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ABSTRACT: The recent identification of the enzyme inMycobacterium tuberculosisthat catalyzes the
NADPH-dependent reduction of the unique low molecular weight disulfide mycothione, mycothione
reductase, has led us to examine the mechanism of catalysis in greater detail. The pH dependence of the
kinetic parametersV andV/K for NADPH, NADH, and an active analogue of mycothione disulfide, des-
myo-inositol mycothione disulfide, has been determined. An analysis of the pH profiles has allowed the
tentative assignment of catalytically significant residues crucial to the mechanism of disulfide reduction,
namely, the His444-Glu449 ion pair and Cys39. Solvent kinetic isotope effects were observed onV and
V/KDIMSSM, yielding values of 1.7( 0.2 and 1.4( 0.2, respectively, but not onV/KNADPH. Proton inventory
studies (V versus mole fraction of D2O) were linear, indicative of a single proton transfer in a solvent
isotopically sensitive step. Steady-state primary deuterium kinetic isotope effects onV have been determined
using NADPH and NADH, yielding values of 1.27( 0.03 and 1.66( 0.14, respectively. The pre-steady-
state primary deuterium kinetic isotope effect on enzyme reduction has values of 1.82( 0.04 and 1.59
( 0.06 for NADPH and NADH, respectively. The steady-state primary deuterium kinetic isotope effect
using NADH coincide with that obtained under single turnover conditions, suggesting the complete
expression of the intrinsic primary kinetic isotope effect. Rapid reaction studies on the reductive half-
reaction using NADPH and NADH yielded maximal rates of 129( 2 and 20( 1 s-1, respectively, while
similar studies of the oxidation of the two-electron reduced enzyme by mycothiol disulfide yielded a
maximum rate of 190( 10 s-1. These data suggest a unique flavoprotein disulfide mechanism in which
the rate of the oxidative half-reaction is slightly faster than the rate of the reductive half-reaction.

Mycobacterium tuberculosis, and other actinomycetes, lack
the ubiquitous thiol, glutathione, and its less common cyclic
analogue, trypanothione, but instead produce a structurally
unique thiol, mycothiol (1). Mycothione disulfide reductase
activity has been detected in crude cell

extracts of the nonpathogenic, saprophyticMycobacterium
smegmatis, a close phylogenetic relative ofM. tuberculosis
(2). The sequencing of theM. tuberculosisgenome has aided

in efforts to clone, express, and purify mycothione reductase
to homogeneity, and its characterization as a member of the
flavoprotein disulfide reductase family of enzymes (3, 4).
The enzyme catalyzes the NADPH1-dependent reduction of
mycothione disulfide:

Mycothione reductase is thought to have a similar physi-
ological role to glutathione reductase and trypanothione
reductase, namely, in the maintenance of a reducing intra-
cellular environment and oxidative stress management.
Although both glutathione and trypanothione peroxidase have
been demonstrated to be dependent on the corresponding
disulfide reductase to generate the respective thiol substrate
(5, 6), the presence of a mycothione peroxidase activity has
not yet been demonstrated. The distinct structure of myco-
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thione and its restricted prevalence among bacteria, in
particularM. tuberculosis, make the reductase an attractive
target for the design of antitubercular drugs.

Detailed mechanistic studies of the reactions catalyzed by
flavoenzymes such as glutathione and trypanothione reduc-
tase have helped further our understanding of flavoprotein
chemistry (7-10). In particular, the analysis of kinetic
isotope effects and the pH dependence of the kinetic
parameters of several flavoproteins, including those men-
tioned above, have helped identify key residues that interact
with the substrates and the flavin cofactor to facilitate
catalysis. The determinations of the three-dimensional crystal
structures of many of these enzymes have validated the
mechanistic interpretations based on these kinetic experi-
ments. The structures have driven the design of site-specific
mutants that have both confirmed the chemical mechanism
and in some cases allowed for a complete interchange of
activities (11).

The initial characterization of mycothione reductase has
suggested a similar mechanism to the prototypical flavopro-
tein disulfide reductase, glutathione reductase (4). The amino
acid sequence of mycothione reductase is ca. 30% identical
to other members of this enzyme family and possesses the
catalytic redox-active cysteines and histidine-glutamate ion
pair consensus regions as well as sequence motifs for
NADPH and FAD binding. The reductase exhibits a Bi-Bi
ping-pong kinetic mechanism where the reductive half-
reaction consists of the transfer of electrons from NADPH
to the active-site cysteines, via the bound FAD, to generate
the anaerobically stable two-electron reduced enzyme. Sub-
sequent transfer of the reducing equivalents from the enzymic
sulfhydryls to the substrate disulfide constitutes the oxidative
half-reaction (4).

