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ABSTRACT: A number of quinones were analyzed as substrates for trypanothione reductase from Trypanosoma
congolense, an enzyme responsible for the protection of trypanosomes against oxidative stress. Using
NADPH as substrate, the maximal rate of the steady-state reaction at pH 7.5 was between 24 and 1.6 s~!
for 11 quinone substrates. The biomolecular steady-state rate constants for quinone reduction, ¥/Kp,
ranged from 240 to 1.9 X 10° M-! 571, and their logarithms exhibited a hyperbolic dependence on the
one-electron-reduction potentials of the quinone substrate. The addition of NADP* stimulated these rates,
with V/K, values increasing with an increasing NADP*/NADPH ratio. The results of alkylation of the
cysteine residue in the two-electron-reduced enzyme by iodoacetamide indicate that these residues are not
primarily involved in the reduction of these quinones. Single-electron reduction of benzoquinone constitutes
40% of the total electron transfer from NADPH to quinone in the absence of NADP*, and increases to
80% at NADP*/NADPH ratios greater than 10. These steady-state results were confirmed in pre-steady-
state rapid reaction experiments. The rate of reduced enzyme oxidation by 1,4-benzoquinone is approximately
100 times faster in the presence of NADP™ than inits absence. The reactivities of various pyridine nucleotide
liganded forms of EH, for quinone reduction are presumably affected by the electron density at FAD. We
suggest that one-electron reduction of quinones occurs at a site distinct from the two active sites involved

in hydride ion transfer and disulfide reduction.

Trypanosomes are the causative parasites of several tropical
diseases, including African sleeping sickness (Trypanosoma
gambiense and Trypanosoma rhodiense) and Chagas disease
(Trypanosoma cruzi) in humans, and nagana (Trypanosoma
congolense and Trypanosoma brucei) in cattle. Trypanothione
reductase catalyzes the NADPH-dependent reduction of
trypanothione, N, N8-bis(glutathionyl)spermidine, T(S),,! a
glutathione analog unique to trypanosomatid parasites. This
enzyme performs similar functions to those of glutathione
reductase in these parasites, including maintenance of intra-
cellular thiol redox poise and protection against oxidative stress
resulting from an increased steady-state concentration of
radicals and other reactive reduced forms of oxygen [for a
review, see Fairlamband Cerami, (1992)]. The enzyme from
T. congolense is a dimer of identical 55-kDa subunits, each
containing a noncovalently bound FAD cofactor and a redox-
active disulfide consisting of cysteine residues 52 and 57
(Shames et al., 1986). A 2.4-A-resolution three-dimensional
structure of trypanothione reductase purified from Crithidia
fasciculata (Kuriyan et al.,, 1991) reveals a substantial
structural similarity to human erythrocyte glutathione re-
ductase (Pai et al., 1988), with structurally distinct binding
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sites for pyrdine nucleotide and disulfide substrate, separated
by theisoalloxazinering of FAD. The reduction of the enzyme
with 1 equiv of NADPH produces a charge-transfer complex
between FAD and the Cys 57 thiolate anion, with an absorption
maximum at 530 nm (Krauth-Siegel et al., 1987; Sullivan et
al., 1989), which is subsequently reoxidized by T(S)>. The
steady-state kinetic mechanism is “ping-pong” (Leichus et
al., 1992), and amino acid residues responsible for the selective
binding of T(S),, and its discrimination against glutathione,
have been recently identified (Sullivan et al., 1991).

It has been suggested that trypanosomes are more sensitive
to oxidative stress than their hosts (Walsh et al., 1991), and
the selective inhibition of trypanothione reductase is one basis
for thesearch of trypanocidal compounds. It hasbeen reported
that quinones and nitrofurans act as inhibitors of trypanothione
reductase (Henderson et al., 1988; Jockers-Scheriibl et al.,
1989) and of the structurally and functionally related
flavoproteins glutathione reductase (Grinblat et al.,, 1989;
Cénas et al., 1991; Bironaité et al., 1991) and thioredoxin
reductase (Mau & Powis, 1992). Quinone and nitrofuran
substrates are reduced by these enzymes, and subsequently
redox cycle via reaction of the reduced quinones and nitrofurans
with molecular oxygen to form reactive oxygen species
(Henderson et al., 1988; Jockers-Scheriibl et al., 1989; Cénas
et al., 1989; Mau & Powis, 1992). They act as “subversive
substrates” of antioxidant enzymes (Henderson et al., 1988),
converting the normally protective functions of these enzymes
into toxic ones. Itis believed that heteroaromatic, positively-
charged inhibitors of trypanothione reductase bind at or close
tothe T(S),-binding site (Jockers-Scheriibl et al., 1989; Benson
et al., 1992), although binding at other sites (Karplus et al.,
1989; Kuriyan et al.,, 1991) cannot be excluded. The
mechanism of reduction of these compounds, especially the
formation of their one-electron-reduced forms, is poorly
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Table 1: Dependence of the Kinetic Parameters of Reduction of Quinones by Trypanothione Reductase on Their Single-Electron-Reduction

