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ABSTRACT. The recent identification of the enzyme Mycobacterium tuberculosighat 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 parameter¥ andV/K for NADPH, NADH, and an active analogue of mycothione disulfide, des-
myainositol 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 His444Glu449 ion pair and Cys39. Solvent kinetic isotope effects were observedaod
V/Kpivssw, Yielding values of 1.7 0.2 and 1.4t 0.2, respectively, but not oWwKyappr. Proton inventory
studies ¥ versus mole fraction of D) were linear, indicative of a single proton transfer in a solvent
isotopically sensitive step. Steady-state primary deuterium kinetic isotope efféétsame been determined
using NADPH and NADH, yielding values of 1.2# 0.03 and 1.66 0.14, respectively. The pre-steady-
state primary deuterium kinetic isotope effect on enzyme reduction has values of D82 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 122 and 20+ 1 s71, respectively, while
similar studies of the oxidation of the two-electron reduced enzyme by mycothiol disulfide yielded a
maximum rate of 196t 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 tuberculosiand other actinomycetes, lack in efforts to clone, express, and purify mycothione reductase
the ubiquitous thiol, glutathione, and its less common cyclic to homogeneity, and its characterization as a member of the
analogue, trypanothione, but instead produce a structurallyflavoprotein disulfide reductase family of enzymé 4).
unique thiol, mycothiol ). Mycothione disulfide reductase = The enzyme catalyzes the NADPRHependent reduction of
activity has been detected in crude cell mycothione disulfide:

Ha O on NADPH + H" + MSSM— NADP" + 2 MSH
o
Homoﬁw Mycothione reductase is thought to have a similar physi-
HO NH
0

ological role to glutathione reductase and trypanothione

Ha, reductase, namely, in the maintenance of a reducing intra-

HS g o cellular environment and oxidative stress management.
HN—< Although both glutathione and trypanothione peroxidase have
CH, been demonstrated to be dependent on the corresponding

. ) disulfide reductase to generate the respective thiol substrate
extracts of the nonpathogenic, saprophyfigcobacterium (5 6), the presence of a mycothione peroxidase activity has

smegmatisa close phylogenetic relative . tuberculosis  not yet been demonstrated. The distinct structure of myco-
(2). The sequencing of thd. tuberculosiggenome has aided
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thione and its restricted prevalence among bacteria, inbinantM. tuberculosinzyme from the extal. smegmatis
particularM. tuberculosis make the reductase an attractive reductase. The Higag was placed immediately preceding
target for the design of antitubercular drugs. the termination codon, by use of the reverse oligonucleotide
Detailed mechanistic studies of the reactions catalyzed by 5-GCG-GAT-CCG-TCA-ATG-ATG-ATG-ATG-ATG-ATG-
flavoenzymes such as glutathione and trypanothione reduc-ACG-CAG-GCC-AAG-CAG-CGC-3 The PCR and expres-
tase have helped further our understanding of flavoprotein sion conditions of the Histagged mycothione reductase were
chemistry 7—10). In particular, the analysis of kinetic ~as described previouslyd), The soluble extract oM.
isotope effects and the pH dependence of the kinetic Smegmatinc’155 harboring the gene (pMV261-MycRHgis
parameters of several flavoproteins, including those men- encoding for a carboxy-terminal hexahistidyl-tagged myco-
tioned above, have helped identify key residues that interactthione reductase was prepared as descridgdThe cell-
with the substrates and the flavin cofactor to facilitate free extract was loaded onto a 20 mL*Nchelate (Phar-
catalysis. The determinations of the three-dimensional crystalmacia) column equilibrated with buffer A (20 mM TEA-
structures of many of these enzymes have validated theHCI, pH 7.6) at 4°C. The column was washed with 50 mL
mechanistic interpretations based on these kinetic experi-of buffer A followed by 50 mL of buffer A containing 25
ments. The structures have driven the design of site-specificmM imidazole. This was followed by a 100 mL, 2250
mutants that have both confirmed the chemical mechanismmM linear imidazole gradient which eluted the homogeneous
and in some cases allowed for a complete interchange ofprotein at ca. 125 mM imidazole. The purified kitagged
activities (L1). mycothione reductase was immediately dialyzed overnight

