additional amino-terminal extension of a glutaredoxin (Grx) domain.8, 13 TGR is a 

flavoenzyme, obtaining reducing equivalents from NADPH. Similar to mammalian TrxR, S. 

mansoni TGR is a selenoprotein and contains a selenocysteine (Sec/U) as the penultimate 

residue in the carboxyl terminal GCUG active site motif. Sec is highly reactive and sensitive 

to electrophilic attack.14 It is essential for TGR activity to maintain the redox state in worms, 

but also provides a good nucleophilic binding site for inhibitors.15

TGR has a complex domain structure and catalytic cycle (Scheme 1).13, 16–17 The flavin 

adenine dinucleotide (FAD) cofactor accepts electrons from NADPH. The electrons are then 

transferred to a proximal Cys couple. This reduced Cys couple then transfers electrons to the 

mobile C-terminal Cys-Sec pair of the symmetrical subunit in the homo dimer. The reduced 

C-terminal active site then moves to the protein surface where it can reduce either the Cys 

pair in the Grx domain belonging to the original subunit (from which the electrons initially 

came), where glutathione disulfide (GSSG) reduction occurs, or directly reduce oxidized Trx 

or other non-physiological compounds including 5,5’-dithio-bis-(2-nitrobenzoic acid) 

(DTNB).

Based on successful expression and purification of recombinant S. mansoni TGR, 

quantitative high throughput screens (qHTS) were carried out resulting in the identification 

of numerous TGR inhibitory compounds.18–20 To validate the qHTS actives and optimize 

druglike and worm permeability properties, a computational structure-activity relationship 

(SAR) study was conducted by searching for analogs and similar compounds among those 

identified in the screens and, when possible, purchased and retested in our biological 

pipeline. Confirmed TGR active compounds were advanced to worm studies. The 

compounds were screened against larval, juvenile, and adult S. mansoni worms and then 

screened further against S. japonicum and S. haematobium adult worms. Because previous 

studies found that inhibition of TrxR by electrophilic compounds can result in promotion of 

an NADPH oxidase activity of the otherwise inhibited enzyme,21–25 and that this gain of 

function is strictly related to their therapeutic effect,26 we assessed the NADPH oxidase 

activity of inhibited TGR. Collectively, this effort has identified several active compound 

series, which may serve as the basis for the development of new schistosomicidal 

compounds.

Results and Discussion

TGR high-throughput screening and confirmatory studies

Ninety-nine compounds identified in the screens, representing 24 loosely defined 

chemotypes, with IC50s in low or sub micro molar range, and 20 analogs were purchased 
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and tested against TGR (Tables SI1 and SI2). Analogs are indicated by “n.d.” in the qHTS 

column of Supplemental Tables 1 and 2. Confirmatory assays identified 97 compounds with 

low micromolar TGR inhibitory activity representing 23 different chemotypes (Tables SI1 

and SI2). These compounds were advanced to worm studies and screened against larval 

and/or adult S. mansoni. Compounds found to elicit > 50% killing at 12.5 μM in 5 days were 

tested against juvenile S. mansoni, and adult S. japonicum and S. haematobium worms. 

Compounds tested and found to have inadequate activity against worms or chemical 

liabilities were not investigated further (Table SI2). The eight compounds shown in Table 1 

have schistosomicidal activity against all developmental stages and species.

Commercially available analogs of the 8 compounds were tested and the results are shown in 

Table SI1. Their SAR against TGR is briefly summarized below. Compound 1 represents a 

chemotype containing a 1, 3, 4-oxadiazole-2-sulfone. Compounds with this group were 

reported to have antibacterial activity.28–29 Close analogs of 1 showed variable activity 

against TGR and were generally less potent than 1. Two compounds that do not contain 

sulfone but are otherwise similar to 1 were found to be at least 2.6-fold less potent against 

TGR. Compound 2 and its close analogs contain a 3- or 4-substituted phenylsulfoneamide 

moiety. Compounds with this chemotype displayed potent sub-micromolar inhibition of 

TGR, whereas compounds that did not contain these substituents or did not contain sulfone 

were at least 18.5-fold less potent. A pyridazine-3-one containing compound 318 is a 

moderately potent inhibitor of TGR with IC50 of 2.84 μM. Its close analogs did not inhibit 

TGR, whereas compounds similar but lacking the pyridazine-3-one portion showed activity 

that varied between 0.82 and 7.19 μM. Compound 4, which is also known as “Stattic”,30 

inhibited TGR with IC50 of 2.01 μM. Consistent with the previously proposed mechanism of 

4 (electrophile), its close analogs without electron withdrawing groups were poor inhibitors 

of TGR. Compound 5, a potent inhibitor of mammalian TrxR named TRi-1 having 

anticancer activity,26 displayed strong inhibition of TGR with IC50 of 0.06 μM. Its close 

analog had similar potency against TGR. Tetracyclic compound 6 showed potent 0.14 μM 

inhibition of TGR. The activity of somewhat similar tetracyclic compounds in this series 

varied but was generally 75.5-fold weaker. Considering rather large number of analogs, 

compounds containing 8-hydroxyquinoline scaffold were split into two series 7 and 8. Both 