Potentials (E!)%

quinone E\, v Y, s V/Km, M1 571
1,4-benzoquinone, 1 0.09 4813 (29+0.3) x 10¢
2-methyl-1,4-benzoquinone, 2 0.01 1.6 £0.1 (1.1 £0.1) x 10¢
2,3-dichloro-1,4-naphthoquinone, 3 -0.03 24+9 (1.9+02) X 10°
2,5-dimethyl-1,4-benzoquinone, 4 -0.08 2.4£0.2 (5.9+03)x10°
5-hydroxy-1,4-naphthoquinone, 5 -0.09 3406 (3.2£0.4) x 104
5,8-dihydroxy-1,4-naphthoquinone, 6 -0.11 44%10 (4.1£0.5) x 104
9,10-phenanthrenequinone, 7 -0.12 29£04 (3.5+0.2) x 10¢
1,4-naphthoquinone, 8 -0.15 88 £3.2 (6.3+0.4) x10°
2-methyl-5-hydroxy-1,4-naphthoquinone, 9 -0.16 2404 (58%0.3) x 10
2-methyl-1,4-naphthoquinone, 10 -0.20 1.6 £0.2 (1.6 £0.1) x 103
tetramethyl-1,4-benzoquinone, 11 -0.26 (24 £0.3) X 102

4 All data obtained in 50 mM Hepes, pH 7.5, at 25 °C. # From O’Brien (1991) and Cénas et al. (1989).

understood. As an initial attempt to understand the mech-
anism of reduction of quinones by trypanothione reductase,
we have analyzed these reactions using steady-state and pre-
steady-state kinetic methods.

EXPERIMENTAL PROCEDURES

Materials. Theoverexpressed trypanothione reductase from
T. congolense was isolated as previously described (Sullivan
et al., 1989). The concentration of enzyme was determined
spectrophotometrically using €44 = 11.3 mM~! cm™! for the
absorbance of enzyme-bound FAD (Shames et al., 1986). All
pyridine nucleotides, cytochrome ¢, 2’,5'- ADP, iodoacetamide,
and buffer components were purchased from Sigma. Quinones
were purchased from Sigma or Aldrich and used as received
(numbers refer to Table 1). Oxidized trypanothione was
purchased from Bachem Bioscience (Switzerland).

Steady-State Kinetic Studies. Initial velocities were mea-
sured by monitoring the decrease in the absorbance at 340 nm
of NADPH (e350 = 6.2 mM-! cm™!) in a Gilford 260
spectrophotometer equipped with thermospacers and con-
nected to a circulating water bath. Typically, 10-100 uM
NADPH was used, and assays were performed in 0.05 M
Hepes, pH 7.5, containing 1 mM EDTA, at 25 £ 0.1 °C
(Leichus et al., 1992). For the determination of steady-state
values of ¥ and V/Ky, of quinones, 5-7 concentrations of the
quinone substrate were used. The maximal concentrations of
quinones were limited by their water solubility, e.g., 30 uM
2,3-dichloro-1,4-naphthoquinone, 50 u-M 9,10-phenanthrene
quinone, 400 uM 1,4-naphthoquinone, 2-methyl-1,4-naph-
thoquinone, or tetramethyl-1,4-benzoquinone, or by high rates
of nonenzymatic oxidation of NADPH (i.e., 100 uM 1,4-
benzoquinone, 200 uM 2-methyl-1,4-benzoquinone). Under
the conditions used, the rates of the latter reactions did not
exceed 5-10% of the enzyme-catalyzed reaction rate, and were
subtracted from the enzyme-catalyzed rate. Quinones were
dissolved in either acetonitrile or ethanol at concentrations
which permitted the final concentration of organic solvent to
be less than 1% of the total reaction volume. Control
experiments demcnstrated that this content of organic solvent
did not affect enzyme activity. The benzosemiquinone-
mediated reduction of cytochrome ¢ (50 uM) was monitored
as an increase in the absorbance due to reduced cytochrome
¢ at 550 nm (Ae = 20 mM-! cm™!) in 0.05 M Hepes, pH
6.5-7.0 (Nakamura & Yamazaki, 1972).

