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ABSTRACT: Thioredoxin glutathione reductase from Schistosoma mansoni
(SmTGR) catalyzes the reduction of both thioredoxin and glutathione disulfides
(GSSG), thus playing a crucial role in maintaining redox homeostasis in the parasite.
In line with this role, previous studies have demonstrated that SmTGR is a
promising drug target for schistosomiasis. To aid in the development of efficacious
drugs that target SmTGR, it is essential to understand the catalytic mechanism of
SmTGR. SmTGR is a dimeric flavoprotein in the glutathione reductase family and
has a head-to-tail arrangement of its monomers; each subunit has the components of
both a thioredoxin reductase (TrxR) domain and a glutaredoxin (Grx) domain.
However, the active site of the TrxR domain is composed of residues from both
subunits: FAD and a redox-active Cys-154/Cys-159 pair from one subunit and a
redox-active Cys-596'/Sec-597' pair from the other; the active site of the Grx
domain contains a redox-active Cys-28/Cys-31 pair. Via its Cys-28/Cys-31 dithiol

GSSG
GS-peptide

thioredoxin

and/or its Cys-596'/Sec-597' thiol-selenolate, SmMTGR can catalyze the reduction of a variety of substrates by NADPH. It is
presumed that SmTGR catalyzes deglutathionylation reactions via the Cys-28/Cys-31 dithiol. Our anaerobic titration data suggest
that reducing equivalents from NADPH can indeed reach the Cys-28/Cys-31 disulfide in the Grx domain to facilitate reductions
effected by this cysteine pair. To clarify the specific chemical roles of each redox-active residue with respect to its various reactivities,
we generated variants of SmTGR. Cys-28 variants had no Grx deglutathionylation activity, whereas Cys-31 variants retained partial
Grx deglutathionylation activity, indicating that the Cys-28 thiolate is the nucleophile initiating deglutathionylation. Lags in the
steady-state kinetics, found when wild-type SmTGR was incubated at high concentrations of GSSG, were not present in Grx
variants, indicating that this cysteine pair is in some way responsible for the lags. A Sec-597 variant was still able to reduce a variety of
substrates, albeit slowly, showing that selenocysteine is important but is not the sole determinant for the broad substrate tolerance of

the enzyme. Our data show that Cys-520 and Cys-574 are not likely to be involved in the catalytic mechanism.

chistosomiasis (bilharzia) caused by parasites in the genus

Schistosoma is a serious tropical disease; each year, more than
200 million people are infected, resulting in more than 200000
deaths in tropical and subtropical areas. Praziquantel is the only
drug currently administered to treat schistosomiasis. However,
praziquantel-resistant strains have been identified both in the
laboratory and in endemic areas." Thus, should praziquantel
resistance become widespread, it will be critical to develop new
drugs to treat this disease. Unfortunately, development of new
drugs for schistosomiasis is hampered by the low financial return
on products specifically designed for diseases found in low-
income populations. The drug, artemether, has been investigated
for schistosomiasis therapy, although its use for this therapy may
be restricted in areas of malaria transmission to avoid putting its
use as an antimalarial at risk.”> Oxamniquine was previously used
widely in Brazil but is no longer manufactured. Moreover, it is
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effective against only Schistosoma mansoni, and resistance to this
drug has already been reported.® Other potential therapies under
development employ protease inhibitors and 2-(alkylamino)-1-
phenyl-1-ethanethiosulfuric acids,*® but these have yet to reach
clinical trials. Recently, proteins involved in the maintenance of
the redox status of schistosome worms have been validated as
drug targets.6

Because adult schistosome worms live in the host blood-
stream, they must express effective defenses to neutralize en-
dogenous reactive oxygen species that are generated by
mitochondrial respiration and the digestion of red blood cells,
as well as exogenous reactive oxygen species that are generated by
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the host immune system. In most organisms, two major intra-
cellular antioxidant pathways scavenge reactive oxygen species:
the glutathione (GSH) and thioredoxin (Trx) systems. After
donating their reducing equivalents, the resulting GSSG
(glutathione disulfide) and oxidized Trx molecules can be
reduced by glutathione reductase (GR) and thioredoxin reductase
(TrxR), respectively. Compared to mammalian cells, schistosome
parasites have only limited capacity to reduce reactive oxygen
species. For example, although the parasites have high levels of
superoxide dismutase to convert the superoxide radical to H,O,,
they have no catalase and only low levels of glutathione perox-
idase activity to neutralize the resulting H,0,.”® Instead, the
worms rely on peroxiredoxins to reduce H,0,.” Oxidized
peroxiredoxin-1 can be reduced by Trx, and oxidized peroxir-
edoxin-2 and peroxiredoxin-3 can be reduced by either Trx or
GSH.”® However, in schistosome parasites, neither authentic GR
nor TrxR proteins are present. Instead, a multifunctional enzyme,
thioredoxin glutathione reductase (SmTGR), catalyzes the re-
duction of both GSSG and oxidized Trx.”'® SmTGR is a key
enzyme required to maintain the redox balance of the parasites.
Indeed, silencing of SmT GR by RNA interference leads to worm
death, and SmTGR inhibitors have been shown to decrease
worm burdens in mice,'* validating that SmTGR is a viable
drug target. A high-throughput screening of small molecule
libraries for SmMTGR inhibitors has identified several chemical
classes with good activity against cultured ex vivo worms and in
experimental laboratory infections.”'*'* A better understanding
of the catalytic mechanism of SmTGR would be useful in design-
ing more effective and selective inhibitors targeting SmTGR.

Thioredoxin glutathione reductase (TGR, EC 1.8.1.B1) be-
longs to the pyridine nucleotide disulfide oxidoreductase family
that includes TrxR, GR, peroxiredoxin reductase (AhpF), and
lipoamide dehydrogenase.”'>'® TGRs share a high degree of se-
quence similarity with high-molecular weight TrxRs (high-M,
TrxRs), GRs, and lipoamide dehydrogenases but are less similar
to low-molecular weight TrxRs."'”'® Although TGR in S. mansoni
and other parasitic flatworms plays a major role in redox balance,
TGR in mammals plays a very restricted role. In mammals, its
highest level of expression is in the testes.'” The active sites of
known TGRs are virtually identical; therefore, the catalytic
mechanisms of TGRs are also thought to be similar. It should
be noted, however, that in mammalian TGRs, only one cysteine
residue is present in the Grx domain (i.e., a CysXaaXaaSer motif),
whereas a CysXaaXaaCys motif exists in the nonmammalian
TGR proteins as shown in Figure S1 of the Supporting
Information.'*~>* TGRs are selenoproteins and are similar to
selenoprotein TrxRs that have broad substrate tolerance. They
are capable of reducing not only GSSG and oxidized Trx but also
low-molecular weight compounds such as H,O, and sodium
selenite.'”** Unlike other members in the GR family, because of
the additional glutaredoxin (Grx) domain at their N-termini,
TGRs also can catalyze deglutathionylation reactions. Although
the structure of SmTGR has been explored,">** its catalytic mecha-
nism is still unclear.