7 and 8 and their close analogs in Table SI1 displayed excellent inhibitory activity with IC50 

between 0.03 and 0.15 μM. 8-Hydroxyquinolines were reported to have diverse biological 

activities,31 with at least some also exhibiting schistosomicidal activity.3 All of the 8-

hydroxyquinoline analogs found to be active against TGR contained an aminomethylene 

substituent in either the para or ortho positions, suggesting that elimination of the amino 

substituent and formation of a reactive quinone methide may play a role in the mechanism of 

action of these compounds. Quinone methide forming compounds were recently found to 

have activity against cultured adult S. mansoni worms.32

TrxR and GR inhibitory activity comparison

TGR is responsible for reduction of both Trx and GSSG in schistosomes. To further 

investigate the TGR inhibitory activity of the eight best compounds, both DTNB and GSSG 

were used as substrates to assess inhibition of TGR (Table 2). For all of the compounds, 

inhibition of both activities was found to be almost identical. Both activities of TGR require 
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the transfer of reducing equivalents from the FAD/C154-C159 redox center to the flexible C-

terminal arm containing the Cys-Sec active site. The reduced C-terminal arm either directly 

reduces Trx (or DTNB) or reduces the Grx domain which, in turn, can reduce GSSG 

(Scheme 1).13, 17 During this electron pathway, either a modification of the reduced FAD 

proximal thiols or of the reduced C-terminal Cys-Sec pair can be responsible for the 

observed enzyme inhibition.

Schistosomicidal activity studies in ex vivo worms

Compounds confirmed to have TGR inhibitory activity were screened against ex vivo S. 

mansoni adult and schistosomula (larval worms). Freshly perfused S. mansoni adult worms 

and newly transformed schistosomula were treated with different concentrations of 

compound for 5 days and survival scored. Compounds exhibiting ≥ 50% killing of worms in 

5 days at 10 or 12.5 μM were further screened against S. mansoni juvenile worms (4 weeks 

post infection) and S. japonicum and S. haematobium adult worms (Figure 1). Compounds 1 
– 5 exhibited potent schistosomicidal activity against all species of adult worms and all 

development stages of S. mansoni. It is notable that they have better killing activity against 

immature than adult S. mansoni worms. Schistosomula were highly susceptible; almost all 

were dead after the first day of incubation. The compounds were also potent against juvenile 

worms, which is important because praziquantel is much less effective against this 

development stage.33 Therefore, compounds with improved activity against juvenile worms 

could be used either alone or in combination with praziquantel to increase efficacy and 

prevent resistance. Treatment with 1 – 4 resulted in greater than 50% death of all three 

species of adult worms after 5 days incubation. Treatment of worms with 5 resulted in 67 % 

and 48 % killing of S. mansoni and S. haematobium adult worms, respectively, but only 30 

% killing of S. japonicum adult worms. Compound 6 had killed 100 % of S. japonicum adult 

worms and S. mansoni larval and juvenile worms, but had weak killing activity against S. 
mansoni adult worms (28% killed). Unlike 1 – 5, 7 and 8 were less active against immature 

S. mansoni worms. The LD50 for compounds with potent activity against S. mansoni adult 

worms were determined (Figure 2). The results indicate that 1 – 5 have LD50 of 8.41, 9.07, 

4.9, 7.08, and 10.1 μM respectively, approaching those determined here (not shown) of 

praziquantel (0.5 μM) and oltipraz (2 μM) a previously clinically used compound. 

Compounds 7 and 8 were not as potent as 1–5, displaying LD50 of 18.2 and 12.4 μM, 

respectively.

In the results shown in Figures 1 and 2, Table 1, and SI Tables 1 and 2, the worms were 

exposed to the compounds continuously; fresh compounds were added when media was 

replaced daily. To determine the required exposure time and to mimic in vivo conditions of 

drug metabolism and excretion, adult S. mansoni worms were exposed to different 

concentrations of the compounds for 1 hour. Then the media was removed, the worms were 

rinsed with fresh media, and incubated in media without compound. Worm survival was 

scored for 5 days (Figure 3). Treatment with compounds 1 and 2 resulted in 60 % and 40 % 

S. mansoni adult worm killing activity following 1 hr exposure at 20 μM. Treatment with 

compounds 3, 4, and 5 resulted in 80 %, 100 %, and 60 % S. mansoni adult worm killing 

activity after 1 hr exposure at 50 μM respectively, and about 10 % killing at 20 μM 