The initial characterization of mycothione reductase has 29&inst 20 mM TEA-HCI, pH 7.6, at 2C. _
suggested a similar mechanism to the prototypical flavopro-  Preparation of Isotopically Labeled Pyridine Nucleotides.
tein disulfide reductase, glutathione reductaBeThe amino Pyr|_d_|ne nucleotides stereospec_lﬂcally deute_rated at the C4s
acid sequence of mycothione reductase is ca. 30% identicalPOSition were prepared enzymatically as previously described
to other members of this enzyme family and possesses the(12). The reduced, deuterated nucleotides were purified using
catalytic redox-active cysteines and histidirglutamate ion & MonoQ (Pharmacia) anion exchange column as previously
pair consensus regions as well as sequence motifs fordescribed 12). An Assf/Asqo absorbance ratio of2.3 was
NADPH and FAD binding. The reductase exhibits a-Bi used to assess the purity of the reduced nucleotides. The
ping-pong kinetic mechanism where the reductive half- concen_tratlon of the pu_rlfled, red_uced nucleotu_jes was
reaction consists of the transfer of electrons from NADPH determined by enzymatic end-point assays using yeast
to the active-site cysteines, via the bound FAD, to generate 9lutathione reductase. . o
the anaerobically stable two-electron reduced enzyme. Sub- Steady-State Primary Deuterium Kinetic Isotope Effects.
sequent transfer of the reducing equivalents from the enzymic/nitial rates of the desayoinositol mycothione-dependent
sulfhydryls to the substrate disulfide constitutes the oxidative réduction by pyridine nucleotides were measured in 50 mM
half-reaction 4). HEPES, pH 7.6, at 2C using 0.5 mM disulfide and varying

To probe the chemistry of the reaction of mycothione concentrations of the B4-°H]-reduced pyridine nucleotides.

reductase, we have examined the pH and isotope dependenc@yridir‘,e nycleotide_o_xidation was monitgied at 340 nm using
of the kinetic parameters and V/K for NADPH, NADH, an extinction coefficient of 6220 M cm".

and desmyoinositol mycothione disulfide. Reduction ofthe ~ R@pid Reaction Kinetic&nzyme reduction and oxidation

enzyme under pre-steady-state conditions has allowed for'Veré monitored using an Applied Photophysics SX.17MV
stopped-flow spectrophotometer (mixing dead timel.5

the determination of the rate of enzyme reduction and the : =
corresponding intrinsic deuterium kinetic isotope effect on MS) at 25°C. Mycothione reductase (30V) in 20 mM TEA-

hydride transfer. Rapid reaction kinetics on the oxidative half- HEl: PH 7.8, was made anaerobic by purging the solution

reaction of mycothione reductase have been investigated to"Vith nitrogen for 45 min. NADPH(D) and NADH(D) o
determine the rate of mycothione disulfide reduction by two- S2mples were made anaerobic by bubbling the solutions with
electron reduced enzyme. nitrogen for 15 min. The solutions were transferred into the

drive syringes with Hamilton gastight syringes. The proce-

MATERIALS AND METHODS dure for generating an anaerobic solution of two-electron
reduced enzyme was similar to that reported for glutathione
Materials. The procedure for the synthesis of deye reductase3). Enzyme reduction and oxidation was moni-
inositol mycothione disulfide has been reportgd Authentic tored at 530 nm for 10 s on a log time scale.
mycothione disulfide was a kind gift of Dr. Daniel J. Sobent Kinetic Isotope Effects and Protonukntory.