The catalytic mechanism of GR proteins has been studied exten-
sively. The flow of electrons during GR catalysis is from NADPH to
FAD to the active center disulfide [ C*'VNVGCP™™! (to the ﬂm")]
to GSSG. Although the enzyme can accept two electron pairs per
subunit (one at the flavin and one at the disulfide), the principal
catalytically active forms are the two-electron-reduced EH, and
the oxidized E,, forms. In the EH, state, the active-site disulfide is
reduced and the FAD is oxidized. This yields a charge-transfer

complex (CTC) between the proximal thiolate donor (C") and
the FAD acceptor, giving rise to a characteristic absorption band,
best detected at ~540 nm; the flavin absorbance at 460 nm due
to the oxidized enzyme decreases and is blue-shifted to peak at
~440 nm. These spectral properties easily distinguish EH, from
E,y or EHy, the fully reduced form, which is nearly colorless.'
The other thiol in EH, (CP) initiates the dithiol—disulfide
interchange with GSSG that involves a mixed disulfide between
GSH and CP 277

The catalytic mechanism of the high-M, TrxR is similar to that
of GR.'#3073° High-M, TrxR is a dimer with each monomer
containing an FAD and two pairs of redox-active cysteines (or
Cys-Sec). Thus, it is like GR, but with an extra C-terminal
domain containing a redox-active cysteine pair or a redox-active
Cys/selenocysteine pair that communicates with substrates.
Reductive titrations and pre-steady-state kinetic analyses have
shown that the C-terminal pair of cysteines (or Cys-Sec pair)
is redox-active. The active-site dithiol near the flavin of one TrxR
subunit reduces the C-terminal center (GlyCysSecGly, CysXaaX-
aaXaaXaaCys, or SerCysCysSer) of the other subunit.** 3353
It is proposed that in high-M, TrxR, catalysis involves electron
pairs being transferred from NADPH to flavin to initially form
FADH ", which very rapidly transfers an electron pair to the
N-terminal disulfide center, thereby producing EH,, which
exhibits a thiolate-FAD charge-transfer spectrum. Redox equili-
bration between the N-terminal center and the C-terminal redox
center of the other subunit constitutes the next step. The two-
electron-reduced enzyme, EH,, can accept a second hydride ion
from NADPH to form EH,, and similar electron-transfer events
lead to a species that also displays thiolate-FAD charge-transfer
interactions. EH, reacts with oxidized Trx to form a mixed
disulfide; then reduced Trx is released to return the enzyme to
the EH, state. Therefore, in high-M, TrxR, the catalytically active
forms are EH, and EH,. Key to the proposed catalytic mecha-
nism of TrxR is the relatively flexible C-terminal tail that allows
the transport of electron pairs from the buried N-terminal redox
center to substrates at the surface.’* 3>

In contrast, the catalytic mechanism of TGR proteins is not
yet adequately understood. Several TGRs from mammals
and from microorganisms, including S. mansoni, have been
described.>'*'9?*2%373%  Alignments of the amino acid se-
quences of TGRs display a high degree of similarity (>50%
identical) (Figure S1 of the Supporting Information). Like other
members of the GR family, SmTGR is active in a dimeric form
with a head-to-tail arrangement of identical monomers.”* In
contrast to TrxR, each subunit has two domains: a TrxR domain
and a Grx domain. The active site of SmMTGR is composed of
residues from each subunit: an FAD, several redox-active cysteine
pairs (Cys-154/Cys-159 and Cys-28/Cys-31) from one subunit,
and a redox-active cysteine/selenocysteine pair (Cys-596'/Sec-597')
from the other subunit. A catalytic mechanism for TGR has been
proposed that is based on the X-ray crystal structure and the
mechanisms of TrxR and Grx; reducing equivalents from
NADPH are passed to the FAD, subsequently to a cysteine pair
adjacent to FAD (Cys-154/Cys-159), then to a cysteine/sele-
nocysteine pair (Cys-596'/Sec-597’), and finally (when appro-
priate) to a cysteine pair (Cys-28/Cys-31) in the Grx domain
(Scheme 1)."*** The C-terminal tail, where the Cys-596' /Sec-597'
redox pair is located, should be highly mobile to accept electrons
from the Cys-154/Cys-159 pair and to donate electron pairs to Trx
or to the N-terminal redox-active Cys-28/Cys-31 pair.'>****%
Because TGR has an additional dithiol/disulfide redox center,

5871 dx.doi.org/10.1021/bi200107n |Biochemistry 2011, 50, 5870-5882



Biochemistry

Scheme 1. Proposed Mechanism of SmTGR"

FAD
159 [—$ .
154 -8  § 5%
Se- 597"
285
31[—S
NADPH
—NADP"~, FeD FAD FAD
—~FADH™ 159 |—5- 159 |—s 159
, S
- NADP* SH S—| 5% 154 |-§  HS— 596 1 5 596
S , 154 s - . 154 [—S ¥
|3 $— 59 __~ . Seq 597" = Se—] 597 Sed 597"
.
Se 597 - —_
28 =5 2813 28 [—s'
28-s 3-8 s 31 [—SH
31 =S
Proteins+GSH Trx {red)
or GSH
Trx (ox) NADPH
GSH-proteins \
or GSSG
—NADP*--,
FAD ! NADP* FADH
159 |—s s
159 |—s 598" _ \ v 5= 596
}  hs—] see 154 |—SH $ | —— LS ? i
154 |—S —_— Sed 597 Se+ 597
Se—| 597"
28 |=s 28 —§°
28 S 31 SH 31 ~—SH
31f=SH

“Two types of charge-transfer complexes (FADH ™ —NADP™ CTC and thiolate—FAD CTC) are shown by dashed arrows. Residues numbered without
a prime are from one subunit and residues numbered with a prime from the other subunit. The proposed mechanism is based on data in this paper and

. - 24,34,39,40
previous studies. .

EHg forms are possible. However, it is not known which of the
species, EH,, EH,, or EHy, reacts with different substrates and
inhibitors. Detailed mechanistic studies of TGR have been hampered
by the limited availability of recombinant TGR and the low
abundance of TGR in mammalian tissues, as well as by the
difficulty in obtaining native TGR from other organisms.

It has been shown that SmTGR reduces substrates via its
redox-active dithiols and thiol-selenolate,'® but the specific
function of each of the redox-active Cys and selenocysteine
residues in the catalytic mechanism of SmTGR has not been
established. For instance, the Cys-28/Cys-31 cysteine pair in the
Grx domain has been proposed to be responsible for the GR and
Grx activities of TGRs,>* but it remains to be determined how
this cysteine pair reduces both a mixed disulfide (a glutathiony-
lated substrate) and GSSG. In addition, selenocysteine is thought
to give SmMTGR broad substrate tolerance. The effects of certain
inhibitors on selenoproteins are thought to require the seleno-
cysteine residue; i.e., the inhibitors are prodrugs that are reduced
by selenoproteins to active forms that inhibit the enzyme.*' ~**
However, recently, it has been found that auranofin (AF), a gold-
containing compound and a potent TGR inhibitor, can inhibit a
truncated form of SmMTGR that lacks the two C-terminal amino
acids, Sec-597 and Gly-598, and that inhibition of GR (an
enzyme containing no Sec) by AF could be accelerated by
supplementing the reaction with exogenous selenium from
benzeneselenol.'” Those results suggested that selenocysteine

may not be essential for the action of certain SmT GR inhibitors.
Therefore, it is of interest to determine if Sec is crucial for the
broad substrate range of SmTGR and for the activity of inhibi-
tors. Two additional Cys residues also may have a role in the
catalytic cycle of SmTGR. Angelucci and colleagues suggested
that Cys-520 and Cys-574 may be involved in catalysis because
this pair has the potential to form a disulfide by bond rotation and
is conserved in TrxRs and most TGRs but not GRs.>* In addition,
gold atoms from AF were found bound to three sites of SmTGR:
at the putative NADPH binding site, near the Cys-154/Cys-159
couple, and to the cysteine pair of Cys-520 and Cys-574. >**
To investigate the functions of each of these cysteine and
selenocysteine residues in the catalytic cycle, we have generated
variants (Cys to Ala, Cys to Ser, or Sec to Cys), recombinantly
expressed them in bacteria, and characterized their biochemical
properties. Our results indicate that, as expected, the Grx domain
is responsible for deglutathionylation reactions and for the
reduction of GSSG; a thiolate anion on Cys-28 nucleophilically
attacks the disulfide bonds of GSSG and of glutathionylated
proteins, and these reactions constitute the GR and Grx activities,
respectively. Sec is not essential for broad substrate tolerance
because the Sec-to-Cys variant still is able to reduce low-
molecular weight compounds. Furthermore, the data suggest
that the cysteine pair of Cys-520 and Cys-574 is likely involved in
maintaining the structural integrity of SmTGR rather than partici-
pating in catalysis. The results of reductive spectral titrations
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suggest that reducing equivalents from NADPH may be transferred
to the disulfide in the Grx domain via the C-terminal tail, as
suggested by the recent work of Angelucci et al.*’

B MATERIALS AND METHODS

Chemicals. $,5'-Dithiobis(2-nitrobenzoic acid) (DTNB),
GSSG, GSH, r-cysteine, sodium selenite, riboflavin, flavin ade-
nine dinucleotide (FAD), f-hydroxyethyl disulfide (HED),
and NADPH were purchased from Sigma-Aldrich. Isopropyl
p-D-thiogalactopyranoside (IPTG) was from Gold Biotechno-
logy. All other chemicals and reagents were purchased from
Fisher Scientific unless stated otherwise.