Compound 6 had no killing at all of concentrations tested. Compounds 7 and 8 were less 
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potent than compounds 1 – 5 with 80 % and 30 % killing at 100 μM but still had 10 % 

killing activity at 20 μM By comparison with 1 – 5, 1 hr exposure to 100 μM praziquantel 

resulted in only 20% killing. After replacement with drug-free media, most of the worms 

recovered from the contractile state caused by incubation with praziquantel within 30 min of 

compound removal. It was previously determined that the after an overnight exposure to 

praziquantel the LD50 was 40 μM.34 Therefore, it is not surprising that a 1 hr exposure to 

100 μM praziquantel resulted in little killing. We next determined the compounds 

cytotoxicity against mammalian cells. Most compounds have similar cytotoxicity to 

mammalian cells and schistosome worms (Table SI3). A notable exception is 7, an 8-

hydroxyquinoline. It is worth noting that toxicity against cultured cells does not correspond 

well with whole animal toxicity; compounds 4 and 5 are well tolerated in animal models of 

different diseases.26, 35–38

To determine if worm death was associated with TGR inhibition, S. mansoni adult worms 

were cultured in 50 μM of compound, harvested at indicated times before any worm death 

occurred, and TGR activities (NADPH-dependent DTNB and GSSG reduction) were 

determined in worm homogenates. Inhibition of 50 % or greater of both DTNB and GSSG 

reduction activities were observed in worms after treatment with all the compounds, 

including compound 6 that was not schistosomicidal (Figure 4). Compound 6 resulted in the 

lowest inhibition of TGR activity (~60%) of the compounds tested.

Investigation of the mechanism of TGR inhibition by compounds 1 – 8

First, the effect of the redox state of TGR on the inhibitory activity of compounds was 

investigated. Incubation of TGR with NADPH results in the production of reduced thiols or 

selenols in the active sites of TGR (Scheme 1). In the reduced form, TGR is able to react 

with its natural substrates in order to reduce them, but also becomes susceptible towards 

inhibition by electrophiles. TGR was incubated with inhibitors with or without addition of 

NADPH for 30 min, followed by desalting to remove compounds. Then the activity of the 

enzyme was determined. TGR treated in the same fashion with the known inhibitor 

auranofin9 was tested for comparison. For compounds 1 – 8, TGR activity was recovered 

after incubation and desalting in the absence of NADPH (Figure 5). In the absence of 

NADPH, only auranofin was found to inhibit TGR. Therefore, the inhibitory activity of 1 – 8 
is NADPH dependent, requiring TGR to be in a reduced state for their inhibitory activity to 

be expressed.

Next, the reversibility of inhibition was determined. TGR was incubated with inhibitors plus 

NADPH for 15 minutes. The TGR activity of an aliquot of the sample was determined. 

Unreacted compound was removed from the remainder of the sample by passing through a 

desalting column and the TGR activity was determined. Compounds 1 – 7 were found to be 

irreversible inhibitors of TGR, as was auranofin, while TGR inhibited by 8 was found to 

slowly recover activity after desalting, indicating reversible inhibition (Figure 5). The 

reversible inhibition of TGR by 8 may explain why it exerts minimal schistosomicidal 

activity after one-hour exposure of worms; TGR activity would recover in worms following 

removal of 8 from the media. However, TGR inhibition by 1 – 7 would continue after 

removal from the media due to their irreversible inhibitory activity.
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To determine if the activity of the compounds against worms depends on their electrophilic 

potential, we calculated their lowest unoccupied molecular orbital (LUMO) energies ab 
initio using DFT(b3lyp)/SOLV QM method and 6–31G**++ QM basis set. The LUMO 

energies were calculated for the compounds in Table 1 and Table SI 1. If ex vivo 
schistosomicidal data were available, additional compounds with the chemotypes 1 – 8 
found in Appendix 2 (Table SI4) were added to the calculations. Correlation between the 

LUMO energies and the schistosomicidal activity against S. mansoni adult is shown in 

Figure 6. The same data are also provided in the table format in the supplemental material 

(SI Table 3). Even with several outliers, the LUMO values of these compounds are inversely 

correlated (R2 = 0.48) with the percent of dead S. mansoni adult worms, suggesting that 

their mechanism of action is likely to be electrophilic, suggesting that they are likely to react 

with Sec or Cys residues of TGR. Considering that many other factors can affect their 

activity against TGR in ex vivo worms, this correlation is exceptionally strong (one-way 

ANOVA was performed in MS Excel using the Data Analysis pack. N=28, df=26, R=0.63, 

R2=0.48, p<0.0001).

Most of the compounds tested contain moieties generally recognized as electrophilic or able 

to generate electrophilic species in situ, suggesting that they may be scavenged by 

endogenously present nucleophiles and/or they may inhibit targets other than TGR in ex 
vivo worms. This was investigated by adding GSH to reactions and determining if this 

prevented inactivation of TGR. When the compounds were incubated together with reduced 

TGR and different concentrations of GSH, TGR activity was inhibited by these compounds 

even at the highest concentrations of GSH (SI Figure 1).