To probe the chemistry of the reaction of mycothione
reductase, we have examined the pH and isotope dependence
of the kinetic parametersV andV/K for NADPH, NADH,
and des-myo-inositol mycothione disulfide. Reduction of the
enzyme under pre-steady-state conditions has allowed for
the determination of the rate of enzyme reduction and the
corresponding intrinsic deuterium kinetic isotope effect on
hydride transfer. Rapid reaction kinetics on the oxidative half-
reaction of mycothione reductase have been investigated to
determine the rate of mycothione disulfide reduction by two-
electron reduced enzyme.

MATERIALS AND METHODS

Materials. The procedure for the synthesis of des-myo-
inositol mycothione disulfide has been reported (2). Authentic
mycothione disulfide was a kind gift of Dr. Daniel J.
Steenkamp, University of Cape Town Medical School, South
Africa. d-[1-2H]Glucose (97 atom %2H), oxidized pyridine
nucleotides,Leuconostoc mesenteriodes(type XXIV) glucose-
6-phosphate dehydrogenase, yeast hexokinase, ATP, and all
buffers were purchased from Sigma. Deuterated water (D2O)
was purchased from Cambridge Isotope Laboratories.

Cloning and Purification of Hexahistidyl-Tagged Myco-
thione Reductase.The expression vector for mycothione
reductase inM. smegmatismc2155 was modified by engi-
neering a hexahistidyl tag at the carboxyl terminus of the
mtr gene open reading frame by PCR methods. This was
performed to completely, and rapidly, separate the recom-

binantM. tuberculosisenzyme from the extantM. smegmatis
reductase. The His6-tag was placed immediately preceding
the termination codon, by use of the reverse oligonucleotide
5′-GCG-GAT-CCG-TCA-ATG-ATG-ATG-ATG-ATG-ATG-
ACG-CAG-GCC-AAG-CAG-CGC-3′. The PCR and expres-
sion conditions of the His6-tagged mycothione reductase were
as described previously (4). The soluble extract ofM.
smegmatismc2155 harboring the gene (pMV261-MycRHis6)
encoding for a carboxy-terminal hexahistidyl-tagged myco-
thione reductase was prepared as described (4). The cell-
free extract was loaded onto a 20 mL Ni2+-chelate (Phar-
macia) column equilibrated with buffer A (20 mM TEA-
HCl, pH 7.6) at 4°C. The column was washed with 50 mL
of buffer A followed by 50 mL of buffer A containing 25
mM imidazole. This was followed by a 100 mL, 25-250
mM linear imidazole gradient which eluted the homogeneous
protein at ca. 125 mM imidazole. The purified His6-tagged
mycothione reductase was immediately dialyzed overnight
against 20 mM TEA-HCl, pH 7.6, at 4°C.

Preparation of Isotopically Labeled Pyridine Nucleotides.
Pyridine nucleotides stereospecifically deuterated at the C4S
position were prepared enzymatically as previously described
(12). The reduced, deuterated nucleotides were purified using
a MonoQ (Pharmacia) anion exchange column as previously
described (12). An A260/A340 absorbance ratio ofe2.3 was
used to assess the purity of the reduced nucleotides. The
concentration of the purified, reduced nucleotides was
determined by enzymatic end-point assays using yeast
glutathione reductase.

Steady-State Primary Deuterium Kinetic Isotope Effects.
Initial rates of the des-myo-inositol mycothione-dependent
reduction by pyridine nucleotides were measured in 50 mM
HEPES, pH 7.6, at 25°C using 0.5 mM disulfide and varying
concentrations of the [4S-4-2H]-reduced pyridine nucleotides.
Pyridine nucleotide oxidation was monitored at 340 nm using
an extinction coefficient of 6220 M-1 cm-1.