Steenkamp, University of Cape Town Medical School, South Solvent kinetic isotope effects ovi and V/K for desmyo
Africa. d-[1°H]Glucose (97 atom %H), oxidized pyridine inositol mycothione disulfide were determined by measure-
nucleotides|.euconostoc mesenteriodggoe XXIV) glucose-  ment of the initial rates of reduction at 340 nm using variable
6-phosphate dehydrogenase, yeast hexokinase, ATP, and aliisulfide substrate concentrations at a saturating concentration
buffers were purchased from Sigma. Deuterated watgdJD  of NADPH (0.1 mM) at 25°C. The buffers were composed
was purchased from Cambridge Isotope Laboratories. of 50 mM HEPES, pH(D) 7.6 [where pB pHmeasureat 0.4
Cloning and Purification of Hexahistidyl-Tagged Myco- (14)] prepared in HO and 99.8% BO by titrating with KOH
thione ReductaseThe expression vector for mycothione dissolved in HO or D;O. The proton inventory for the
reductase irM. smegmatisnc®155 was modified by engi-  mycothione reductase reaction was determined at pH(D) 7.6
neering a hexahistidyl tag at the carboxyl terminus of the by measuring the initial velocities in triplicate at various mole
mtr gene open reading frame by PCR methods. This wasfractions of DO using a saturating concentration of NADPH
performed to completely, and rapidly, separate the recom-and 0.8 mM DIMSSM (X% Kpussm). Values ofV andV/K
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at 0 and 98.6% BED were obtained by fitting the initial logy = log [C/(1.0+ [HT]/K,)] (6)
velocity data at variable disulfide substrate concentration to
eq 1. logy = log [C/(1.0+ K,/[H'])] @)

pH Profiles. The buffers used for the pH studies were

dissolved in Millipore filtered water and adjusted to the  pata from the stopped-flow experiments were best fitted
desired pH by titrating their acid forms with KOH ata final {5 4 single exponential using the Applied Photophysics
stock concentration of 500 mM. The reactions were per- software. The fitted rate constanks,§) for enzyme reduction
formed in the following buffers (100 mM buffer) and pH  \ere plotted versus pyridine nucleotide concentration, and
values: MES (5.56.3), PIPES (6.17.0), HEPES (7.6 the fitted rate constants for two-electron reduced enzyme
8.0), TAPS (7.8-8.9), and CHES (9:610.0). Initial veloci-  oyjdation by disulfide were plotted versus mycothione
ties of the reaction catalyzed by mycothione reductase at theconcentration. All observed rate constants increase hyper-
stated pH values were measured by varying the concentration,ically with increasing substrate concentration and were

of one of the substrates while maintaining the other at a fixed fitteq to eq 8. The pre-steady-state kinetic isotope effects on
saturating level. The kinetic paramet&fandV/K for des-

myacinositol mycothione disulfide were determined by vary- Kops = K[SI/(Ky + [S]) (8)
ing the concentration of the disulfide between 0.1 and 1 mM
at a saturating concentration of NADPH (100/). The enzyme reduction were obtained by fitting the observed rate

kinetic parameter¥, V/Kyappn, and V/Knapn Were deter- constants to eq 9:
mined by varying the concentration of NADPH between 5

and 50uM, and NADH between 50 and 2Q@M, at a sub- Kops = KS([Ky + S[1.0 + F,(°k — 1)]) )
saturating concentration of desycinositol mycothione ) ) o
disulfide (2x Ky). where S is the variable substrate concentratidf,is the

Data AnalysisKinetic data were fitted to the appropriate ~ fraction of deuterium label in the reduced pyridine nucleotide
rate equations by using the nonlinear regression function of Substrate ki = 0 or 1), and’k is the kinetic isotope effect
SigmaPlot (Jandel Scientific). Individual saturation curves O the rate constark
were fitted to eq 1 to determine the kinetic paramet&fts (

and V/K) for the substrates. RESULTS
pH Profiles of the Kinetic Parameter3he pH profiles
v=VA(K+A) (1) of the kinetic parameters using NADPH, NADH, and des-

myacinositol 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,
v=VAK+ARLO+FE)] (2) panel b, shows the pH dependence \OKpmssm, With
V/Kpimssm decreasing at low pH values as a single group
exhibiting a K value of 6.5+ 0.2 is protonated. The pH
dependence of/K for NADPH is shown in Figure 1, panel
c. V/IKnappn decreased at low and high pH as two ionizing
. . groups exhibiting § values of 7.0+ 0.2 and 9.2+ 0.2 are
where isotope effects are exhibited Gronly, onV/K only, protonated and deprotonated, respectively. The pH depen-
or on bothV and V/K, respectively. In eqs-14, A is the dence ofV/Knapi Was determined (Figure 1, panel d) and

variable substrate concentratidf,is the fraction of deute- decreases as a single group exhibiting<avalue of 9.4+
rium label in the reduced pyridine nucleotide substrée ( (.2 is deprotonated.