Generation of SmMTGR Variants by Site-Directed Mutagen-
esis. The construction of variants was performed using the
QuikChange site-directed mutagenesis kit according to the
manufacturer’s instructions (Stratagene). A pET-24a plasmid
encoding cDNA of SmTGR fused with a bacterial-type SECIS
element was used as a template.">** The primers used to clone
different cysteine variants are listed in Table S1 of the Supporting
Information. The sequence of each clone was verified by the
DNA services facility at University of Illinois at Chicago and
Illinois State University.

Overexpression of SmMTGR and Its Variants and SmTrx-1.
Expression and isolation of SmT GR were conducted as described
previously.'® For overexpression of SmTGR and its variants,
SmTGR in pET-24a and pSUBAC were cotransformed into
BL21(DE3) purchased from Novagen.*> Two antibiotics, kana-
mycin (50 #g/mL) and chloramphenicol (34 #g/mL), were
applied to select cells having pET-24a-SmTGR and pSUBAC,
respectively. Transformed cells were cultured in LB medium at
37 °C. When ODygy reached 0.8, sodium selenite (S M) and
L-cysteine (100 ug/mL) were added to the cell culture. Once
ODgpo reached 2.0, the expression of SmTGR and its variants
was induced by adding IPTG (S0 #M) with a supplement of
riboflavin (20 ug/mL). Cells were cultured at 25 °C for 24 h.
Harvested cells were broken by alternate freeze—thaw cycles
followed by sonication. FAD (100 M) was added to the lysates,
which were then centrifuged at 14000 rpm and 4 °C for 1 h.
Sodium chloride was added to the resulting supernatant to
prevent Escherichia coli GR from binding, and the mixture was
loaded onto a column of 2/,5'-ADP Sepharose 4B purchased
from GE Healthcare. TE buffer was used to remove proteins that
were nonspecifically bound; TE buffer with 1 mM NADPH was
used to elute SmMTGR. The purity of each fraction of enzyme was
analyzed by 12% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—PAGE). NADP" (NADPH) was re-
moved by a HiTrap desalting column (the matrix being Sephadex
G-2S superfine, cross-linked dextran) (GE Healthcare). The
concentrations of enzymes were determined spectrally for bound
flavin using an &46, of 11300 M ' em "% It is known that the
efficiency of insertion of selenocysteine into selenoproteins from
eukaryotic cells does not reach 100% when they are over-
expressed in prokaryotic cells, even though ¢cDNAs of seleno-
proteins were fused with a bacterial-type SECIS element.*****
Thus, at least two preparations were made for wild-type (WT)
SmTGR and each of its variants to minimize variations in the
efficiency of selenocysteine incorporation. The selenium content
of selected protein preparations was quantified by inductively
coupled plasma atomic emission spectroscopy at the Olson
Agricultural Analytical Services Laboratory at South Dakota State
University (Brookings, SD).

Expression of Trx from S. mansoni (SmTrx-1) was conducted
as previously described.*® Briefly, SmTrx-1 in pRSETA was
expressed in BL21(DE3). Transformed cells were cultured in
LB medium with ampicillin (50 #g/mL) at 37 °C. Once ODjgg
reached 1, expression of SmTrx-1 was induced by addition of
IPTG (1 mM), and the cells were grown for an additional 3 h.
Harvested cells were broken by alternating freeze—thaw cycles
followed by sonication. Cell lysates were centrifuged, and the
resulting supernatants were loaded into a nickel-charged column
from GE Healthcare. A step gradient of imidazole was used to
purify SmTrx-1. The purity of SmTrx-1 was analyzed by 15%
SDS—PAGE. Desalting columns were used to remove imidazole
from proteins. The concentrations of SmTrx-1 were determined
using an extinction coefficient at 280 nm of 9872 M~ " cm ™ 1.*

Steady-State Kinetics of WT SmTGR and Its Variants. All
assays were performed in 0.1 M potassium phosphate buffer and
10 mM EDTA (pH 7.4) at 25 °C. In DTNB assays, the reaction
rates of enzymes as a function of DTNB (Ellman’s reagent or
5,5'-dithiobis-2-nitrobenzoic acid) concentration were deter-
mined by measuring the rates of formation of 2-nitro-S-thiobenzoic
acid using various DTNB concentrations and a fixed concentration
of NADPH (100 #M). The formation of 2-nitro-S-thiobenzoic acid
was determined spectrally using an €41, of 13600 M~ " cm™ ">
SmTrx-1 and glutathione disulfide (GSSG) were used as sub-
strates to determine TrxR and GR activities of enzymes, respec-
tively. Insulin (1 mg/mL) was added to the assays of TrxR
activity. The activities were determined by the rates of NADPH
consumption in the presence of 100 uM NADPH and various
concentrations of SmTrx or GSSG. The depletion rates of
NADPH were determined using an &340 of 6220 M ‘' em ™
The absorbance of samples was followed with a Thermo
Scientific Multiskan Spectrum Microplate Spectrophotometer
using an experimentally determined path length correction
factor. V. and K, values were derived from graphs of
rates versus different concentrations of substrates by using the
Michaelis—Menten equation (Sigmaplot).

The Grx glutathionylation activity of enzymes was determined
using the method developed by Holmgren et al.*’ B-Hydro-
xyethyl disulfide (HED) (1 mM) and 1 mM GSH were pre-
incubated in the presence of 200 M NADPH at 25 °C for 3 min.
Then, SmTGR and yeast GR were added to the assays. The
turnover numbers were determined from the rates of consump-
tion of NADPH, indicated by the decrease in absorbance at
340 nm.

Static Anaerobic Titration of Enzymes with NADPH. En-
zymes were added to an anaerobic cuvette and degassed by 10
cycles of vacuum followed by flushing with argon. A Hamilton
titrating syringe containing degassed NADPH was then attached
to the cuvette, and small aliquots of NADPH were added. Spectra
of enzymes were recorded using a Cary 3 spectrophotometer
(Varian) at 25 °C. After each addition of NADPH, the enzyme
was allowed to reach equilibrium before the spectrum was
recorded.