Rapid Reaction Kinetics.Enzyme reduction and oxidation
were monitored using an Applied Photophysics SX.17MV
stopped-flow spectrophotometer (mixing dead time) 1.5
ms) at 25°C. Mycothione reductase (30µM) in 20 mM TEA-
HCl, pH 7.8, was made anaerobic by purging the solution
with nitrogen for 45 min. NADPH(D) and NADH(D)
samples were made anaerobic by bubbling the solutions with
nitrogen for 15 min. The solutions were transferred into the
drive syringes with Hamilton gastight syringes. The proce-
dure for generating an anaerobic solution of two-electron
reduced enzyme was similar to that reported for glutathione
reductase (13). Enzyme reduction and oxidation was moni-
tored at 530 nm for 10 s on a log time scale.

SolVent Kinetic Isotope Effects and Proton InVentory.
Solvent kinetic isotope effects onV andV/K for des-myo-
inositol mycothione disulfide were determined by measure-
ment of the initial rates of reduction at 340 nm using variable
disulfide substrate concentrations at a saturating concentration
of NADPH (0.1 mM) at 25°C. The buffers were composed
of 50 mM HEPES, pH(D) 7.6 [where pD) pHmeasured+ 0.4
(14)] prepared in H2O and 99.8% D2O by titrating with KOH
dissolved in H2O or D2O. The proton inventory for the
mycothione reductase reaction was determined at pH(D) 7.6
by measuring the initial velocities in triplicate at various mole
fractions of D2O using a saturating concentration of NADPH
and 0.8 mM DIMSSM (2× KDIMSSM). Values ofV andV/K
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at 0 and 98.6% D2O were obtained by fitting the initial
velocity data at variable disulfide substrate concentration to
eq 1.

pH Profiles. The buffers used for the pH studies were
dissolved in Millipore filtered water and adjusted to the
desired pH by titrating their acid forms with KOH at a final
stock concentration of 500 mM. The reactions were per-
formed in the following buffers (100 mM buffer) and pH
values: MES (5.5-6.3), PIPES (6.1-7.0), HEPES (7.0-
8.0), TAPS (7.8-8.9), and CHES (9.0-10.0). Initial veloci-
ties of the reaction catalyzed by mycothione reductase at the
stated pH values were measured by varying the concentration
of one of the substrates while maintaining the other at a fixed
saturating level. The kinetic parametersV andV/K for des-
myo-inositol mycothione disulfide were determined by vary-
ing the concentration of the disulfide between 0.1 and 1 mM
at a saturating concentration of NADPH (100µM). The
kinetic parametersV, V/KNADPH, and V/KNADH were deter-
mined by varying the concentration of NADPH between 5
and 50µM, and NADH between 50 and 200µM, at a sub-
saturating concentration of des-myo-inositol mycothione
disulfide (2× KM).

Data Analysis.Kinetic data were fitted to the appropriate
rate equations by using the nonlinear regression function of
SigmaPlot (Jandel Scientific). Individual saturation curves
were fitted to eq 1 to determine the kinetic parameters (V
andV/K) for the substrates.

The steady-state primary kinetic isotope effects on hydride
transfer were determined by fitting the experimental initial
velocity values to eqs 2-4.

where isotope effects are exhibited onV only, onV/K only,
or on bothV and V/K, respectively. In eqs 1-4, A is the
variable substrate concentration,Fi is the fraction of deute-
rium label in the reduced pyridine nucleotide substrate (Fi

) 0 and 1 for hydrogen- and deuterium-containing substrates,
respectively),EV ) DV - 1. andEV/K ) DV/K - 1. For each
case, the most appropriate fit was chosen according to the
lowest standard errors of the fitted parameters.

To construct the pH profiles, the kinetic parametersV and
V/K for the substrates were determined between pH 5.5 and
pH 10.3, and the pK values were determined by fitting the
values of the kinetic parameters at each pH value to eqs 5-7.
Plots in which the log of the parameter decreased at acidic
and basic pH with slopes of 1 and-1, were fitted to eq 5.
pH profiles in which the log of the plotted parameter
decreased at acidic pH with a slope of 1 were fitted to eq 6.
pH profiles that showed a decrease in logV or V/K at basic
pH with a slope of-1 were fitted to eq 7. In eq 5-7, y is
the parameter to be fitted andC is the pH-independent
plateau value.