The steady-state kinetic data were graphically analyzed by
Lineweaver—Burk analysis and subsequently fitted to the
appropriate rate equations using the FORTRAN programs
of Cleland (1979).

Rapid Reaction Studies. Rapid reactionkinetics of quinone
reduction by two-electron-reduced trypanothione reductase

were measured with a stopped-flow spectrophotometer de-
signed for anaerobic work. Thisinstrument hasa 2-cm optical
path and a bifurcated quartz light pipe to direct the emerging
light beam to a Tracor Northern TN-6500 rapid scan
spectrometer diode array detector (350-700 nm) and to a
double monochromator (variable wavelength)/photomulti-
plier. The photomultiplier tube isinterfaced toa Gateway2000
486/33C computer through a Data Translation DT2801-A
high-speed data acqusition board, with software for data
acquisition writtenin ASYST (D. Arscottand C. H. Williams,
Jr., unpublished results). Trypanothione reductase at a
concentration of 30-50 uM active sites in 0.05 M Hepes, pH
7.5, was made anaerobic by 10 cycles of evacuation and flushing
with oxygen-free nitrogen. The enzyme wasreduced by tipping
5-8 mL of the enzyme solution into a side arm of the anaerobic
tonometer which had a ca. 50-fold excess of sodium boro-
hydride in ca. 10 uL of 0.2 M NaOH. Excess borohydride
was allowed to hydrolyze for 30-40 min (kpydrolysis = 0.03~
0.04 s71; Davis & Swain, 1960) prior to reaction with oxidant.
Complete enzyme reduction was assessed spectrophotomet-
rically. Reactions were initiated by rapidly mixing equal
volumes of borohydride-reduced enzyme and anaerobic 1,4-
benzoquinone solutions, either alone or containing 2 equiv of
NADP* per enzyme-bound FAD at 25 °C. Reactions were
performed in duplicate at each benzoquinone concentration.

Stopped-flow spectrophotometric traces at 450 and 530 nm
were analyzed as a sum of the exponential process (Marquardt,
1963) using a PASCAL program developed in Professor D.
Ballou’s laboratory at the University of Michigan. Data were
first fitted to a single exponential and then to multiple
exponentials. The appropriateness of the fit was determined
by visual inspection of the experimental and simulated traces,
and from plots of the residuals. The first-order rate constants
(kqbsa) were plotted against the concentration of benzoquinone
to obtain the second-order rate constant of enzyme oxidation
(kox).

Alkylation of Reduced Trypanothione Reductase with
Iodoacetamide. The alkylation of reduced trypanothione
reductase with iodoacetamide was performed as described
previously (Shames et al., 1986). The anaerobic mixture
contained 1.2 uM trypanothione reductase, 2.0 mM iodoac-
etamide, and 0.25 mM NADPH, and was allowed to proceed
for 1 hat25°C. Residual trypanothione and quinone reducing
activities were measured as described above.

RESULTS

Enzymatic Activities of Trypanothione Reductasein T(S),
Reduction. Atsaturating concentrations of NADPH (50 uM),
the variation of T(S), concentrations between 10 and 100 uM
gives a linear Lineweaver—Burk plot, allowing the calculation
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FIGURE 1: Dependence of steady-state V/ Ky, of reduction of quinones
by trypanothione reductase on their single-electron-reduction po-
tentials (E'): 1,4-benzoquinone (1), 2-methyl-1,4-benzoquinone (2),
2,3-dichloro-1,4-naphthoquinone (3), 2,5-dimethyl-1,4-benzoquinone
(4), 5-hydroxy-1,4-naphthoquinone (5), 5,8-dihydroxy-1,4-naphtho-
quinone (6),9,10-phenanthrenequinone (7), 1,4-naphthoquinone (8),
2-methyl-5-hydroxy-1,4-naphthoquinone (9), 2-methyl-1,4-naph-
thoquinone (10), tetramethyl-1,4-benzoquinone (11).