A related flavoenzyme in humans is GR (hGR). Inhibition of hGR would indicate that these 

compounds lack selectivity and, hence, signal potential toxicity. The compounds were tested 

for activity against hGR (Table SI5). Compounds 1, 2, 7, and 8 did not inhibit hGR at 

concentrations as high as 2 mM. Compounds 3 and 6 inhibited hGR at 19% and 25%, 

respectively, at 2 mM (IC50s for TGR are 2.84 μM and 0.14 μM, respectively). Compounds 

4 and 5 had IC50s of 30.7 μM and 104 μM respectively, 15- and 1700-fold higher than for 

TGR. These results indicate selectivity of inhibition for TGR versus hGR.

Transformation of TGR from anti-oxidant to pro-oxidant enzyme

In order to better understand the mechanism of inhibition of TGR by the inhibitors, the 

ability of compounds 1–8 to induce an NADPH oxidase activity in TGR was investigated 

(Fig. 7 and 8). Control TGR showed low consumption of NADPH and low production of 

superoxide and H2O2 as measured by pyrogallol red and Amplex Red oxidation, respectively 

(Figure 7). It was found that after inhibition by 4 – 6, but not 1 – 3, 7, 8, and auranofin, 

NADPH consumption increased and superoxide was produced (Figure 7). Pyrogallol red is 

stoichiometrically oxidized by superoxide without reaction with other oxidants, including 

H2O2.39–40 Addition of superoxide dismutase (SOD) to the assay abolished the oxidation of 

pyrogallol red, verifying the formation of superoxide, but NADPH consumption was 

unchanged (not shown). Furthermore, compared with uninhibited TGR, NADPH 

consumption after treatment by 1 – 3, 7, or auranofin decreased by about 50%.
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The mechanism of superoxide production by inhibited TGR could be interpreted by the 

model suggested for the NADPH oxidase activity of mammalian TrxR modified by 

dinitrochlorobenzene or juglone. These inhibitors were shown by mass spectrometric 

analysis to covalently modify Sec or Cys residues at the C-terminus of TrxR.21, 24 The 

modified TrxR at its C-terminus is capable of transferring a single electron from reduced 

FAD to O2 to produce superoxide. In this way, modified TrxR is converted to so-called 

“SecTRAP” forms of the enzyme25 and this gain of function is highly linked to the 

therapeutic activity of compounds targeting TrxR.26 This model mimics the catalytic process 

of TrxR with their substrates.16, 41 We hypothesize that a similar process occurs in TGR 

(Scheme 2). Based on this model, the susceptibility of the C-terminal motif to inhibitors is 

the pivotal factor for the induction of NADPH oxidase activity. The covalently linked 

inhibitor may also participate in electron shuttling. Modification of Sec by 4 – 6 would 

covalently link the C-terminus to their aromatic ring system, effectively sensitizing the 

resulting adduct for accepting an electron from the reduced flavin or proximal cysteine pair 

and transferring to oxygen. Compounds found to inhibit TGR but not induce TGR oxidase 

activity may not have this property and/or not specifically derivatize the Sec residue of the 

enzyme (see below). In addition, during the catalytic cycle the C-terminal tail moves to the 

FAD redox center of the other monomer to accept electrons; the bulk of the compound 

modifying the C-terminus motif may thus potentially impede movement of the C-terminus 

towards the internal flavin active site preventing the electron transfer. An alternative 

mechanism is that inhibition affects dimer assembly. Formation of the monomer could 

increase accessibility of the reduced flavin to directly react with oxygen. To test this, TGR 

was reacted with 4 and the reaction products were analyzed by native PAGE. No evidence 

for monomer formation was seen (Supplemental Figure 2).

The production of H2O2 after inhibition was also determined using Amplex Red and 

horseradish peroxidase. TGR inhibited by 4 – 6 was found to produce more than 4 times the 

amount of H2O2 as untreated TGR (Figure 7). Addition of bovine catalase reduced the 

oxidation of Amplex Red, verifying the formation of H2O2 (not shown). TGR treated with 1 
– 3, 8, or auranofin produced the same low amounts of H2O2 as untreated TGR. TGR treated 

with 7 produced less H2O2 than untreated TGR.

TGR inhibited by 7, an 8-hydroxyquinoline, showed lowest NADPH oxidase activity; it 

appears that all electron transport in the protein is blocked. This type of compound has been 

reported to generate a quinone methide.42 The resulting quinone methide may 

nonspecifically react with nucleophilic residues of TGR and inhibit all electron transfer. 

Compound 8, also an 8-hydroxyquinoline albeit with a 4-methoxyphenyl substituent, was 

found to be a reversible inhibitor. If the quinone methide is responsible for covalent, 

irreversible modification of TGR, the substituent in 8 may reduce the rate of transformation 

to the quinone methide and convert it to a reversible inhibitor.