=0 and 1 for hydrogen- and deuterium-containing substrates, steady-State Primary Deuterium Kinetic Isotope Effects.
respectively)Ev ="V — 1. andEvx = °V/K — 1. Foreach  primary deuterium kinetic isotope effects were determined
case, the most appropriate fit was chosen according to theusing varying concentrations of NADPH and NADH at a
lowest standard errors of the fitted parameters. fixed concentration of mycothione at pH 7.6. The kinetic
To construct the pH profiles, the kinetic parametéiand parameters determined for the nucleotide substrates, and the

VIK for the substrates were determined between pH 5.5 andcorresponding isotope effects are presented in Table 1. A
pH 10.3, and the ¢ values were determined by fitting the  gmga| primary deuterium kinetic isotope effect was observed
values of the kinetic parameters at each pHvaluetoeds5 v (1.274+ 0.03) using [4S-2H]NADPH as the reductant,
Plots in which the log of the parameter decreased at acidic\ith no effect onV/K. Larger and statistically equivalent

and basic pH with slopes of 1 anell, were fitted t0 €9 5. yajyes oV (1.7 0.1) and®V/K (1.6+ 0.3) were observed
pH profiles in which the log of the plotted parameter ging NADH.

decreased at acidic pH with a slope of 1 were fitted to 9 6. gopent Kinetic Isotope Effects and Protonskmtory.

pH profiles that showed a decrease in Mgr V/IK at basic  gg|yvent kinetic isotope effects and the proton inventory on

pH with a slope of-1 were fitted to eq 7. In eq-57, y is mycothione reduction were determined at pH(D) 7.6. The
the parameter to be fitted and is the pH-independent \gjues of POV and P°V/K determined using variable

plateau value. concentrations of NADPH were 146 0.1 and 1.2+ 0.2,

N . respectively (data not shown). Solvent kinetic isotope effects
logy=log [C/(1.0+ [H VK, + KJ/[H']D]  (5) onV andV/Kpussm Were observed with values of 1470.2

The steady-state primary kinetic isotope effects on hydride
transfer were determined by fitting the experimental initial
velocity values to eqs-24.

V= VA[K(L.0+ FE) + A 3)

v=VA[K(1.0+FE,) +ALO0+FE)] (4)
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log V

log VVKpIMSSM
(1]

:c)

log VVKNADPH

log VVKNADH

pH

Ficure 1: The pH dependence of the kinetic parametérand
V/IK for desmyacinositol 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) TAR&Kpmssm profile
shows a single group with akpof 6.5 + 0.2 whose protonation
abolishes activity. (c) Th&/Kyappn 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) N&yapn
profile reveals a single group with &mf 9.4+ 0.4 that decreases
binding. The experimental points are shown and the solid lines
represent the fit of the data to eq-3 according to the type of
pH-dependent behavior.

and 1.4+ 0.2, respectively (Figure 2). The disulfide substrate
DTNB does not exhibit a solvent kinetic isotope effect (data

Patel and Blanchard

5, panel A). The oxidative half-reaction of mycothione
reductase has a maximum rate of 1200 s 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 reductase9( 10, 15—17). From considerations of
primary sequence homology and initial kinetic studidy (
mycothione reductase has many of the characteristics as-
sociated with flavoprotein disulfide reductases.

pH StudiesThe ionization behavior of enzyme groups on
mycothione reductase and those on the substrates, NADPH
and desmyainositol 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 groupKpralue of 6.8) does not affect
the maximal velocity of these homologous enzyn&47).
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 \6gH profiles of
both human erythrocyte glutathione reductase anga-
nosoma congolensé&ypanothione reductase decrease as
groups exhibiting { values of 9.0 and 9.5, respectively, are
deprotonated§, 17). In both cases, this group has been
assigned to the histidirgglutamate ion pair from the
neighboring monomer, which donates a proton to the first
product thiolate anion accompanying the disulfide inter-
change reactionl®, 20). Evidence supporting this assign-
ment also comes from site-specific mutantsssicherichia

not shown). To assess the number of protons involved in coli glutathione reductase where the histidine was replaced

the solvent isotopically sensitive step, a proton inventory

analysis was conducted. A linear relationship betwéand

the mole fraction of BO was observed (Figure 2, insert).
Rapid Reaction Kinetics on the Reduwetiand Oxidatie