Determination of the Substrate Specificity of Sec597Cys.
To investigate substrate specificity of Sec597Cys, we used dif-
ferent substrates that have been tested against the WT enzyme.'
All assays were performed in 0.1 M potassium phosphate buffer
and 10 mM EDTA (pH 7.4) at 25 °C. The turnover numbers for
different substrates were determined by monitoring rates of
consumption of NADPH in the presence of different concentra-
tions of substrates and a fixed concentration of NADPH (100 uM).
Stock solutions of sodium selenite, dehydroascorbic acid, and
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Scheme 2. (A) Monothiol Mechanism of Deglutat}uonylatlon Catalyzed by Authentic Grx” and (B) Proposed Mechanism of

Deglutathionylation Catalyzed by the Grx Domain of SmTGR"
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“The N-terminal cysteine residue attacks the mixed disulfide bond of a glutathionylated protein; the disulfide bond of the 1ntermed1ate can be resolved
by GSH at high GSH concentrations (path to the right) or internally by the thiolate of the C-terminal Cys residue (downward path) Cys-28 attacks the
mixed disulfide bond of a glutathionylated protein; the disulfide bond of the SmTGR Grx domain intermediate can be resolved by GSH (right path) or
internally by Cys-31 (downward path), depending on the availability of GSH. When it is resolved internally, the resulting disulfide in the SmMTGR Grx
domain subsequently becomes reduced by NADPH via the TrxR domain as shown. Under normal conditions, this reaction is effectively irreversible.

hydrogen peroxide were made in water; stock solutions of fert-
butyl hydroperoxide, alloxan, lipoic acid, and lipoamide were
made in DMSO. A solution with methanol, n-hexane, and
2-propanol (2:1:1) was used to dissolve ubiquinone.*®

Determination of IC5;, Values of Different Inhibitors
against the WT Enzyme and Sec597Cys. The ICs, values of
different inhibitors against WT SmTGR and the Sec597Cys
variant were determined using the DTNB, GR, and TrxR ac-
tivities of the enzymes. In assays, enzymes were preincubated
with NADPH (100 M) and various concentrations of inhibitors
at room temperature for 10 min. Then, different substrates were
added to the assays to initiate reactions; the concentrations of
DTNB, GSSG, and SmTrx-1 were 3 mM, 100 uM, and 20 uM,
respectively. The DTNB activity was determined by measuring
the formation of 2-nitro-5-thiobenzoic acid, which resulted in
increased absorbance at 412 nm. The GR and TrxR activities
were determined by the rates of consumption of NADPH based
on decreased absorbance at 340 nm. The graphs of enzymatic
activities versus concentrations of inhibitors were used to deter-
mine ICs, values.

B RESULTS AND DISCUSSION

Catalytic Functions of Cys-28 and Cys-31 in the Grx
Domain of SmMTGR. In addition to the reduction of GSSG, the
redox-active cysteine pair of Cys-28 and Cys-31 in the Grx
domain is thought to catalyze the deglutathionylation of proteins,

5874

which is important to regulatory processes in cells.*’ Deglu-
tathionylation catalyzed by Grx proteins occurs using only one of
its thiols (Scheme 2A) via a mechanism of deglutathionylation
that first involves nucleophilic attack of the N-terminal thiolate
anion of Grx on the mixed disulfide between GSH and the
substrate, thus forming a Grx-S-SG intermediate.>® At high con-
centrations, GSH resolves the disulfide bond between GSH and
Grx, thereby releasing GSSG and reduced Grx; deprotonation
of the resolving GSH thiol [to make it a good nucleophile (not
shown)] is the rate-limiting step.’* In contrast, at low concentra-
tions of GSH, the Grx-S-SG intermediate can be resolved by the
C-terminal cysteine of Grx, resulting in an intramolecular
disulfide in oxidized Grx and the concomitant release of GSH.
Because the reactions are reversible, oxidized Grx may react with
excess GSH to re-form the Grx-SSG. These latter reactions are
futile because no net glutathionylated mixed disulfides are
consumed.*® In Grx, the function of the C-terminal active-site
cysteine residue in this process is not fully understood.’® It has
been observed that in variants involving the C-terminal active-
site cysteine in Grx-1 from Saccharomyces cerevisiae, and in Grx-1
and Grx-2 from humans, the Grx activity actually increases.”> >*
In contrast, Grx activity was lost in analogous variants of Grx-2
from S. cerevisiae and of Grx-1 from E. coli.>>*

To understand the mechanism of deglutathionylation cata-
lyzed by SmTGR, we generated several variants in the Grx
domain. As shown in Table 1, Cys28Ala and Cys28Ala/Cys31Ala
of SmTGR had no Grx deglutathionylation activity, indicating
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Table 1. Grx Deglutathionylation Activities of Wild-Type
SmTGR and Its Variants

Grx activity (s7)* % of WT
WT 27 £035 -
Cys28Ala ND* 0
Cys31Ala 4+02 15
Cys28Ala/Cys31Ala ND’ 0
Cys31Ser 6+ 04 22
CysS20Ala 17+£1 63
Cys574Ala 19 £03 70
CysS520Ala/CysS74Ala 18 £ 0.6 67
Sec597Cys 11+12 41

“ Activities were determined spectrally via the oxidation of NADPH in
the presence of 200 M NADPH, 0.4 unit of yeast GR, and SmTGR
added following a 3 min preincubation with 1 mM GSH and 1 mM HED.
® Undetectable activity.

that Cys-28 is the cysteine residue that initiates nucleophilic
attack on mixed disulfide bonds of glutathionylated proteins (or
peptides). The deglutathionylation activity of Cys31Ala was only
~15% of the WT activity, indicating that this cysteine residue is
also important to the Grx activity of SmTGR. In addition to our
findings, Angelucci et al. showed that the Grx activity of truncated
SmTGR (without Sec-597 and Gly-598) retained ~40% of WT
activity.”* In this truncated form of SmTGR, reducing equiva-
lents from NADPH cannot be readily transferred to the redox-
active disulfide in the Grx domain. It was suggested that the Grx
domain of truncated SmTGR can receive reducing equivalents
from GSH (without direct donation of reducing equivalents from
NADPH via catalysis by the FAD) and thereby catalyze deglu-
tathionylation reactions in a manner similar to that of authentic
Grxs. Thus, on the basis of our data and the findings of Angelucci
et al, we propose that there are two mechanisms by which
SmTGR catalyzes deglutathionylation reactions. One is a mono-
thiol mechanism in which only Cys-28 is involved; this mecha-
nism functions when the GSH concentration is high (Scheme 2B,
top line). In this mechanism, the glutathionylated Cys-28 is
resolved by GSH. In the other mechanism, once Cys-28 is
glutathionylated, Cys-31 acts as a resolving cysteine residue to
break the mixed disulfide bond between GSH and Cys-28,
forming a disulfide bond between Cys-28 and Cys-31 of the
Grx domain and releasing GSH. The resultant oxidized Grx domain
can be reduced by the redox-active cysteine/selenocysteine pair
of the TrxR domain (Scheme 2B, bottom reactions). This means
that the cell has a functional deglutathionylation system even at
low GSH concentrations because the reducing power of NADPH
can be brought into play via the cysteine/selenocysteine pair.
The active site of the Grx domain in mouse TGR is CysXaaX-
aaSer instead of Cys,gXaaXaaCyss;, which is found in SmTGR.
Thus, it is clear that mouse TGR must act via a monothiol
mechanism. As mentioned above, however, we found that the
Cys31Ala variant of SmTGR had ~15% of the Grx deglutathio-
nylation activity of WT. To clarify whether the Ser in mouse
TGR was responsible for making that enzyme active compared
with our Cys31Ala variant, we tested whether the Grx deglu-
tathionylation activity in the Cys31Ala variant could be rescued
by introduction of serine at position 31 (analogous to mouse
TGR). As shown in Table 1, the Grx activity of Cys31Ser was
22% of WT activity, similar to that of the Cys31Ala variant,
showing that Ser does not significantly rescue the Grx

glutathionylation activity of Cys31Ala. The results are also
consistent with our proposed mechanisms in which Cys-31 is
involved in the Grx deglutathionylation activity of SmTGR. Even
though Cys-31 (or Ser-31) may be able to stabilize the thiolate
anion on Cys-28 via a hydrogen bond, we did not observe
increased Grx deglutathionylation activity in Cys31Ser. It is
possible that because the rate-limiting step is deprotonation of
GSH, the stabilization of the thiolate anion on Cys-28 may not be
as important in the deglutathionylation reactions catalyzed
by SmTGR.