To further investigate the contributions of the mobile C-terminus and the Sec residue to 

inhibition and oxidase activity, compounds 4 – 6 were incubated with the Sec to Cys mutant 

TGR (U597C) and TGR with terminal three amino acids deleted (ΔCUG). The consumption 

of NADPH and the oxidase activity of the resulting proteins were determined (Fig. 8). It was 

found that 4 – 6 could increase NADPH consumption and induce NADPH oxidase activity 
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in U597C but not in the ΔCUG (Figure 8). These results indicate that the NADPH oxidase 

activity of TGR requires the presence of the redox active C-terminus but does not depend on 

selenocysteine residue. The same lack of dependence on a Sec residue was found for 

mammalian TrxR.43 Loss of function of the C-terminal reactive tail does not induce NADPH 

oxidase activity by itself, which is shown by the lack of oxidase activity of ΔCUG. Again, 

similar results have been shown for mammalian TrxR.24 Reduction of the flavin and 

adjacent redox Cys pair can still occur in ΔCUG, but no NADPH oxidase activity is induced 

in this enzyme either with or without inhibitor treatment. This indicates that compounds 4 – 

6 inhibit TGR and induce NADPH oxidase activity through binding to the C-terminal active 

site motif, and/or (less likely) that the C-terminal motif is required for NADPH oxidase 

activity in compound-derivatized enzyme species.

Conclusions

Through several high-throughput screening campaigns and a “SAR by purchase” strategy, 

eight single-digit micromolar inhibitors of TGR 1 – 8 were identified. Compounds 1 – 5 
showed uniform adult worm killing activity against S. monsoni, S. japonicum, and S. 
haematobium, and potent activity against immature worms. These five compounds showed 

LD50 ≤ 10 μM for S. monsoni adult worms, the target for lead compound activity specified 

by the World Health Organization.44 Brief, 1 hr exposures revealed their rapid and potent 

activity, which will be important in the presence of host detoxification systems and 

treatments limited to one or two administrations of compound, the reality of schistosomiasis 

control strategies. These compounds selectively inhibit TGR with minimal activity against 

human GR, suggesting potential selectivity for use in humans. TGR inhibited by compounds 

4 – 6 was converted to an NADPH oxidase and produced superoxide and H2O2. The 

activation of this activity was not essential for worm killing; compounds 1 – 3 without 

NADPH oxidase induction were as potent in worm killing as 4 – 6. Compounds 1 – 4 were 

found to have schistosome killing activity that meets or exceeds standards set by the World 

Health Organization for leads for schistosomiasis therapy activity.44 Based on their potent 

parasite killing activity against all three major schistosome species and all developing stages, 

we envision that identification of these compounds will facilitate further development of 

anti-schistosomiasis drugs with novel mechanism of action.

Materials and Methods:

Reagents.

All compounds were purchased from commercial suppliers: 1, 2, and 6 (Vitas-M 

Laboratory), 3 (Scientific Exchange), 4 (Cayman Chemicals), 5 (Maybridge), 7 and 8 
(Enamine), NADPH (Cayman Chemicals). DTNB, GSSG, pyrogallol red, SOD from bovine 

erythrocytes and horseradish peroxidase were purchased from Sigma. Amplex Red was from 

Thermo Fisher Scientific. RPMI medium 1640, M-199, Pen Strep (10000 units/ml penicillin, 

10000 μg/ml streptomycin) and Antibiotic-Antimycotic (100×) were from Gibco. Fetal 

bovine serum was from Gemini. Percoll® was from GE Healthcare. HEPES was from 

Cellgro.
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Compound selection from the quantitative high-throughput screening hits.

All of the compounds tested were selected from qHTS sorted by potency.18–20 To find 

compounds similar to the most active 24 chemotypes, the original qHTS data were 

downloaded from PubChem BioAssay AID485364,20 the structures were “washed” in 

MOE45 to remove salts, and the MOE-Similarity module in MOE were used to select 

compounds with Tanimoto overlap of 60% or more. Commercial availability of the primary 

hits and their not previously tested analogs were determined using a combination of 

PubChem and ZINC databases.46–47

Recombinant protein production.

Wild-type TGR and the U597C mutant were prepared as described.17, 48 The ΔCUG mutant 

was generated using the Q5® Site-Directed Mutagenesis Kit (New England Biolabs) with 

forward (AAAGGGCGAGCTCAACGATC) and reverse (TAACCGCTCACTATGGGCGA) 

primers to delete the three terminal amino acids in pET24a and add a termination codon. 

Protein expression was done in Escherichia coli strain BL21 (DE3) as described.48 The wild 

type protein was expressed with a His-SUMO tag, which was removed leaving the addition 

of Gly-Ser-His at the N-terminus of the protein with no additional amino acid changes. Sec 

incorporation with this system is close to 100%.49 The U597C and ΔCUG mutants were 

expressed and used as N-terminal His-tagged proteins. The codon-optimized open reading 

frame for hGR was synthesized by GenScript and cloned into pET-15b with an N-terminal 6 

His tag and expressed in E. coli BL21 (DE3). An overnight culture in LB plus ampicillin 

was diluted 1:100 in the same medium and cultured to an OD600 = 0.6. Isopropyl-β-D-

thiogalactoside (1 mM) and riboflavin (20 mg/ml) were added and cultured for an additional 

3 hr, and was purified as described.48

TGR inhibition study.