Half-Reaction.The absorbance traces for the reduction of

mycothione reductase by 0.5 mM NADPH org4-’H]-

NADPH are shown in Figure 3. A single-exponential phase

with an alanine, resulting in a shift in the<girom ca. 9.2
for the wild-type enzyme to 7.6 for the mutanit3. We do
not observe this group in the Khmssu 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 thi€ palue

was observed at 530 nm corresponding to the formation of of 6.8 may be that of Cys39. During enzyme reduction, the
the stable, two-electron reduced enzyme using either NADPH Cys39-Cys44 disulfide is cleaved to generate the dithiol-
or NADH and the plots okes versus [NADPH] indicated ~ (ate), and Cys44 remains ionized as evidenced by its strong
saturation behavior. The plots of reciprocal rate constantscharge transfer interaction with FAD. Protonation of Cys39
versus the reciprocal of the NADPH and NADH concentra- might slow the rate of enzyme reduction and would similarly

tions are shown in Figure 4. Maximum rates of 1292
and 20+ 1 s ! were determined for NADPH and NADH,

respectively. The deuterium kinetic isotope effects under pre-

be expected to significantly reduce the rate of the oxidative

2The data in Figure 4 were fitted to an equation that assumes

steady-state conditions were calculated using eq 9, and valuegquivalent isotope effects on the slope and intercept (i.e., no isotope

of 1.82+ 0.04 and 1.59: 0.06 were obtainédor NADPH
and NADH, respectively.

The oxidation of two-electron reduced mycothione reduc-
tase by mycothione disulfide at 2& is monophasic (Figure

effect onKg). Fitting the data to an equation that allows for different
isotope effects oleq andkedKq yields values okeq 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.
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Table 1: Steady-State Primary Deuterium and Solvent Kinetic Isotope Effects

nucleotide

substrate kcat (S_:I')a Kwm (ﬂM) Dya D(V/K)a D,0\/b DZO(V/KmMSSM)b'C
B-NADPH 64+ 2 7+t1 1.27+0.03 1.0 1.A40.2 1.4+ 0.2
B-NADH 23+1 48+ 7 1.7+ 0.1 1.6+ 0.3 nd nod

aDetermined using 50@M MSSM and a variable pyridine nucleotide concentratibBetermined using 10@M S-NADPH and a variable
DI-MSSM concentration¢ A solvent kinetic isotope effect od/Kyappr (1.2 & 0.2) was observed.Not determined.

35 !
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A[DIMSSM] 1M os 1/[NADPH(“H)] mM
FiGure 2: Solvent kinetic isotope effect and proton inventory of
the reaction catalyzed by mycothione reductase. The reciprocal plot 04 1
of the steady-state initial velocity data usingCH(®) and DO .
(O). The data were fit to eq 4 yielding solvent kinetic isotope effects —
onV andV/Kpussu Of 1.7 + 0.2 and 1.4+ 0.2, respectively. A ?3’ 0.3 ¢
solvent kinetic isotope effect was not observe ¥éiKyapph. Inset: 0
a linear fit to the data o¥ versus mole fraction ED was obtained. _§ 02 |
= 8
0.062 o |
. B)
0.060 -
z 0.058 1 A 2 0 2 s 6 5 16 fz
g 0056 | 1/[NADH(ZH)) mM-1
§ 0.054 FicUre 4: Pre-steady-state kinetic isotope effects of the reductive
3 0052 | 3 half-reaction of mycothione reductase. Reciprocal pld¢,gfversus
2 (A) NADPH (@) and [4S-42H]NADPH (O) and (B) NADH @)
< 6050 4 and [4S-4°H]NADH (O). A value of 1.824- 0.04 and 1.59: 0.06
; for Pk was calculated for NADPH and NADH, respectively. The
0.048 | maximum rate of reductiorkfg for NADPH and NADH is 128
+ 2 and 20+ 1 s7%, respectively.
0.046 , : , ;
0.00 0.05 0.10 0.15 0.20 0.25