Recently, a mechanism for the Grx glutathionylation activity of
TGR from Echinococcus granulosus (EgTGR) has been suggested
by Bonilla et al.>® They showed that the Grx deglutathionylation
activity of EgTGR requires the Grx domain as well as the
selenocysteine residue. After the Grx domain of EgT GR interacts
with glutathionylated proteins, the resultant mixed disulfide
between GSH and Cys-31 (equivalent to Cys-28 of SmTGR)
is resolved by the redox-active cysteine/selenocysteine pair from
the TrxR domain instead of Cys-34 (equivalent to Cys-31 of
SmTGR).>> However, our data demonstrate that two mechanisms
are involved in the Grx deglutathionylation activity of SmTGR.
The inability of EgT'GR to utilize one of the mechanisms may be due
to the distance between Cys-31 and Cys-34 in EgTGR being longer
than that between Cys-28 and Cys-31 in SmTGR, resulting in the
limited accessibility of Cys-34 to Cys-31 in EgTGR. Therefore, the
mixed disulfide between Cys-34 and GSH can be resolved by only
the redox-active cysteine/selenocysteine pair in EgTGR.

As mentioned previously, unlike TrxR, TGR proteins can
reduce GSSG, and the GR activity of TGR is thought to be due
primarily to its Grx domain.”*** To test this notion, we deter-
mined the GR activity of variants of SmTGR that have the Cys-
28/Cys-31 pair modified in the Grx domain but retain the Cys-
154/Cys-159 and Cys-596/Sec-597 pairs. As shown in Table 2,
both Cys28Ala and Cys28Ala/Cys31Ala have 3—4% of the GR
activity of WT TGR. Thus, our data corroborate the notion that
the Grx domain of SmTGR is responsible for most of the GSSG
reduction. Also, Cys-28 is the most likely residue initiating
nucleophilic attack on GSSG. Studies by Angelucci et al. showed
that truncated SmTGR (missing Sec-597 and Gly-598) retained
some residual GR activity (~0.8%).** In addition, it has been
suggested that the electrostatic environment surrounding Cys-
154 and Cys-159 could facilitate the binding of GSSG.* These
results suggest that the Cys-154/Cys-159 pair could also reduce
GSSG even though its catalytic efficiency is relatively low. Thus,
our data are consistent with the findings of Angelucci et al. that
the redox-active Cys-154/Cys-159 pair could reduce GSSG, but
with low efficiency.”* Cys31Ala retained ~18% of the GR activity
of WT TGR, whereas the apparent V,,,, of Cys31Ser was
comparable to that of WT TGR (Table 2). These results suggest
that in GR activity, the role of Cys-31 (or Ser-31) is to stabilize
the thiolate anion on Cys-28 via a hydrogen bond, thus facilitat-
ing nucleophilic attack of Cys-28 on GSSG. In Cys31Ala, Cys-28
still is able to attack the disulfide bond of GSSG; the resultant
Cys-28-GS mixed disulfide can be resolved by electron pairs from
the Cys-596/Sec-597 couple (via NADPH and Cys-154/Cys-
159). Without stabilization of the thiolate of Cys-28 by Cys-31
(or Ser-31), the activity of Cys31Ala s less than that of WT TGR,
but greater than that of Cys28Ala. In fact, the V,,,,, for GR activity
of Cys31Ser was significantly greater than that of WT SmTGR,
possibly because no substrate inhibition was seen with the
Cys31Ser variant, in contrast to WT SmTGR, which does exhibit
substrate inhibition (see below).
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Table 2. Kinetic Parameters of Wild-Type SmTGR, Cy-
s28Ala, Cys31Ala, Cys28Ala/Cys31Ala, and Cys31Ser React-
ing with the Substrates, DTNB (DTNB activity), GSSG (GR
activity), and Trx (TrxR activity), in the Presence of a
Saturating Amount of NADPH (100 #M)

DTNB activity, K,, for DTNB
ke (s71) % of WT (M)
WT 16 + 0.6 — 319 £+ 47
Cys28Ala 6+02 38 230 + 22
Cys31Ala 6+ 0.1 38 43+5
Cys28Ala/Cys31Ala 8402 50 406 + 25
Cys31Ser 16 = 0.8 100 169 + 24
GR activity, K, for GSSG
ke (571 % of WT (uM)
WT 194+ 12 — 42+6
Cys28Ala 0.7 £ 0.1 4 16 £ 0.2
Cys31Ala 3.5+ 0.1 18 13+2
Cys28Ala/Cys31Ala 0.6 + 0.1 3 23+ 4
Cys31Ser 25+ 1.5 129 189 + 27
TrxR activity, K, for Trx
ket (s71) % of WT (um)
WT 19+ 02 - 84+0.3
Cys28Ala 14+ 14 74 22 £ 4.5
Cys31Ala 19 £ 04 100 8+ 0.6
Cys28Ala/Cys31Ala 1IS£ 1S 79 19+ 4
Cys31Ser 20 £ 04 108 8+0.5

The GR activity of TGRs from E. granulosus and Taenia
crassiceps is affected by high GSSG concentrations; thus, the
steady state of GR activity in TGR occurs only after an initial lag,
previously described as hysteresis.>”*® Preincubation with low
concentrations of GSH eliminated the lag that is caused by high
concentrations of GSSG. In the study by Bonilla et al., this effect
was proposed to be due to glutathionylation of cysteine residues
in EgTGR in the presence of high concentrations of GSSG. Two
cysteine residues, Cys-88 and Cys-354, were indeed found to be
glutathionylated using mass spectrometry analysis.>® However,
these two cysteine residues are relevant only to structural
integrity rather than to catalysis.’® In addition, as shown in
Figure S1 of the Supporting Information, these two cysteine
residues are not conserved in all TGRs. Furthermore, because
not all redox-active Cys and Sec residues were identified in the
MS analysis, no clear conclusions can be drawn about the role of
their glutathionylation status during this lag. As shown in
Figure 1, similar to other TGRs, WT SmTGR also exhibited this
lag; the effect was observed when the concentrations of GSSG
were greater than 100 uM (data not shown). Although both
Cys31Ala (data not shown) and Cys31Ser (Figure 1) are active
in GSSG reduction, no lag was observed. These observations all
point to glutathionylation of Cys-31 being the likely cause of the
observed lag of the WT enzyme.

Most mammalian TGRs have a CysProHisSer motif in their
Grx domains, except for that in the TGR of kangaroo rat.*’
Glutathionylation is an important mechanism for preventing the
overoxidation of cysteinyl thiols to sulfinic and sulfonic acids.*
Glutathionylation of the the CysXaaXaaCys motif in the Grx
domain of SmMTGR may be a mechanism for preventing its

Abs at 340 nm

1] 100 200 300 400
Time (s)

Figure 1. Kinetic traces of wild-type SmTGR (—), CysS20Ala (---),
and Cys31Ser (— - —) in the presence of 100 M NADPH and 500 uM
GSSG. The concentrations of the wild-type enzyme, Cys520Ala, and
Cys31Ser used in the assays were 20, 40, and 20 uM, respectively. Note
that the traces for WT and Cys520Ala have lag phases that are termed
hysteresis.

irreversible overoxidation. To the best of our knowledge, no lags
in the steady-state kinetics have been reported in mammalian
TGRs, suggesting that glutathionylation might not occur in the
Grx domain of mammalian TGRs. Thus, the Grx domain of
mammalian TGRs could be more susceptible to oxidative stress
than those of TGRs from lower eukaryotes. However, this
property is probably not crucial in mammalian cells, because
the presence of TrxR and GR enzymes that respond to oxidative
stress makes TGR less important in maintaining the overall
cellular redox balance. However, because in flatworm parasites
TGR is the only enzyme capable of reducing Trx and GSSG, and
parasites are under constant oxidative stress, mechanisms such as
reversible glutathionylation may be important in protecting the
activity of parasite TGR. This differential sensitivity could be
important in drug development.