Data from the stopped-flow experiments were best fitted
to a single exponential using the Applied Photophysics
software. The fitted rate constants (kobs) for enzyme reduction
were plotted versus pyridine nucleotide concentration, and
the fitted rate constants for two-electron reduced enzyme
oxidation by disulfide were plotted versus mycothione
concentration. All observed rate constants increase hyper-
bolically with increasing substrate concentration and were
fitted to eq 8. The pre-steady-state kinetic isotope effects on

enzyme reduction were obtained by fitting the observed rate
constants to eq 9:

where S is the variable substrate concentration,Fi is the
fraction of deuterium label in the reduced pyridine nucleotide
substrate (Fi ) 0 or 1), andDk is the kinetic isotope effect
on the rate constantk.

RESULTS

pH Profiles of the Kinetic Parameters.The pH profiles
of the kinetic parameters using NADPH, NADH, and des-
myo-inositol mycothione disulfide are shown in Figure 1.
The pH profile of logV (Figure 1, panel a) for mycothione
reduction is dependent on two ionizing groups exhibiting
pK values of 6.8( 0.2 and 9.1( 0.2 whose protonation
and deprotonation, respectively, diminish activity. Figure 1,
panel b, shows the pH dependence ofV/KDIMSSM, with
V/KDIMSSM decreasing at low pH values as a single group
exhibiting a pK value of 6.5( 0.2 is protonated. The pH
dependence ofV/K for NADPH is shown in Figure 1, panel
c. V/KNADPH decreased at low and high pH as two ionizing
groups exhibiting pK values of 7.0( 0.2 and 9.2( 0.2 are
protonated and deprotonated, respectively. The pH depen-
dence ofV/KNADH was determined (Figure 1, panel d) and
decreases as a single group exhibiting a pK value of 9.4(
0.2 is deprotonated.

Steady-State Primary Deuterium Kinetic Isotope Effects.
Primary deuterium kinetic isotope effects were determined
using varying concentrations of NADPH and NADH at a
fixed concentration of mycothione at pH 7.6. The kinetic
parameters determined for the nucleotide substrates, and the
corresponding isotope effects are presented in Table 1. A
small primary deuterium kinetic isotope effect was observed
onV (1.27( 0.03) using [4S-4-2H]NADPH as the reductant,
with no effect onV/K. Larger and statistically equivalent
values ofDV (1.7( 0.1) andDV/K (1.6( 0.3) were observed
using NADH.

SolVent Kinetic Isotope Effects and Proton InVentory.
Solvent kinetic isotope effects and the proton inventory on
mycothione reduction were determined at pH(D) 7.6. The
values of D2OV and D2OV/K determined using variable
concentrations of NADPH were 1.6( 0.1 and 1.2( 0.2,
respectively (data not shown). Solvent kinetic isotope effects
on V andV/KDIMSSM were observed with values of 1.7( 0.2

log y ) log [C/(1.0+ [H+]/Ka)] (6)

log y ) log [C/(1.0+ Kb/[H
+])] (7)

kobs) k[S]/(Kd + [S]) (8)

kobs) kS/([Kd + S][1.0 + Fi(
Dk - 1)]) (9)

V ) VA/(K + A) (1)

V ) VA/[K + A(1.0+ FiEV)] (2)

V ) VA/[K(1.0+ FiEV/K) + A] (3)

V ) VA/[K(1.0+ FiEV/K) + A(1.0+ FiEV)] (4)

log y ) log [C/(1.0+ [H+]/Ka + Kb/[H
+])] (5)
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and 1.4( 0.2, respectively (Figure 2). The disulfide substrate
DTNB does not exhibit a solvent kinetic isotope effect (data
not shown). To assess the number of protons involved in
the solvent isotopically sensitive step, a proton inventory
analysis was conducted. A linear relationship betweenV and
the mole fraction of D2O was observed (Figure 2, insert).

Rapid Reaction Kinetics on the ReductiVe and OxidatiVe
Half-Reaction.The absorbance traces for the reduction of
mycothione reductase by 0.5 mM NADPH or [4S-4-2H]-
NADPH are shown in Figure 3. A single-exponential phase
was observed at 530 nm corresponding to the formation of
the stable, two-electron reduced enzyme using either NADPH
or NADH and the plots ofkobs versus [NADPH] indicated
saturation behavior. The plots of reciprocal rate constants
versus the reciprocal of the NADPH and NADH concentra-
tions are shown in Figure 4. Maximum rates of 129( 2
and 20( 1 s-1 were determined for NADPH and NADH,
respectively. The deuterium kinetic isotope effects under pre-
steady-state conditions were calculated using eq 9, and values
of 1.82( 0.04 and 1.59( 0.06 were obtained2 for NADPH
and NADH, respectively.