Assays were performed in triplicate as described.9 The NADPH dependency and 

reversibility of inhibition was determined by incubation of TGR (50 nM) with inhibitors at 

20 times the IC50 with or without NADPH for 30 minutes. To determine reversibility, 

inhibited samples were desalted using 7.0 kDa-cutoff spin Zeba desalting column (Thermo 

Scientific) and the DTNB assay was performed 30 minutes and 3 hours after desalting to 

determine the enzyme activity.

Ex Vivo Experiments with Adult Worms and Schistosomula.

Adult worms were isolated from infected mice as described50 and cultured in RPMI medium 

+ 10% fetal calf serum, 10 mM glutamine, and 1× penicillin/streptomycin for 24 h before 

compound addition. Mice (Swiss-Webster) were infected with S. mansoni by percutaneous 

exposure to cercariae (NMRI strain) obtained from infected Biomphalaria glabrata snails for 

1 hour.50 Mice infected with S. mansoni or S. japonicum and Syrian hamsters infected with 

S. haematobium were perfused at 7 weeks, 6 weeks, or 4 months, respectively, to obtain 

adult worms and mice infected with S. mansoni were perfused at 23 days for juvenile 

worms.48, 50 This study was approved by the Institutional Animal Care and Use Committee 

of Rush University Medical Center (17–053; Department of Health and Human Services 

animal welfare assurance number A-3120–01). About 10 worm pairs or 20 juvenile worms, 
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were cultured in 1 mL of media in 24 well plates. Compounds were dissolved in DMSO and 

added at the indicated concentrations. The culture media was replaced every day and the 

fresh compounds added. Control worms were treated with DMSO alone. Worms were 

cultured for 5 days and observed and scored for motility and mortality daily. Worm viability 

was scored using published methods.51 The motility of worms was scored. Living parasites 

move smoothly. Decreased motility and a loss of plasticity led to a lower score. Pairing and 

egg production were scored. The morphology and the integrity of the tegument was 

observed. Worms were scored as dead if they displayed no movement over several minutes.

Schistosomula were prepared by mechanical transformation and Percoll gradient isolation 

from cercariae isolated from infected B. glabrata as described.50 Fifty schistosomula were 

cultured in M-199 + 10% fetal calf serum for 24 h before the addition of compounds. 

Compounds were dissolved in DMSO and added at the indicated concentrations. The culture 

media was replaced every day and the fresh compounds added. Control schistosomula were 

treated with DMSO alone. Compounds affecting schistosomula resulted in reduced 

transparency and granularity and changes in movement. Schistosomula were observed daily 

and scored as dead when no movement was seen.

For brief exposure, compounds (10, 20, 50, and 100 μM) were added to the media for 1 

hour, after which the adult worms were washed 3 times with culture media and incubated in 

culture media without compounds for further 5 days. Worm motility and mortality were 

scored daily. Control worms were incubated with DMSO.

To determine TGR activity in adult worms, worms were collected after the indicated 

incubation periods, washed and homogenized by pestle motor mixer. Control worms 

collected at the same times were treated with DMSO alone. The homogenates were 

collected, centrifuged, protein concentration determined by Pierce® protein assay reagent 

and TGR activity determined as described.

LD50s were determined using the above described culture methods. Freshly perfused adult 

worms were cultured overnight in media alone and compounds were added the following 

day and the culture continued for 5 days. Compounds were used at 2.5, 5, 7.5, 10, 12.5, 15, 

and 20 μM for 1; 2.5, 5, 7.5, 10, 15, and 20 μM for 2 and 4; 1, 2, 5, 10, and 20 μM for 3; 2.5, 

7.5, 10, 15, and 20 μM for 5, and 2, 5, 12.5, 25, and 50 μM for 6 – 8. The culture media and 

compounds were replaced daily. Worm survival after 5 days incubation was determined. 

Experiments were done in triplicate. Worms were scored as dead when no movement was 

observed.

Cytotoxicity in mammalian cells.

Mammalian cell cytotoxicity was determine using Vero cells as described,52 with the 

following modifications. Cells were exposed the compounds in DMSO for 1 hr. The media 

was removed and the cells were washed in fresh media without compounds. The cells were 

cultured in the absence of compounds for 5 days before viability was determined.
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Ab initio calculations.

The geometry optimization of all the compounds in Tables 1, SI1, and SI2 and calculation of 

LUMO energies were performed with the quantum chemistry program Jaguar,53–54 the 

B3LYP/6–31G++ level of theory, and the Poisson d Boltzmann finite (PBF) implicit 

solvation model.55–57 A one-way ANOVA was performed in MS Excel using the Data 

Analysis pack. N=28, df=26, R=0.63, R2=0.48, p<0.0001.