The V..« values, even when measured after steady-state rates
have been attained, indicate that substrate inhibition still occurs
with WT SmTGR at GSSG concentrations of >200 M (data not
shown). However, no substrate inhibition was observed in
Cys28Ala, Cys28Ala/Cys31Ala, Cys31Ala, or Cys31Ser, even at
GSSG concentrations as high as 500 #M.

The TrxR activities of Cys28Ala, Cys31Ala, Cys28Ala/Cys31Ala,
and Cys31Ser variants of SmTGR were comparable to those of
the WT enzyme (Table 2), consistent with the theory that the
Grx domain does not have a crucial role in Trx reduction.
However, the activities of the Grx domain variants with DTNB,
which is usually thought to be reduced at the same site as Trx,
were significantly decreased (by ~60%), except in the case of
Cys31Ser. These results suggest that reduction of DTNB by
SmTGR can occur both at the cysteine Cys-28/Cys-31 pair and
at the Cys-596/Sec-597 pair. Therefore, reduction of SmTGR by
NADPH must also involve reduction of the Cys-28/Cys-31
couple, which should potentially be able to interact with DTNB.

Catalytic Functions of Sec-597 in SmTGR. It has been shown
that Sec is very important to the TrxR and GR activities of
EgTGR;‘q’8 Secis also thought to be essential to the GR and TrxR
activities of SmTGR.” We have investigated the functions of the
analogous Sec-597 residue in the catalytic mechanism of
SmTGR. As shown in Table 3, the DTNB, GR, and TrxR
activities of the Sec597Cys mutant were approximately 20% of
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Table 3. Kinetic Parameters of Wild-Type SmTGR and
Sec597Cys Reacting with the Substrates, DTNB (DTNB
activity), GSSG (GR activity), and Trx (TrxR activity)

DTNB activity, % of WT K., for DTNB
kear (s71) (um)
WT 16 + 0.6 - 319 + 47
Sec597Cys 4401 25% 6.8 107 £ 10
GR activity, % of WT K, for GSSG
keat (571) (IMM)
WT 19+ 12 - £2+6
Sec597Cys 4406 214 5.7 71+ 24
TrxR activity, % of WT K, for Trx
keae (s71) (uM)
WT 19+1 - 8403
Sec597Cys 3.54+0.1 18% 4.9° 15+23

“ Activities of Sec597Cys compared to those of the wild-type enzyme.
? Activities of Sec597Cys compared to those of the wild-type enzyme
when only 27% of the wild-type enzyme is considered full length whereas
100% of Sec597Cys is considered full length.

the wild-type activities. However, unlike Sec597Cys preparations
that are 100% full length, WT SmTGR preparations are less than
100% full length. This conclusion is based on the selenium
content of WT SmTGR (and mutants, except Sec597Cys)
determined by inductively coupled plasma atomic emission
spectroscopy (data not shown). The efficiency of selenocysteine
incorporation from seven representative protein samples aver-
aged 27% (range of 20—33%) and is similar to that previously
found for other selenoproteins.*>***° Therefore, the activities of
Sec597Cys are more likely only 5.4% of WT SmTGR activities,
indicating that selenocysteine is very important to the catalytic
activity of SmTGR. Our data show that the Grx domain is
responsible for most of the GR activity and some of the DTNB
activity (see above). To permit GR and DTNB activities at the
Grx site, the redox-active Cys-596/Sec-597 pair is presumed to
be crucial for transferring reducing equivalents from NADPH
through the TrxR domain to the Grx domain; further evidence of
this transfer comes from recent structural data.*® Sec597Cys is
expected to have significantly lower GR and DTNB activities
compared to those of the WT enzyme. The X-ray crystal
structure indicates that the cysteine/selenocysteine pair is res-
ponsible for the reduction of Trx;* therefore, as expected, the
TrxR activity of Sec597Clys is significantly lower than that of WT
(Table 3). However, the Grx deglutathionylation activity of
Sec597Cys is ~40% of the wild-type activity (Table 1). As
described earlier, the truncated enzyme, from which both Sec-
597 and Gly-598 are missing, still retained 40% of the wild-type
Grx deglutathionylation activity. This activity can be attributed to
the Grx domain of the truncated enzyme being reduced by GSH
rather than by the TrxR domain. As a result, the Grx domain of
Sec597Cys is able to function in a manner independent of the
TrxR domain by virtue of it being reduced by GSH.

The broad substrate range of cytosolic TrxR1 has been
attributed to the low pK, value (~5.2)**%557 and high nucleo-
philicity of a selenolate.’**” However, the presence of a selenolate
is not required for the reduction of many small molecule
substrates in the case of mitochondrial TrxR2.>®> While the

Table 4. Substrate Specificity of Wild-Type TGR and
Sec597Cys

enzyme Vinax (1) K, (mM)
NaSeOs WT (100 nM)* 13402 87425 (uM)
Secs97Cys (100 nM)* 0.8 £ 0.1 173 & 4.4 (uM)
alloxan WT (20 nM)* 27.7 £ 0.8 0.94 £ 0.09
Sec597Cys (100 nM)* 7.2 402  0.88 = 0.07
H,0, WT (20 nM)* 46+£07 173+76
Secs97Cys (100 nM)* 11401 524498
lipoamide WT (100 nM)* 43+04 S=+1
Sec597Cys (100 nM)* 2.6 £0.6 10.7 + 3.8
lipoic acid WT (100 nM)* 1.6£02 29407
Sec597Cys (150 nM)* 1£02 93 £29
tertbutylOOH  WT (20 nM)* 109 04 75+ 10

Sec597Cys (100 nM)* 294+ 0.1 53+ S

dehydroascorbic acid ' WT (20 nM) ND? ND?
Sec597Cys (100 nM) ND” ND?
ubiquinone WT (20 nM) ND’ ND’
Sec597Cys (100 nM) ND” ND?

? Concentrations in parentheses represent the concentrations of en-
zymes used in the assays. ’ Undetectable activity.

presence of Sec is also believed to confer broad substrate
tolerance on SmTGR' for the same reasons described for
TrxR1,2%°7°" substrate electrophilicity has been cited as an
important factor for substrate utilization in the case of TrxR2.5
We tested whether the Sec597Cys variant can also reduce a wide
range of substrates. As shown in Table 4, quite surprisingly,
although having lower activities in all cases, Sec597Cys never-
theless was able to reduce all of the known TGR substrates.
These results are similar to those of the mammalian TrxR2 variant
in which Sec is replaced with Cys; this variant still was able to
reduce selenite, lipoic acid, and lipoamide.>® Thus, selenocys-
teine is not the sole determinant for the broad substrate tolerance
of SmTGR, although it is important for the achievement of high
enzymatic activity.

Selenocysteine was thought to be required for some inhibitors
to be effective. For example, some gold compounds need seleno-
cysteine to exert their inhibitory effects on selenoproteins, **+%*
However, recent data indicate that the selenocysteine residue
is not essential for inhibition of SmMTGR by AF. AF still is able
to inhibit the GR activity of truncated SmTGR that does
not contain Sec-597 or Gly-598, although the degree of and rate
of inhibition can be increased when exogenous selenium
(benzeneselenol) is supplied.'> Thus, we tested three SmMTGR
inhibitors: furoxan (4-phenyl-1,2,5-oxadiazole-3-carbonitrile-2-
oxide, Fx), which has been shown to release nitric oxide that
inhibits SmMTGR,"""* potassium antimony tartrate (PAT), an
antischistosomal drug shown previously to inhibit SmTGR,"
and AF, a gold(I) compound. All of the compounds inhibited
both Sec597Cys and WT enzyme, and the ICs, values were in the
range of 8—300 nM for PAT and AF (Table S). These results
indicate that selenocysteine is not critical for the inhibitory
actions of these inhibitors. These results are similar to the
observations from Lothrop et al.>® We propose that the increased
rates of inactivating the truncated SmTGR by AF with the
supplements of exogenous selenium'* are due to the accessibility
of the selenium to AF to release the gold atoms. Thus, in
Sec597Cys, the cysteine pair of Cys-596 and Cys-597 could
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Table 5. ICs, Values of Furoxan (Fx), Potassium Antimony
Tartrate (PAT), and Auranofin (AF) against DTNB, GR, and
TrxR Activities of Wild-Type and Sec597Cys SmTGRs