The V/K pH profile for NADPH decreases at both high

. o and low pH values, as a result of the ionization of groups
FIGURE 3: fepfesima“ve Stopped-ﬂovgst(;aces m_omt%rlgg th’a exhibiting (K values of 7.0 and 9.2 (Figure 1, panel c). In
ﬁg;gﬁn(:) ;nnyc;: o[té%r_lzeH]reNX%%Sﬁ (aBt)_ Themgmu;é?ﬁ Cl'”vesm contra_st, the pH profile fo¥/Kyapn re\(eals pH—in_deper)dent
represent single-exponential fits of the experimental traces with a behavior at low pH but decreases in the basic region as a
rate of 126+ 1 and 62+ 1 s! for the protiated and deuterated ~ single group exhibiting a ko value of 9.4 is deprotonated
substrate, respectively. (Figure 1, panel d). This difference suggests that the
2'-phosphate moiety of NADPH is the ionizing group
half-reaction, since in this half-reaction, Cys39 functions as observed at low pH values in thé/Kyappn profile. The
a nucleophile in disulfide substrate reduction. solution (X of the 2-phosphate moiety of NADPH has been
The pH profile forVIK for the disulfide substrate, des- reported as 6.52@). The group whose deprotonation at high
myaoinositol mycothione, decreases as a single group with pH values affects the/K value of both NADPH and NADH
a pK value of 6.5 is protonated and is pH-independent in is unlikely to be either Arg 203 or Arg 209, homologous
the basic region (Figure 1, panel b). As there are no ionizableresidues in mycothione reductase to those in glutathione
groups on the disulfide substrate, we suggest that the ionizedreductase that make contacts with thgpBosphate moiety
thiolate form of Cys39, which initiates substrate disulfide of NADPH (21). An arginine residue (Arg291) has been
cleavage is this group. It is likely that this cysteine is the observed in human glutathione reductase interacting with the
residue modified by cysteine alkylating agents, resulting in pyrophosphate group present in both NADPH and NADH
the specific inhibition of disulfide reductase activi#§) ( (21). The homologous Arg256 in mycothione reductase may

Time (sec)
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FiGUrRe 5: Pre-steady-state kinetics on the oxidative half-reaction
of mycothione reductase. (A) Oxidation of 281 two-electron
reduced mycothione reductase with B0 mycothione disulfide

in 20 mM TEA-HCI, 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 73t 1 s. (B) The maximum rate of two-
electron reduced enzyme oxidation is 199 11 sl Inset:
reciprocal plot ofk.ps versus mycothione disulfide concentration.

represent the group observed at high pH values in these twi

pH profiles.

Steady-State Kinetic Isotope Effec&mall steady-state
primary deuterium kinetic isotope effects are observed on
using NADPH as the variable substrate. The lack of a
primary deuterium Kinetic isotope effect MiKnappn SUQ-
gests that NADPH is sticky. The larger, and equivalent,
primary deuterium kinetic isotope effects &hand V/K
observed with NADH indicates that this substrate is not
kinetically sticky, and the isotope-sensitive hydride transfer

Patel and Blanchard

Pre-Steady-State Kinetic Analysidiree distinct chemical
intermediates have been proposed to occur in the reductive
half-reaction of flavoprotein disulfide reductasdS)( The
first of these is a rapidly formeH,,-FAD-NADPH charge-
transfer complex, the second is a transi&gt-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 FADHo 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 gy fax =
129+ 2 sY), 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 201 s™*. An extrapolated
maximal value of 19G 10 s* for the oxidation of the two-
electron reduced enzyme by mycothione is consistent with
both the overall steady-staktg: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 bothand 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 reductast; 16).