of the maximal velocity, V, = 122 + 4 571, and the K, value
for T(S); of 17 & 2 uM, which are similar to those reported
previously (Leichus et al., 1992; Fairlamb & Cerami, 1992).
At a fixed concentration of 100 uM T(S),, NADP* and 2/,5’-
ADP act as linear competitive inhibitors vs NADPH (data
not shown). Calculated K; values for NADP*and 2’,5-ADP
were 11.1 £ 2 and 8.9 £ 1.9 uM, respectively, compared to
the K, value of NADPH of 2.4 & 0.5 uM under these
conditions. At a fixed concentration of NADPH of 25 uM
(~10Km), NADP* and 2/,5'-ADP act as uncompetitive
inhibitors versus T(S); (data not shown). Calculated X;values
of NADP* and 2/,5'-ADP versus T(S), were 67 &+ 3 and 75
x 2 uM, respectively, at this concentration of NADPH.

Steady-State Reduction of Quinones by Trypanothione
Reductase. Thesteady-statekinetic parameters for reduction
of quinones by trypanothione reductase are shown in Table
1. The calculated values of ¥ and V/Ky, were independent
of the concentration of NADPH used (10-100 uM). The
data of Figure 1 indicate that there is a hyperbolic dependence
of the log V/Ky, values of quinones on their single-electron-
reduction potentials (E'). This observed dependence of the
rate on the redox potential is characteristic of an outer-sphere
single-electron-transfer reaction (Marcus & Suttin, 1985;
Meyer et al., 1983), and indicates that semiquinones may be
formed as products during the reduction of quinones by
trypanothione reductase.

The efficiency of a one-electron reduction of quinones may
be estimated quantitatively using the observation that, at pH
values <7.2, the rate of reduction of cytochrome ¢ by 1,4-
benzohydroquinone is negligible, but that benzosemiquinone
rapidly reduces cytochrome c at these pH values (k = 1.5 X
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FIGURE 2: Kinetics of reduction of phenanthrenequinone by try-
panothione reductase using NADH as substrate. Concentration of
NADH: 15.6 mM (1), 21.5 uM (2), 32.3 uM (3), 64.6 uM (4), 109
uM (5).

106 M-! s-1; Nakamura & Yamazaki, 1972). This reaction
is not mediated via superoxide, and the rate of compropor-
tionation of benzoquinone and benzohydroquinone is small,
especially under these initial velocity steady-state conditions.
At the high concentrations of cytochrome ¢ used in these
experiments (~ 50 uM), the percentage of single-electron flux
is calculated from the ratio of the rate of reduction of
cytochrome c to twice the rate of oxidation of NADPH in the
presence of quinone. In the absence of added NADP*, the
percentage of trypanothione reductase catalyzed single-
electron reduction of benzoquinone is 40% at pH 6.5-7.0,
with the remaining 60% accounted for by two-electron
reduction.

Using NADH as substrate, the maximal activity of T(S),
reduction is decreased about 30-fold compared to using
NADPH as reductant (Leichus et al., 1992). For several of
the quinones investigated, the maximal rates of their enzymatic
reduction using NADH as reductant were determined, and
decreased as well, being 0.156 £ 0.01 s-! for 5-hydroxy-1,4-
naphthoquinone (5; cf. Table 1) and 0.12 + 0.02 s for 9,-
10-phenanthrenequinone (7; Figure 2). However, V/K values
of these quinones were not significantly different from those
determined using NADPH as reductant (cf. Table 1), being
(4.0 £ 2.6) X 10* M-1 571 for 5-hydroxy-1,4-naphthoquinone
(5), and (2.4 £ 0.78) X 10* M- 571 for 9,10-phenanthrene-
quinone (7).

The anaerobicalkylation of Cys 52 of reduced trypanothione
reductase by iodoacetamide at pH 7.5 led to a loss of 98% of
the T(S), reducing activity. However, enzyme treated this
way maintained considerable quinone reductase activity. Thus,
the maximum velocity for phenanthrenequinone (7) reduction
by alkylated trypanothione reductase was 1.5 % 0.2 s~! (52%
of normal; see Table 1) while the maximal velocity for
5-hydroxy-1,4-naphthoquinone (5) reduction was 2.9 £ 0.9
57! (85% of normal; see Table 1). The ¥/K values of both
quinones were also reduced to 55% and 24% of their values
for nonalkylated enzyme.