The oxidation of two-electron reduced mycothione reduc-
tase by mycothione disulfide at 25°C is monophasic (Figure

5, panel A). The oxidative half-reaction of mycothione
reductase has a maximum rate of 190( 10 s-1 extrapolated
to saturating disulfide substrate concentration (Figure 5, panel
B).

DISCUSSION

The isotopic analyses of flavoprotein disulfide reductases
have allowed for a detailed characterization of the rate-
limiting nature of chemical steps in these enzymatic reac-
tions. The archetypal disulfide reductase, glutathione reduc-
tase, has been physically, kinetically, and structurally
analyzed in detail and serves as a useful model for myco-
thione reductase (9, 10, 15-17). From considerations of
primary sequence homology and initial kinetic studies (4),
mycothione reductase has many of the characteristics as-
sociated with flavoprotein disulfide reductases.

pH Studies.The ionization behavior of enzyme groups on
mycothione reductase and those on the substrates, NADPH
and des-myo-inositol mycothione, reflects critical function-
alities that are important for both binding and catalysis. The
“bell-shaped” pH profile forV differs from that observed
for glutathione or trypanothione reductase in that the pro-
tonation of an enzyme group (pK value of 6.8) does not affect
the maximal velocity of these homologous enzymes (8, 17).
In the case of both glutathione and trypanothione reductase,
a wealth of evidence supports the reoxidation of the two-
electron-reduced enzyme as the rate-limiting half-reaction,
while for mycothione reductase, we have evidence that the
two half-reactions occur with very similar rates (see below).
This suggests that the ionization behavior of groups in both
half-reactions must be considered. The logV pH profiles of
both human erythrocyte glutathione reductase andTrypa-
nosoma congolensetrypanothione reductase decrease as
groups exhibiting pK values of 9.0 and 9.5, respectively, are
deprotonated (8, 17). In both cases, this group has been
assigned to the histidine-glutamate ion pair from the
neighboring monomer, which donates a proton to the first
product thiolate anion accompanying the disulfide inter-
change reaction (19, 20). Evidence supporting this assign-
ment also comes from site-specific mutants ofEscherichia
coli glutathione reductase where the histidine was replaced
with an alanine, resulting in a shift in the pK from ca. 9.2
for the wild-type enzyme to 7.6 for the mutant (13). We do
not observe this group in the V/KDIMSSM profile (see below),
suggesting that in this case, the protonation of the His444-
Glu449 ion-pair is required during enzyme reduction,
presumably to stabilize the thiolate anions formed in the
reductive half-reaction. The group exhibiting the pK value
of 6.8 may be that of Cys39. During enzyme reduction, the
Cys39-Cys44 disulfide is cleaved to generate the dithiol-
(ate), and Cys44 remains ionized as evidenced by its strong
charge transfer interaction with FAD. Protonation of Cys39
might slow the rate of enzyme reduction and would similarly
be expected to significantly reduce the rate of the oxidative

2 The data in Figure 4 were fitted to an equation that assumes
equivalent isotope effects on the slope and intercept (i.e., no isotope
effect onKd). Fitting the data to an equation that allows for different
isotope effects onkred andkred/Kd yields values ofkred for NADPH and
NADH of 1.70 ( 0.05 and 2.06( 0.07 as compared to 1.82( 0.04
and 1.59( 0.06 reported in the text from the lines shown fitted to eq
9. These small differences do not change our mechanistic interpretations.

FIGURE 1: The pH dependence of the kinetic parametersV and
V/K for des-myo-inositol mycothione disulfide, NADPH, and
NADH. (a) TheV pH profile shows two enzymatic groups with
pK’s of 6.8 ( 0.2 and 9.1( 0.2 whose protonation and deproto-
nation, respectively, diminish activity. (b) TheV/KDIMSSM profile
shows a single group with a pK of 6.5 ( 0.2 whose protonation
abolishes activity. (c) TheV/KNADPH profile indicates two groups
with pK’s of 7.0 ( 0.2 and 9.2( 0.2 whose protonation and
deprotonation, respectively, reduces binding. (d) TheV/KNADH
profile reveals a single group with a pK of 9.4( 0.4 that decreases
binding. The experimental points are shown and the solid lines
represent the fit of the data to eq 5-7 according to the type of
pH-dependent behavior.
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half-reaction, since in this half-reaction, Cys39 functions as
a nucleophile in disulfide substrate reduction.