WT Sec597Cys
DTNB* Fx 3.0 uM 6 uM
PAT 9 nM 20 nM
AF 3.2 nM 20 nM
GR’ Fx 32 uM 2.5 uM
PAT 8 nM 8 nM
AF 5.4 nM 9 nM
TrxR Fx 5.4 uM 2.1 uM
PAT 45 nM 29 nM
AF 8.3 nM 16 nM

“The concentrations of wild-type enzyme and Sec597Cys were S and
20 nM, respectively. " The concentrations of wild-type enzyme and
Sec597Cys were 20 and SO nM, respectively. “The concentrations of
wild-type enzyme and Sec597Cys were 10 and 20 nM, respectively.

interact with AF to facilitate the transfer of gold atoms from AF to
redox-active cysteines in the protein. Because a thiolate anion on
Cys-597 is required for disulfide—dithiol interchange reactions, it is
reasonable to speculate that Cys-597 has a low pK,, value, allowing it
to release gold from AF resulting in the inhibition of Sec597Cys.
To test the hypothesis that reducing equivalents can pass
readily from the reduced TrxR domain to the Grx domain, we
have investigated the reductive half-reaction in SmTGR
Sec597Cys using static, anaerobic titrations with NADPH to
ascertain whether all of the cysteine pairs can be reduced by
NADPH. The limitation of this type of experiment is that one
does not observe the transient states, but only the spectral
characteristics of the products of the reductive half-reaction,
including products that may have been formed slowly. The
spectra of Sec597Cys recorded after the addition to the oxidized
enzyme of 1, 2, and 6 mol of NADPH/mol of FAD are shown in
Figure 2. The inset shows the changes in absorbance at three
critical wavelengths, 462 nm (flavin reduction), 540 nm
[thiolate-FAD CTC; i.e., a thiolate anion on Cys-159 interacts
with FAD (Scheme 1)], and 360 nm (NADPH oxidation). The
oxidation of NADPH can be followed most clearly at 360 nm
where the spectra of all of the enzyme forms are virtually
isosbestic. The data show that all of the added NADPH reacted
with the enzyme until at least 2.6 mol of NADPH/mol of FAD
had been added. This means that 2.6 equiv reacts before free
NADPH starts to accumulate. The data at the three wavelengths
shown suggest three phases in the titration. During the addition
of the first equivalent of NADPH, the spectrum remained the
same as the spectrum of oxidized enzyme; that is, it did not lead
to decreased absorbance at 463 nm or increased absorbance at
540 nm, as would be expected for the formation of the thiolate-
FAD CTC. The lack of the CTC indicates that the added
reducing equivalents were neither in FAD nor in the proximal
cysteine pair, Cys-154/Cys-159. Thus, the electron pair must
have passed on to the Cys-596/Cys-597' pair in the flexible tail,
and possibly to the Cys-28/Cys-31 pair in the Grx domain.
Precedent for this interpretation comes from studies of mercuric
reductase, another member of this enzyme superfamily that has
three redox-active centers.>*® Further addition of NADPH
(1.1—2.6 equiv) resulted in decreased absorbance at 463 nm,
increased absorbance at 540 nm, but still almost no change at
360 nm; this indicates that in this phase the N-terminal redox-
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Figure 2. Anaerobic titration of Sec597Cys. The concentrations of
enzymes were 10 4M. Spectra are as follows: oxidized enzyme (—) and
enzyme after addition of 1 equiv of NADPH (---), 2 equiv of NADPH
(—-—), and 6 equiv of NADPH (—--—). The inset shows the
absorbance at 462 nm (@, left y-axis), 540 nm (O, right y-axis), and
360 nm (A, right offset y-axis) as a function of the number of equivalents
of NADPH added (x-axis).

active disulfide that is proximal to the FAD was partially reduced.
The final phase (2.6—6 equiv) involved further reduction of the
N-terminal disulfide and enhancement of the charge-transfer
complex by bound NADPH. Given the flexibility of the C-terminal
tail, as indicated in the latest crystal structure®® and our inter-
pretation (above) of the NADPH titration, the cysteine pair of
Cys-28 and Cys-31 in the Grx domain appears to be able to react
with DTNB regardless of the equilibria existing between the
three redox-active cysteine pairs.

It has been proposed that the transfer of reducing equivalents
from the Cys-597/Sec-598 pair in the C-terminal “tail” to the Cys
pair in the Grx domain involves substantial structural changes in
the protein.*****° Reduction of the C-terminal Cys/Sec pair may
be the signal for rotation of the flexible C-terminus to a position
close to the Grx domain of the other subunit. In this configura-
tion, reducing equivalents could be transferred to the Cys-28/
Cys-31 pair, resulting in the oxidation of the Cys/Sec pair; this
would be followed by a return to a conformation in which the
Cys/Sec pair is away from the Grx domain but close to the
cysteine pair proximal to the flavin. In this latter conformation,
reducing equivalents are effectively trapped in the Grx domain.

Because only ~27% of the expressed wild-type SmTGR is full-
length protein whereas Sec597Cys preparations are 100% full-
length protein, we were surprised to find that titrations of both
enzymes with NADPH resulted in similar titration patterns (data
not shown). We do not fully understand why the largely
truncated enzyme took up more than 2 equiv of NADPH. One
possibility is that the redox-active Cys-596/Sec-597 pair in the
full-length SMTGR present in the enzyme population can pass
electrons (slowly) to Grx domains of truncated SmTGRs inter-
molecularly as well as to its own Grx domain intramolecularly.
The similarity of titrations of the wild-type enzyme and the
Sec597Cys variant suggests that reduction of the Grx domain
disulfide is by a C-terminal tail redox pair for both Sec597Cys and
the 27% full-length wild-type enzyme preparations.

Possible Functions of Cys-520 and Cys-574 in SmTGR. It
has been suggested that the Cys-520/Cys-574 pair is also redox-
active in catalysis because after incubation of wild-type SmTGR
with AF and NADPH, gold atoms were found bound to this pair
with an occupancy of 50%."* To investigate this issue, we
generated and studied the Cys520Ala, Cys574Ala, and CysS20A-
la/Cys574Ala variants. As shown in Table 6, the DTNB, GR, and
TrxR activities of the three variants ranged from 31 to 47% of that
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Table 6. Kinetic Parameters of Wild-Type SmTGR, Cy-
$520Ala, Cys574Ala, and Cys520Ala/Cys574Ala Reacting
with DTNB (DTNB activity), GSSG (GR activity), and Trx
(TrxR activity)

DTNB activity, K., of DTNB
ke (s71) % of WT (um)
WT 16 + 0.6 - 319+ 47
Cys520Ala 5402 31 375+ 56
CysS74Ala 6402 38 230 4+ 27
Cys520Ala/Cys574la 6+02 38 187 + 28
GR activity, K, of GSSG
keae (s71) % of WT (uM)
WT 19412 - 246
Cys520Ala 5405 26 31+£6
Cys574Ala 7407 37 36+ 8
Cys520Ala/Cys574la 5404 26 24+5
TrxR activity, K., of Trx
ke (s71) % of WT (uM)
WT 19402 - 8+03
Cys520Ala 9+0.1 47 7404
CysS74Ala 84 0.1 42 7402
Cys520Ala/Cys574la 8402 42 15+ 1.1

of WT, whereas Grx deglutathionylation activities of three
variants were 63—70% of the WT activity (Table 1). The lower
DTNB, GR, and TrxR activities of the three variants can be
explained by the TrxR domain in these three variants not being
fully functional. As described above, only a small portion of the
Grx deglutathionylation activity is dependent on the TrxR
domain, because the Grx domain in these three variants, in
principle, still could be reduced by either GSH or the TrxR
domain. In our proposed electron flow within SmTGR, the
DTNB, GR, and TrxR activities of these variants require the
TrxR domain. We still observed lags in the GR steady-state
activity of all three of these variants, showing that glutathionyla-
tion by GSSG of these two cysteine residues (rather than the Cys-
28/Cys-31 pair) is unlikely (Figure 1). These results (Table 6)
suggest that the Cys-520/Cys-574 couple can affect the electron
flow in the TrxR domain to some degree but indirectly.