NADP* as Activator of the Quinone Reductase Reaction
of Trypanothione Reductase. In contrast to the reduction of
T(S);, where NADP™ inhibited the reaction, the reduction of
quinones was activated by NADP* (Figure 3). The addition
of NADP™ increased both the V/K,, values of quinones as
well as the maximum velocity of quinone reduction. It was
observed that the V/ K, values of quinones depended on the
[NADP*]/[NADPH] ratio, acquiring constant values at



2512 Biochemistry, Vol. 33, No. 9, 1994

[EL v (s)

O L 1 i L
0 2 4 6 8 10
/1611107 (MY

FIGURE 3: Activation by NADP* of reduction of 9,10-phenan-
threnequinone by trypanothione reductase. Concentration of
NADPH: 90 mM. Concentration of NADP*: 0 (1), 10 uM (2),
30 uM (3), 300 uM (4), 1000 uM (5).
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FIGURE 4: Dependence of the V/Ky, value of 1,4-benzoquinone (1,
left scale) and 9,10-phenanthrenequinone (2, left scale) reduction
and the efficiency of the single-electron reduction of benzoquinone
(3, right scale) by trypanothione reductase on the [NADP*]/
[NADPH] ratio.

[NADP*]/[NADPH] > 10 (Figure 4). The degree of
activation was dependent on the quinone substrate, being 3.4—
3.6 for 1,4-benzoquinone (1), 2-methyl-1,4-benzoquinone (2),
and 2,3-dichloro-1,4-naphthoquinone (3), 2.6 for phenan-
threnequinone (7) and 2-methyl-5-hydroxy-1,4-naphtho-
quinone (9), and 1.6 for dimethyl-1,4-benzoquinone (4), 1,4-
naphthoquinone (8), and 2-methyl-1,4-naphthoquinone (10).
The V/Kp, values for reduction of 5-hydroxy-1,4-naphtho-
quinone (5) and 5,8-dihydroxy-1,4-naphthoquinone (6) were
notaffected byadded NADP*. Theincreaseinthe [NADP*]/
[NADPH] ratio also increases the percentage of a single-
electron reduction of benzoquinone, paralleling its effect on
V/Kmof quinones (Figure4). At[NADP*]/[NADPH]ratios
greater than 10, reduction of benzoquinone by a one-electron
transfer occurs with 80% of the electrons introduced into
trypanothione reductase by NADPH. At1mM NADP™, the
V/Knvalue for NADPH, determined for both T(S), reductase
and phenanthrenequinone reductase reactions, are experi-
mentally indistinguishable and equal to (5.55 £ 0.25) X 10°
and (5.14 £ 0.66) X 105 M1 571, respectively. Neither 2/,5'-
ADP nor 3-amino adenine dinucleotide, a redox-inactive
analog of NADP*, activates quinone reduction, and, in fact,
inhibits this reaction.

Cenas et al.
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FIGURE 5: Stopped-flow kinetics of oxidation of reduced trypan-
othione reductase (EH;) by 1,4-benzoquinone (2-cm optical path).
Final concentration of trypanothione reductase: 23 uM. Final
concentration of benzoquinone: 300 uM. Times after mixing: 9.5
ms(1),0.225(2),0.835(3),1.665(4),10.315(5). Inset: dependence
of the first-order oxidation rate constant (kona) On the concentration
of benzoquinone (monitored at 530 nm).

Rapid Reaction Studies of Reoxidation of Reduced
Trypanothione Reductase by 1,4-Benzoquinone. The anaer-
obic reduction of trypanothione reductase with sodium
borohydride leads to a decrease of FAD absorbance at 460
mm and anincreasein absorbanceat 530 nm (Figure 5, spectra
1), indicating the formation of a two-electron-reduced enzyme
(EH,) with a charge-transfer complex between FAD and the
thiol of Cys 57 (Shames et al., 1986). The spectrum of EH,
is analogous to those obtained with other disulfide-containing
flavoproteins, such as glutathione reductase and lipoamide
dehydrogenase (Williams, 1992). We have found in pre-
steady-state rapid reaction experiments that 1,4-benzoquinone
oxidizes EH; extremely slowly (Figure 5). The reaction rate
monitored at 530 nm is best fit by a single exponential, and
the dependence of this first-order rate constant (kqpsq) On the
concentration of benzoquinone (Figure 5, inset) gives a second-
order rate constant (ko) of (1.48 £ 0.15) X 103 M1 -1,