Characterization of anti-oxidant to pro-oxidant enzyme transformation.

Wild type TGR or mutant TGRs (500 nM) were incubated with NADPH (100 μM) and 

inhibitors for 30 minutes. The inhibitor concentrations were 20 μM for 1, 2, 5, 6, 7 and 8 and 

50 μM for 3 and 4. Then all the treated TGR solutions except for 8 were desalted. Protein 

concentrations of the desalted samples were determined.

For the detection of superoxide and NADPH consumption, 100 μl of a pyrogallol red (50 

μM) and NADPH (300 μM) solution was mixed with 100 μl of each sample above and then 

monitored at 340 nm and 540 nm simultaneously for 2 hours.39–40 The same reactions were 

performed with addition of 10 units of SOD. NADPH consumption was determined using 

ε340nm = 6.22 mM−1cm−1 and superoxide production was determined by consumption of 

pyrogallol red by using ε540nm = 23.9 mM−1cm−1 with a stoichiometric relation of 1 

molecule of pyrogallol red reacts with 2 molecules of superoxide.39–40

For the detection of H2O2, samples were diluted 10 times and incubated with 300 μM 

NADPH. Every 15 min over 2 hours, 2 μl was withdrawn, diluted 50 times and mixed with 

the same volume of solution containing 20 μM Amplex Red and 100 mU/ml horseradish 

peroxidase. After 30 minutes incubation at 37 °C the fluorescence intensity with λex = 550 

nm and λem = 600 nm was measured.58 The same reactions were performed with addition of 

20 units of catalase to each well. The H2O2 levels of reactions were quantified using an 

H2O2 standard curve.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

TGR thioredoxin glutathione reductase

NADPH nicotinamide adenine dinucleotide phosphate
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GSH glutathione

Trx thioredoxin

TrxR thioredoxin reductase

GR glutathione reductase

Grx glutaredoxin

Sec/U selenocysteine

FAD flavin adenine dinucleotide

GSSG glutathione disulfide

DTNB 5,5’-dithio-bis-(2-nitrobenzoic acid)

qHTS quantitative high throughput screens

SAR structure-activity relationship

LUMO lowest unoccupied molecular orbital

SOD superoxide dismutase

PBF Poisson d Boltzmann finite
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Figure 1. Compound activity against ex vivo worms.
 S. mansoni schistosomula,  S. mansoni adult worms,  S. mansoni juvenile 

worms,  S. japonicum adult worms,  S. haematobium adult worms. Freshly perfused 

adult and juvenile worms and newly transformed larva were cultured overnight without 

compound addition. Compounds were added the following day and cultured for 5 days. The 

culture media was replaced every day with compounds added. Results show worm survival.
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Figure 2. Determination of LD50 for the best hits.
Freshly perfused adult worms were cultured overnight and compounds were added and the 

culture continued for 5 days. The culture media and compounds were replaced daily. The 

result show worms’ survival after 5 days incubation in triplicate.
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Figure 3. Brief exposure to TGR inhibitors and worm survival.
 100 μM,  50 μM,  20 μM,  10 μM. Ex vivo S. mansoni adult worms were 

exposed to compounds for 1 hour. The worms were then washed and cultured in media 

without compounds for 5 days. Survival was scored daily. Compound 6 was also tested but 

no worm killing was seen at all concentrations tested.
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Figure 4. TGR activity in treated worms.
Worms were treated with compounds (50 μM) and collected at indicated times, 

homogenized, and homogenates were analyzed for TrxR activity (DTNB reduction, ) and 

GR activity (GSSG reduction, ). Assays were done in triplicate and compared to activities 

in untreated worms collected at the same times.
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Figure 5. NADPH-dependence and reversibility of inhibition.
TGR (50 nM) and compounds at 20 times the IC50 incubated with or without NADPH for 15 

minutes. Then the DTNB assay was performed. Samples were desalted to remove 

compounds by passing through a 7.0 kDa-cutoff spin desalting column and TGR activity 

was determined 30 minutes and 3 hours after desalting.
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Figure 6. Correlation between LUMO and schistosomicidal activity for compounds in this study.
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Figure 7. Conversion of TGR from antioxidant to pro-oxidant enzyme.
TGR (500 nM) was incubated with NADPH (100 μM) and compounds for 30 minutes. The 

inhibitor concentrations were 20 μM for 1, 2, 5 – 8 and 50 μM for 3 and 4. Samples were 

then desalted to remove unreacted compounds. NADPH consumption, superoxide 

production using pyrogallol red, and H2O2 production using Amplex Red and horseradish 

peroxidase were determined. Addition of 10 units of SOD abolished oxidation of pyrogallol 

red and addition of 20 units of catalase inhibited oxidation of Amplex Red (not shown).
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Figure 8. NADPH oxidase activity of TGR mutants.
U597C and ΔCUG (each at 500 nM) were incubated with NADPH (100 μM) and 

compounds for 30 minutes. Samples were then desalted. NADPH consumption, superoxide 

production using pyrogallol red, and H2O2 production using Amplex Red and horseradish 

peroxidase, were determined. Addition of 10 units of SOD abolished oxidation of pyrogallol 

red and addition of 20 units of catalase inhibited oxidation of Amplex Red (not shown).
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Scheme 1. The catalytic cycle of TGR.
The reaction scheme was drawn following the proposed mechanism of SmTGR.16–17 When 