The pH profile forV/K for the disulfide substrate, des-
myo-inositol mycothione, decreases as a single group with
a pK value of 6.5 is protonated and is pH-independent in
the basic region (Figure 1, panel b). As there are no ionizable
groups on the disulfide substrate, we suggest that the ionized,
thiolate form of Cys39, which initiates substrate disulfide
cleavage is this group. It is likely that this cysteine is the
residue modified by cysteine alkylating agents, resulting in
the specific inhibition of disulfide reductase activity (4).

The V/K pH profile for NADPH decreases at both high
and low pH values, as a result of the ionization of groups
exhibiting pK values of 7.0 and 9.2 (Figure 1, panel c). In
contrast, the pH profile forV/KNADH reveals pH-independent
behavior at low pH but decreases in the basic region as a
single group exhibiting a pK value of 9.4 is deprotonated
(Figure 1, panel d). This difference suggests that the
2′-phosphate moiety of NADPH is the ionizing group
observed at low pH values in theV/KNADPH profile. The
solution pK of the 2′-phosphate moiety of NADPH has been
reported as 6.5 (22). The group whose deprotonation at high
pH values affects theV/K value of both NADPH and NADH
is unlikely to be either Arg 203 or Arg 209, homologous
residues in mycothione reductase to those in glutathione
reductase that make contacts with the 2′-phosphate moiety
of NADPH (21). An arginine residue (Arg291) has been
observed in human glutathione reductase interacting with the
pyrophosphate group present in both NADPH and NADH
(21). The homologous Arg256 in mycothione reductase may

Table 1: Steady-State Primary Deuterium and Solvent Kinetic Isotope Effects

nucleotide
substrate kcat (s-1)a KM (µM) DVa D(V/K)a D2OVb D2O(V/KDIMSSM)b,c

â-NADPH 64( 2 7 ( 1 1.27( 0.03 1.0 1.7( 0.2 1.4( 0.2
â-NADH 23 ( 1 48( 7 1.7( 0.1 1.6( 0.3 ndd ndd

a Determined using 500µM MSSM and a variable pyridine nucleotide concentration.b Determined using 100µM â-NADPH and a variable
DI-MSSM concentration.c A solvent kinetic isotope effect onV/KNADPH (1.2 ( 0.2) was observed.d Not determined.

FIGURE 2: Solvent kinetic isotope effect and proton inventory of
the reaction catalyzed by mycothione reductase. The reciprocal plot
of the steady-state initial velocity data using H2O (b) and D2O
(O). The data were fit to eq 4 yielding solvent kinetic isotope effects
on V andV/KDIMSSM of 1.7 ( 0.2 and 1.4( 0.2, respectively. A
solvent kinetic isotope effect was not observe forV/KNADPH. Inset:
a linear fit to the data ofV versus mole fraction D2O was obtained.

FIGURE 3: Representative stopped-flow traces monitoring the
reduction of mycothione reductase at 530 nm using 0.50 mM
NADPH (A) and [4S-4-2H] NADPH (B). The smooth curves
represent single-exponential fits of the experimental traces with a
rate of 126( 1 and 62( 1 s-1 for the protiated and deuterated
substrate, respectively.

FIGURE 4: Pre-steady-state kinetic isotope effects of the reductive
half-reaction of mycothione reductase. Reciprocal plot ofkobsversus
(A) NADPH (b) and [4S-4-2H]NADPH (O) and (B) NADH (b)
and [4S-4-2H]NADH (O). A value of 1.82( 0.04 and 1.59( 0.06
for Dk was calculated for NADPH and NADH, respectively. The
maximum rate of reduction (kred) for NADPH and NADH is 128
( 2 and 20( 1 s-1, respectively.
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represent the group observed at high pH values in these two
pH profiles.

Steady-State Kinetic Isotope Effects. Small steady-state
primary deuterium kinetic isotope effects are observed onV
using NADPH as the variable substrate. The lack of a
primary deuterium kinetic isotope effect onV/KNADPH sug-
gests that NADPH is sticky. The larger, and equivalent,
primary deuterium kinetic isotope effects onV and V/K
observed with NADH indicates that this substrate is not
kinetically sticky, and the isotope-sensitive hydride transfer
step has become more rate-limiting. These steady-state results
are quantitatively supported by the pre-steady-state results
discussed below.