The complex of EH,, produced by sodium borohydride
reduction, and NADP* was formed by the addition of a 2-fold
excess of NADP™ over the concentration of enzyme active
sites. Thespectral characteristics of EH,~NADP* (a further
bleaching of absorbance at 450 and 530 nm, and increased
absorbance at longer wavelengths, (Figure 6) were similar to
those of the complex of NADP* and reduced glutathione
reductase (Bulger & Brandt, 1971). Since in control exper-
iments the EH,~NADP* complex was formed within the
mixing time of the apparatus (<4 ms), NADP* was added
to a syringe containing benzoquinone and rapidly mixed with
EH,. 1,4-Benzoquinone oxidized EH,~NADP* rapidly (Fig-
ure 6), without the noticeable appearance of reaction inter-
mediates absorbing at other wavelengths. Monitoring the
reaction at either 450 or 530 nm gave almost identical results
(Figure 6, inset), and allowed the calculation of the second-
order rate constant for quinone reduction, kox = (1.31 £ 0.06)
X 105 M1 g7, Thus, the second-order rate constant for
reduction of 1,4-benzoquinone is 90 times faster in the presence
of NADP* bound at the active site of trypanothione reductase.

DISCUSSION

The mutually exclusive substrate specificities of trypan-
othione reductase and the related host enzyme glutathione
reductase have led to this parasite enzyme’s targeting for
inhibitor design (Walsh et al., 1991; Benson et al., 1992;
Fairlamb, 1989). The gene encoding trypanothione reductase
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FIGURE 6: Stopped-flow kinetics of oxidation of the complex of
reduced trypanothione reductase and NADP* (EH,~NADP*) by
1,4-benzoquinone (2-cm optical path). Final concentration of
trypanothione reductase: 20.5 uM. Final concentration of
benzoquinone: 300 uM. Times after mixing: 9.5 ms (1), 14.9 ms
(2), 31.5 ms (3), 280 ms (4). Inset: dependence of the first-order
oxidation rate constant (kqsa) On the concentration of benzoquinone.

has been cloned and sequenced from the insect trypanosomatid
C. fasiculata (Field et al., 1992) and the cattle parasite 7.
congolense (Shames, 1988). Thederived aminoacid sequences
are 68% identical, but only 34% identical to the amino acid
sequence of human glutathione reductase (Krauth-Siegel et
al., 1982). Alignment of the sequences of trypanothione and
glutathione reductases reveals that essentially all of the
catalytically important residues have been conserved, including
the redox-active disulfide, composed of Cys 52 and 57 in T.
congolense trypanothione reductase, the His461~Glu466’ ion
pair responsible for protonation of the thiolate anion of
trypanothione produced during reduction (Leichus et al.,
1992), and Tyr 197 which hydrogen bonds to the flavin N10
position, effectively capping the nicotinamide binding site.
The recently determined 2.4 A-resolution-three-dimensional
structure of C. fasiculata trypanothione reductase (Kuriyan
et al., 1991) reveals an extraordinary degree of structural
relatedness to human erythrocyte glutathione reductase
(Karplus & Schulz, 1987), with root mean squared deviations
in equivalent C, positions of <1 A.

The treatment of trypanosomiasis using organic arsenicals
(Ehrlich & Bertheim, 1912), such as melarsoprol, has been
shown to be due to the interaction of these compounds with
the reduced, dithiol form of trypanothione (Fairlamb et al.,
1989). Due to the sensitivity of the bloodstream forms of
trypanosomatids to oxidative stress, and the central role of
trypanothione reductase in maintaining an intracellular
reducing environment, new approaches to treatment have
focused on trypanothione reductase. In particular, the
trypanothione reductase catalyzed reduction of naphtho-
quinone and nitrofuran derivatives leads to products which
are readily oxidized intracellularly by molecular oxygen
(Hendersonetal., 1988). Thesum of this futile “redox cycling”
leads to the oxidation of cellular NADPH and the generation
of reactive oxygen species. The mechanism by which try-
panothione reductase reduces these compounds, in particular
quinones, remains unresolved, and has led to the present
investigations.