NADPH binds to dimeric oxidized TGR (A), FAD is reduced and then donates electrons to 

the proximal C154-C159 couple (B). The electrons are then transferred to the C596’-U597’ 

couple on the C-terminus of the other subunit (C). The reduced C-terminus transfers 

electrons to C28-C31 couple of Grx domain of the original subunit and additional NADPH 

reduces FAD and electrons are transferred to the proximal C154-C159 couple (D). The 

electrons are then transferred to the C596’-U597’ couple (E). This enzyme form can reduce 

both oxidized Trx (or DTNB) and GSSG.

Lyu et al. Page 25

ACS Infect Dis. Author manuscript; available in PMC 2021 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 2. The proposed model of oxidase activity of C-terminus modified TGR.
The reaction scheme was drawn following the experimental results reported in this work and 

previous studies.21, 24 The nucleophilic Sec residue of reduced TGR could be covalently 

modified by electrophilic aromatic inhibitors (A). The modified C-terminus moves to FAD 

redox center of the other subunit (B). The electrophilic aromatic ring of bonded inhibitor 

accepts a single electron from the thiol of proximal C154 and then transfers it to oxygen 

molecule to produce superoxide (C – E). EWG = electron withdrawing group.
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Table 1:

Most active compounds identified in this study

Compound CID Structure
TGR IC50 (μM) Adult worms

Sm
║ 

juvenile
Sm

║ 
SomulaqHTS

† Confirm Sm
║

Sj
║

Sh
║

1 3561200 n. d.* 0.33
10 μM
120 h

62% d
‡

10 μM
120 h

65% d
‡

10 μM
144 h

67% d
‡

10 μM
120 h

39% d
‡

10 μM
24 h

99% d
‡

2 16012863 0.3981 0.21
10 μM
120 h

78% d
‡

10 μM
120 h

50% d
‡

10 μM
120 h

94% d
‡

10 μM
24 h

100% d
‡

10 μM
24 h

100% d
‡

3 4412151 6.3
^ 2.84

10 μM
72 h

100% 

d
‡

10 μM
120 h

70% d
‡

10 μM
96 h

100% 

d
‡

10 μM
48 h

100% d
‡

10 μM
24 h

100% d
‡

4
€ 2779853 5.438

^ 2.01
10 μM
144 h

76% d
‡

10 μM
120 h

69% d
‡

10 μM
120 h

85% d
‡

10 μM
72 h

100% d
‡

10 μM
24 h

100% d
‡

5
& 2801235 0.1 0.06

10 μM
120 h

67% d
‡

10 μM
120 h

30% d
‡

10 μM
120 h

48% d
‡

10 μM
120 h

57% d
‡

10 μM
24 h

100% d
‡

6 659226 0.631 0.14
12.5 μM

120 h

28% d
‡

12.5 μM
120 h

100% d
‡

n. d.*
12.5 μM

120 h

100% d
‡

12.5 μM
120 h

96% d
‡

7 1090309 0.3162 0.09
12.5 μM

120 h

43% d
‡

12.5 μM 
120 h

no 
killing

n. d.*
12.5 μM

120 h

8% d
‡

12.5 μM
120 h

61% d
‡

8 2943813 0.3981 0.13
12.5 μM

120 h

53% d
‡

12.5 μM
120 h

56% d
‡

n. d.*
10 μM
120 h

24% d
‡

10 μM
120 h

20% d
‡

€
Also known as Stattic;27
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&
also known as TRi-1;26

†
AID485364;

*
not determined;

^
Li et al. 2015;18

║
Sm - Schistosoma mansoni, Sj - S. japonicum, Sh - S. haematobium;

‡
- dead
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Table 2.

Inhibition of DNTB and GSSG reducing activities of TGR

Compound IC50 (DTNB) (μM) IC50 (GSSG) (μM)

1 0.33 ± 0.07 0.39 ± 0.07

2 0.21 ± 0.02 0.23 ± 0.03

3 2.84 ± 0.08 2.49 ± 0.11

4 2.01 ± 0.14 2.20 ± 0.20

5 0.06 ± 0.01 0.05 ± 0.01

6 0.14 ± 0.01 0.15 ± 0.02

7 0.09 ± 0.02 0.13 ± 0.03

8 0.13 ± 0.04 0.33 ± 0.05
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