Modest solvent kinetic isotope effects of 1.7 and 1.4 on
D2OV and D2OV/KDIMSSM, respectively, were observed. The
observation thatD2OV/KNADPH is 1.2( 0.2 suggests that the
protonation of His444 does not occur in a kinetically
significant step in the reductive half-reaction. The plot ofV
as a function of mole fraction of D2O yields a linear
relationship indicating that a single proton is involved in the
isotope-sensitive step. The solvent isotopically sensitive
proton transfer must occur in the oxidative half-reaction,
presumably during protonation of the product thiolate by the
active site acid, His444. Similar solvent kinetic isotope effects
have been reported for other flavoprotein disulfide reductases
(8, 17).

Pre-Steady-State Kinetic Analysis.Three distinct chemical
intermediates have been proposed to occur in the reductive
half-reaction of flavoprotein disulfide reductases (13). The
first of these is a rapidly formedEox-FAD-NADPH charge-
transfer complex, the second is a transientEox-FADH--
NADP+ species, and the third is the thiol-flavin charge-
transfer complex with the characteristic absorbance at ca.
530 nm formed by electron transfer from FADH- to the
disulfide. The pre-steady-state kinetic analysis of the reduc-
tive half-reaction was performed using both NADPH and
NADH. Reduction of the enzyme with NADPH under single
turnover conditions occurs via single-exponential kinetics
with a rapid increase in absorbance at 530 nm (kred,max )
129( 2 s-1), representing the formation of the stable, two-
electron reduced form of the enzyme. Under similar experi-
mental conditions, enzyme reduction by NADH occurs with
a maximum extrapolated rate of 20( 1 s-1. An extrapolated
maximal value of 190( 10 s-1 for the oxidation of the two-
electron reduced enzyme by mycothione is consistent with
both the overall steady-statekcat and other criteria (discussed
below).

The primary deuterium kinetic isotope effect under pre-
steady-state conditions using either NADPH or NADH are
similar (1.8 and 1.6, respectively). The similarity of these
values to those determined for the steady-state primary
deuterium kinetic isotope effect on bothV and V/K using
NADH suggests an intrinsic primary deuterium kinetic
isotope effect on hydride transfer from reduced pyridine
nucleotides to flavin of ca. 1.7. This value can be compared
to the intrinsic kinetic isotope effect of 1.7 reported for
human erythrocyte glutathione reductase and 2.7 for yeast
glutathione reductase and trypanothione reductase (7, 8, 16).

Proposed Kinetic Model and Chemical Mechanism.A
minimal kinetic model for the analysis of the kinetic isotope
effects is shown below:

A value of 7 s-1 was previously reported (4) for kcat using
NADPH and MSSM. Using the more rapid affinity purifica-
tion method developed for these studies, steady-statekcat

values of 64( 2 and 23( 1 s-1 have been determined using
NADPH and NADH, respectively. For a ping-pong mech-
anism, the relationship between the rate of the overall
reaction and two-half reactions is

For NADPH, the determined values ofkcat (64 s-1) andkred

(129 s-1) allow us to calculate a value of 127 s-1 for kox, a
value consistent with the measured value of 190( 10 s-1.
For NADH, the statistically equivalent values ofkcat (23 s-1)
andkred (20 s-1) suggest that the reductive half-reaction is
completely rate-limiting, in support of the equivalence of
DV, DV/KNADH, andDkred determined using NADH.

FIGURE 5: Pre-steady-state kinetics on the oxidative half-reaction
of mycothione reductase. (A) Oxidation of 25µM two-electron
reduced mycothione reductase with 50µM mycothione disulfide
in 20 mM TEA-HCl, pH 7.6, 25°C measured at 530 nm. The
experimental traces were fitted to to a single exponential (solid
curve) with a rate of 73( 1 s-1. (B) The maximum rate of two-
electron reduced enzyme oxidation is 190( 11 s-1. Inset:
reciprocal plot ofkobs versus mycothione disulfide concentration.