Quinone reduction by trypanothione reductase could occur
via several different mechanisms. The reduction of quinones
by dithiols has been demonstrated (Anusevicius & Cenas,
1993), and is presumed to occur via initial nucleophilic attack
on the a,8-unsaturation to yield an intermediate which can
subsequently be attacked to yield the dihydroquinone (quinol)
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and disulfide products (Scheme 1). The enzyme-catalyzed
reduction of cationic napthoquinones and nitrofurans (Hend-
erson et al., 1988) may occur by this mechanism in the T(S),-
binding site, since cationic tricyclic antidepressants are
competitive inhibitors versus T(S), (Benson et al., 1992). A
second mechanism involves quinone binding at the nicotina-
mide binding pocket defined by the parallel aromatic isoal-
loxazine and phenol rings of FAD and Tyr 197 (Karplus et
al., 1989). Hydride transfer from the N5 position of FADH-
(Mansteinet al., 1986) to the o, 8-unsaturation would generate
the ketone shown, which would aromatize via enolization to
form the quinol. A third mechanism could involve sequential
one-electron transfers from the flavin to the quinone substrates,
since both have thermodynamically accessible semiquinone
forms.

Our first approach to distinguish between these mechanisms
was the reductive alkylation of Cys 52 of trypanothione
reductase. The carboxamidomethylation of the “distal”
catalytic cysteine residue results in the nearly complete loss
of T(S), reducing activity, but alkylated trypanothione
reductase retains the ability to reduce quinone substrates.
Quinone reduction can thus be catalyzed to a significant extent
by the enzyme without the covalent involvement of the reduced
catalytic disulfide invoked in T(S), reduction. The equal
values of V/Knappu, determined at high concentrations of
NADP*, for both the T(S), and quinone reductase reactions,
requires that quinones are reduced by a two-electron-reduced
trypanothione reductase, in analogy to studies performed with
glutathionereductase (Arscottetal., 1981; Cénaset al., 1989).

The stimulation of the steady-state rate of reduction of
quinones by trypanothione reductase in the presence of added
NADP* (Figures 3 and 4) is analogous to previously observed
effects of added NADP* on the rate of reduction of
trinitrobenzenesulfonate (Carlberg & Mannervik, 1986) and



2514 Biochemistry, Vol. 33, No. 9, 1994

quinones (Cénas et al., 1989) by glutathione reductase. The
latter observation was explained by the higher electron density
on FAD in the EH)-NADP* complex as compared to the
EH,-NADPH complex, and by a competition between
NADP* and NADPH for EH; binding (Cénas et al., 1989).
NADP* binds tightly (K; = 11 uM) to the EH, form of
trypanothione reductase as seen in Figure 6. NADPH also
binds to EH, tightly as evidenced by the differences in the
spectrum of the EH; charge-transfer complexes at 530 nm in
the presence and absence of NADPH (Krauth-Siegel et al.,
1987) and data on the pre-steady-state reduction of T.
congolense trypanothione reductase by NADPH (J. S.
Blanchard, unpublished observations). The half-maximal
activation of quinones occurs at [NADP*]/[NADPH] =~ 1,
and this value reflects the ratio of Ky values for pyridine
nucleotides from the EH,~-NADP* and EH,-~NADPH com-
plexes. The Ky value of NADPH in the EH,-NADPH
complex (ca. | uM) was determined from the analysis of the
inhibition of phenanthrenequinone by 2’,5’-ADP, allowing us
to calculate the Ky of the enzyme-NADPH complex at a zero
concentration of 2/,5-ADP.

To extend these steady-state observations, we preformed
anaerobic pre-steady-state rapid reaction experiments. The
second-order rate constant of oxidation of NaBHy-reduced
trypanothione reductase (EH,) by benzoquinone was 1.5 X
103 M-1 s-! (Figure 5), while the second-order rate constant
for oxidation of NaBHg-reduced trypanothione reductase, in
the presence of 2 equiv of NADP* (EH,~NADP?), was 1.3
X 105 M-1s-! (Figure 6). These data confirm that occupancy
of the nicotinamide-binding pocket by NADP* increases the
rate of quinone reduction. The presence of NADP* also
increases the proportion of quinone reduction effected by a
one-electron process (Figure 4). Moreover, alkylation of the
nascent thiol that interacts with T(S), does not greatly diminish
the quinone reductase activity, indicating that most of the
quinone reduction takes place elsewhere. These two findings
suggest that quinone reduction occurs at a third site. This
third site on 7. congolense trypanothione reductase may be
similar to the site on the crystallographic 2-fold axis in human
erythrocyte glutathione reductase where safranin and me-
nadione bind (Karplus et al., 1989).