We reduced the three Cys-520 and Cys-574 variants anaero-
bically with 6 equiv of NADPH. The reduced spectra for these
three variants (Figure 3B shows spectra for Cys520Ala/
CysS74Ala as an example) were similar to those of the WT
enzyme (cf. panels B and A of Figure 3). However, more flavin
reduction (462 nm) was observed and less FAD-thiolate CTC
(540 nm) in these three variants than in wild-type SmTGR.
These observations indicate that the relative redox potentials of
the FAD and the proximal cysteine pair in the three variants had
changed. These results suggest that Cys-520 and Cys-574 are
close enough to the flavin, or at least affect the structure of the
enzyme sufficiently, to influence its redox potential relative to
that of the proximal redox-active cysteine pair. Such a change
could influence the V,,, of the enzyme. Structures of SmTGR
(Protein Data Bank entries 3H4K and 2V60) show that the
Cys-520/Cys-574 pair is on the strand that contains His-571 and
Glu-576, a catalytic dyad conserved in all members of this
enzyme superfamily. This dyad has been shown to facilitate
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Figure 3. Spectra of the oxidized and reduced wild-type enzyme (A)
and Cys520Ala/CysS74Ala (B). The enzyme concentration was 10 M.
The spectra of reduced enzymes were recorded after the addition of
6 equiv of NADPH. Spectra: oxidized enzyme (—) and enzyme after
addition of 6 equiv of NADPH (—- - —).

deprotonation of one cysteine residue of the N-terminal redox-
active cysteine pair adjacent to FAD. Thus, in GRs, TrxRs, and
lipoamide dehydrogenases, mutation of this dyad resulted in a
significant loss of enzymatic activity.***”~”" Similarly, in SmTGR,
His-571 and Glu-576 are thought to facilitate deprotonation of
Cys-159.* The results with the Cys-520/Cys-574 TGR variant
are similar to those with a variant of TrxR from Drosophila
melanogaster. In this variant, mutation of His-464, equivalent to
His-571 in SmTGR, changed the redox potential of FAD.”® It is
possible that in the Cys-520 and/or Cys-574 variants of SmTGR,
the redox potential and the alignment of His-571, Glu-576, and
Cys-159 are distorted, thereby affecting the catalytic efficiency of
the TrxR domain of SmTGR.

Bl CONCLUDING REMARKS

Schistosomiasis is the second most important parasitic disease
after malaria. Because praziquantel-resistant parasites are an
imminent threat, it is urgent that new drugs against schistoso-
miasis be developed. SmTGR is essential for the survival of
S. mansoni, has a different functional role in the worm than in its
host, and can be selectively inhibited relative to the host
flavoenzyme reductases, indicating that SmTGR could be an
excellent drug target. To facilitate the development of inhibitors
of SmTGR, it is vital to understand its catalytic mechanism.

Although a catalytic mechanism for TGR proteins has been
proposed,”** experimental details characterizing this process
have been lacking. The most intriguing questions are the particular
chemical functions of cysteine residues that are involved in
catalysis. Such questions led us to investigate these catalytic
functions of the cysteine residues as well as the selenocysteine
residue. It should be noted that the kinetic parameters of the WT
enzyme and its variants reported here were based on protein
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concentrations determined by using the extinction coefficient of
FAD; we did not correct the parameters with the factor of
selenocysteine incorporation. Such comparisons among the WT
enzyme and Cys-28, Cys-31, Cys-520, and Cys-574 variants
should not affect our interpretations; selenium content in a
protein (excepting Sec597Cys) is independent of the mutation
and averages 27%. In contrast, the comparisons between the WT
enzyme and Sec597Cys were adjusted to account for the relative
incorporation of selenocysteine (shown in Table 3). Our results
show that the redox-active Cys-28/Cys-31 pair in the Grx
domain of TGR is responsible for glutathione reductase and
deglutathionylation activities, as expected. On the basis of our
results, we conclude that the deglutathionylation activity of the
Grx domain can occur via two parallel mechanisms that are
partitioned according to the particular conditions extant. The
Cys-28 thiolate is the nucleophile that attacks the disulfide bond
between GSH and a cysteine residue of proteins (or peptides),
thus forming a glutathionylated mixed disulfide-linked enzyme
intermediate in both mechanisms. In the mechanism occurring
under normal metabolic conditions at high GSH concentrations,
this is followed by attack of a free GSH on the mixed disulfide
bond between GSH and Cys-28 to release GSSG. At low GSH
concentrations, in a second mechanism, the disulfide bond of
the mixed disulfide can be resolved by Cys-31 to form a disulfide
bond between Cys-28 and Cys-31; this disulfide can then be
reduced by the redox-active selenocysteine/cysteine pair of
the TrxR domain. In addition to the deglutathionylation reactions,
the Cys-28/Cys-31 pair in the Grx domain is responsible for
reduction of GSSG. The GR activity of the Cys-31 variants
displayed no lags in the steady-state kinetics that are thought to
be due to glutathionylation of cysteine residues caused by high
concentrations of GSSG. Given that some Grx enzymes catalyze
the deglutathionylation of proteins using a single active-site thiol,
we suggest that the role of Cys-31 is mainly to stabilize the
thiolate anion on Cys-28 via a hydrogen bond, thus facilitating
nucleophilic attack of Cys-28 on GSSG. Our results showing that
the Sec597Cys variant could reduce a variety of known SmTGR
substrates, albeit at much reduced rates, suggest that the presence
of selenocysteine is not essential for the broad substrate tolerance
of SmTGR. We also find that the action of inhibitors did not
require selenocysteine, because the Sec597Cys variant was
susceptible to several known inhibitors. We also investigated
whether another cysteine pair, Cys-520/Cys-574, is involved in
catalysis by SmTGR. Our data indicate that this particular
cysteine pair may affect acid—base catalysis in the TrxR domain
of SmTGR but does not directly participate in catalysis. The
results from spectrally monitored reductive titrations suggest that
reducing equivalents from NADPH can be transferred to the
disulfide in the Grx domain via the C-terminal tail, as suggested
by the recent structure of SmTGR.*

This study further elucidates the catalytic mechanism of SmTGR
and can serve as a beginning in assigning specific roles to Cys-28
and Cys-31 in the Grx domain, in confirming the assumed role of
Sec-597 as the reductant of Trx and the Grx domain active-site
cysteines, and in eliminating Cys-520 and Cys-574 as participants in
catalysis. These results will help the planning of the design of
differential inhibitors against SmTGR and human TrxR.
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AF, auranofin; CTC, charge-transfer complex; DTNB, 5,5’ -dithiobis-
(2-nitrobenzoic acid); EgTGR, thioredoxin glutathione reductase
from E. granulosus; FAD, flavin adenine dinucleotide; furoxan
(Fx), 4-phenyl-1,2,5-oxadiazole-3-carbonitrile-2-oxide; GSSG,
glutathione disulfide; GR, glutathione reductase; Grx, glutare-
doxin; high-M, TrxR, high-molecular weight thioredoxin reduc-
tase; TGR, thioredoxin glutathione reductase; TrxR, thioredoxin
reductase; Sec, selenocysteine; SmTGR, thioredoxin glutathione
reductase from S. mansoni; SmTrx-1, thioredoxin-1 from S. mansoni;
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