Eox + NAD(P)H y\z
k1

k2
Eox-NAD(P)H y\z

k3*

k4*

Ered-NAD(P)+ y\z
k5

k6
Ered + NAD(P)+

Ered + MSSM y\z
k7

k8
Ered-MSSM y\z

k9

k10
Eox-2 MSH98

k11
Eox +

2 MSH

1/kcat ) 1/kred + 1/kox
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The equations for the expression of the primary deuterium
kinetic isotope effect onV andV/K were derived using the
net rate constants method (24) and are

whereDk3 is the intrinsic primary deuterium kinetic isotope
effect on the isotope-sensitive hydride transfer step,cf ) k3/
k2, cr ) k4/k5, cVf ) k3/k5 + k3/k11 + k3/k9(1.0+ k10/k11), and
DKeq ) k3Hk4D/k3Dk4H ) 0.98 (25). The values of the
commitment factors,cf (forward for V/K), cr (reverse forV
and V/K), andcVf (forward for V) affect the magnitude of
the observed primary kinetic isotope effect onV andV/K.
The presence of a primary deuterium kinetic isotope effect
on V and a lack of an effect onV/K using NADPH as
reductant indicate significant forward and/or reverse com-
mitment factors for this substrate. The observed values of
1.0 for DV/KNADPH, and 1.6 forDV/KNADH, suggest that thecf

for NADPH is higher than NADH, reflecting both higher
steady-state affinity (cf.Km values, Table 7) and the higher
maximal velocity of NADPH. Exactly this type of isotopic
behavior has been observed with the related glutathione
reductase (9). The steady-state value of 1.3 forDVNADPH, and
the value of the pre-steady-state kinetic isotope effect on the
reductive half-reaction of 1.6-1.8, can be used with eq 11
to calculate acVf + cr range of 1.0-1.7. The experimentally
determined values forkred (129 s-1) andkox (190 s-1) which

approximatek3 and k9, respectively, predict acVf value of
0.7 if only the ratios of these rate constants (k3/k9) contributed
to lowering the observed isotope effect from the intrinsic
effect. This indicates that terms other thank3/k9 are contribut-
ing to the magnitude ofcVf or thatcr may not have a unit
value due to slow release of NADP+ (26).

The studies reported here allow us to present a more
detailed mechanism for mycothione reductase (Scheme 1).
The strong primary sequence, tertiary structural, and func-
tional homology observed between flavoprotein disulfide
reductases strengthen the interpretation of the results of the
studies on mycothione reductase presented here. The binding
of NAD(P)H is likely to be very fast, while hydride transfer
from NAD(P)H to the tightly bound FAD and subsequent
electron transfer to the active site occurs at a rate of 129
s-1. This rate constant can be compared with 110 s-1 for the
reduction ofE. coli glutathione reductase (13). The two-
electron reduced enzyme is thought to be stabilized by the
protonated His444, which shares a proton with the distal
cysteine, Cys39.

The oxidative half-reaction involves binding of mycothione
disulfide to the two-electron reduced enzyme. The Cys39
thiolate is shown attacking the substrate disulfide to form a
mixed enzyme-substrate disulfide with release of the first
thiol product MSH. The participation of the ionized form of
Cys39 in this step is supported by the pH dependence ofV
andV/KDIMSSM. The solvent kinetic isotope effects onV and
V/KDIMSSM suggest that a solvent-derived proton is transferred
during disulfide substrate cleavage, and we show His444,

Scheme 1: Proposed Chemical Mechanism forM. TuberculosisMycothione Reductase

D(V/K)NAD(P)H ) (Dk3 + cf + cr
DKeq)/(1 + cf + cr)

DV ) (Dk3 + cVf + cr
DKeq)/(1 + cVf + cr)

M. tuberculosisMycothione Reductase Mechanism Biochemistry, Vol. 40, No. 17, 20015125



functioning as the general acid in this step, as proposed for
glutathione reductase previously (17). The final step involves
reformation of the enzymic disulfide and release of the
second molecule of product thiolate.

The chemical mechanism of mycothione reductase pre-
sented here bears obvious similarity to those proposed for
related flavoprotein disulfide reductases (27). The major
difference observed is the similarity in the rates of the
reductive and oxidative half-reaction for mycothione reduc-
tase. In other disulfide reductases, the reductive half-reaction
is invariably faster than the oxidative half-reaction. Whether
this kinetic difference provides a physiological advantage
to this intracellular pathogen is unknown at this time.
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