The reactivities of various free and pyridine nucleotide-
bound forms of reduced trypanothione reductase toward
benzoquinone decrease in the order EH,-NADP* > EH,—
NADPH > EH,, which is probably related, by analogy to
glutathione reductase (Bulger & Brandt, 1971), to a decrease
of the electron density on the isoalloxazine ring of the FAD
cofactor of the corresponding complex, as evidenced by changes
in the extinction coefficient at 460 nm. The V/K,, value of
benzoquinone, determined in steady-state experiments at high
[NADP*]/[NADPH] ratios (Figure 4), is very close to the
value of ko for benzoquinone reduction by EH,-NADP*
determined in stopped-flow experiments (Figure 6, inset), and
thus represents a true bimolecular rate constant. Similarly,
the ¥/ K, values of quinones shown in Table 1 represent ko
for quinone reduction by EH,~-NADPH, which seems to be
the most important catalytic form of enzyme under steady-
state conditions and for the reduction of T(S),. It seems,
however, that quinones, in contrast to T(S),, oxidize the
nucleotide-liganded forms of reduced trypanothione reductase
most efficiently when significant electron density is localized
on the isoalloxazine ring of partially reduced FAD and not
on the enzymic dithiols which participate covalently in T(S);
reduction. The rate-limiting step of the quinone reductase
reaction catalyzed by trypanothione reductase remains unclear,
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although isotopic investigations suggest that the oxidative half-
reaction is rate-limiting in T(S), reduction (Leichus et al.,
1992). Thus, the steady-state maximal velocity of 1,4-
benzoquinone reduction at [NADP*]/[NADPH] = 10-30 s
10-12 s7! (data not shown), a value significantly less than
kobsa measured in pre-steady-state rapid reaction experiments.

The data presented indicate that, under similar conditions,
trypanothione reductase is 10-fold more efficient in the one-
electron reduction of quinones than is glutathione reductase.
Although glutathione reductase reduces quinones with similar
Vand V/Knvalues, the percentage of single electron reduction
in the absence of NADP* is only 3.6%, but increases to 44%
at [NADP*]/[NADPH] = 100 (Cénas et al., 1989). The
increased efficiency of single-electron reduction by trypan-
othione reductase in the presence of added NADP* could be
the result of changes of the single-electron reduction potentials
of FADH, (FADH,—~FADH*) in the EH,-NADP* complex,
an observation reported for the flavoproteins NADH: cyto-
chrome bsreductase (Iyanagietal., 1984) and flavocytochrome
by (Tegonnietal.,1984). Itseemsthatthe predominant factor
determining the reactivity of the series of uncharged quinones
and hydroxyquinones studied here is their single-electron-
reduction potential (Figure 1). In comparison to the data of
Henderson et al. (1988) for C. fasciculata trypanothione
reductase, neutral and anionic quinones possessing E! of -0.2
to —0.26 V (Table 1) are 1-2 orders of magnitude less active
than the hydrazonoamidine-substituted naphthoquinones pos-
sessing similar E! values. However, their reactivities are
similar to those of the negatively charged dicarboxylate
derivatives of naphthoquinone tested with the Crithidia
reductase (Henderson et al., 1988). It is possible, that the
reactivity of hydrazonoamidine-substituted naphthoquinones
is indeed caused by their binding to, or close to, negatively
charged aminoacid residues implicated in the binding of T(S),
(Henderson et al., 1988).

The ability of trypanothione reductase to catalyze the
efficient one-electron reduction of quinones has important
physiological consequences for the organism. The formation
of semiquinone products will enhance the rate of formation
of superoxide and other reactive oxygen species, including
hydrogen peroxide. Thisadditional stress on the trypanosomal
peroxide reducing system, composed of trypanothione per-
oxidase and trypanothione reductase (Hendersonet al., 1987),
will deplete the cell of reducing equivalents, and will cause the
intracellular levels of NADP™ to rise. Higher [NADP*]/
[NADPH] ratios will inkibit the normal and protective T(S),
reducing activity of trypanothione reductase, but, as shown
in this study, will enhance the rate and proportion of one-
electron reduction of quinones. The escalating flux of reactive
oxygen species would be expected to eventually overwhelm
the organism’s protective mechanisms and damage critical
macromolecular components within the cell. Future exper-
iments will be aimed at clarifying and extending the results
presented here, and evaluating the in vivo consequences of the
reduction of quinones by trypanothione reductase.
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