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

o Y o
o T NAD(P)H <= E,,-NAD(P)H 7=

ks

EeNAD(P)" <= Eeq+ NAD(P)"
I(7 k9 k11

Ereg+ MSSM == EoeMSSM== E;,-2 MSH— E, +

2 MSH

A value of 7 st was previously reportedd] for keq using

step has become more rate-limiting. These steady-state result;SADPH and MSSM. Using the more rapid affinity purifica-
are quantitatively supported by the pre-steady-state resultstion method developed for these studies, steady-#tate

discussed below.

Modest solvent kinetic isotope effects of 1.7 and 1.4 on
DOV and PPV/Kpimssw, respectively, were observed. The
observation thab°V/Kyappn is 1.2 £ 0.2 suggests that the
protonation of His444 does not occur in a Kkinetically
significant step in the reductive half-reaction. The plowof
as a function of mole fraction of J® yields a linear
relationship indicating that a single proton is involved in the

values of 64+ 2 and 23+ 1 st 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

1/kcat: 1/kred+ 1/k0x

For NADPH, the determined values ki (64 s) andkeq

isotope-sensitive step. The solvent isotopically sensitive (129 s*) allow us to calculate a value of 127sfor ko, a

proton transfer must occur in the oxidative half-reaction,
presumably during protonation of the product thiolate by the

value consistent with the measured value of #9020 s
For NADH, the statistically equivalent valueslef; (23 s9)

active site acid, His444. Similar solvent kinetic isotope effects andk.q (20 s) suggest that the reductive half-reaction is
have been reported for other flavoprotein disulfide reductasescompletely rate-limiting, in support of the equivalence of
(8, 17). PV, PV/KnapH, andPk.q determined using NADH.
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Scheme 1: Proposed Chemical MechanismMorTuberculosisVlycothione Reductase
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The equations for the expression of the primary deuterium approximateks and ke, respectively, predict ays value of

kinetic isotope effect ol andV/K were derived using the
net rate constants metho#4j and are

D(V/K)NAD(F’)H = (kg + ¢+ CrDKeo>/(1 +cta)
V= (ks + oy + 6Kl + oy + )

wherePk; is the intrinsic primary deuterium kinetic isotope
effect on the isotope-sensitive hydride transfer steg, ks/

kg, C = k4/k5, Cvf = K3Ik5 + k3/k11 + k3/k9(10+ kl()/kll)y and
PKeq = ksnkap/kspksn = 0.98 @5). The values of the
commitment factorsg: (forward for V/K), c; (reverse forvV
and V/K), andcys (forward for V) affect the magnitude of
the observed primary kinetic isotope effect @rand V/K.

0.7 if only the ratios of these rate constarkglg) contributed

to lowering the observed isotope effect from the intrinsic
effect. This indicates that terms other tHafkg are contribut-
ing to the magnitude ofys or thatc, may not have a unit
value due to slow release of NADR26).

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

The presence of a primary deuterium kinetic isotope effect S . This rate constant can be compared with 110fer the

on V and a lack of an effect ov/K using NADPH as

reduction ofE. coli glutathione reductasel®). The two-

reductant indicate significant forward and/or reverse com- electron reduced enzyme is thought to be stabilized by the
mitment factors for this substrate. The observed values of Protonated His444, which shares a proton with the distal

1.0 forPV/Knappr, and 1.6 foPV/Kyapn, suggest that the

for NADPH is higher than NADH, reflecting both higher
steady-state affinity (clK,, values, Table 7) and the higher
maximal velocity of NADPH. Exactly this type of isotopic

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

behavior has been observed with the related glutathionemixed enzyme-substrate disulfide with release of the first

reductaseq). The steady-state value of 1.3 fWyappH, and

thiol product MSH. The participation of the ionized form of

the value of the pre-steady-state kinetic isotope effect on theCys39 in this step is supported by the pH dependendé of

reductive half-reaction of 1:61.8, can be used with eq 11
to calculate ay; + ¢, range of 1.6-1.7. The experimentally
determined values fdgeq (129 s) andkox (190 s1) which

andV/Kpmssm. The solvent kinetic isotope effects dhand
V/Kpimssm Suggest that a solvent-derived proton is transferred
during disulfide substrate cleavage, and we show His444,
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functioning as the general acid in this step, as proposed for

glutathione reductase previously7§. 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 reductase®7). 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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