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ABSTRACT. Lipoamide dehydrogenase catalyses the NAI2pendent oxidation of the dihydrolipoyl
cofactors that are covalently attached to the acyltransferase components of the pyruvate dehydrogenase,
o-ketoglutarate dehydrogenase, and glycine reductase multienzyme complexes. It contains a tightly, but
noncovalently, bound FAD and a redox-active disulfide, which cycle between the oxidized and reduced
forms during catalysis. The mechanism of reduction of Mygcobacterium tuberculosiipoamide
dehydrogenase by NADH and [#6]-NADH was studied anaerobically at*€ and pH 7.5 by stopped-

flow spectrophotometry. Three phases of enzyme reduction were observed. The first phase, characterized
by a decrease in absorbance at4600 nm and an increase in absorbance at58ID nm, was fastk,

= 1260 s?, kev = 590 s1) and represents the formation of FARNAD™, an intermediate that has

never been observed before in any wild-type lipoamide dehydrogenase. A primary deuterium kinetic isotope
effect P(kior + krey) ~ 4.2] was observed on this phase. The second phase, characterized by regain of the
absorbance at 466600 nm, loss of the 556700 nm absorbance, and gain of 5@&b0 nm absorbance,

was slower K.ns = 200 s1). This phase represents the intramolecular transfer of electrons from FADH

to the redox-active disulfide to generate the anaerobically stable two-electron reduced enzynidneEH

third phase, characterized by a decrease in absorbance -ab80m, represents the formation of the
four-electron reduced form of the enzyme, £Hhe observed rate constant for this phase showed a
decreasing NADH concentration dependence, and results from the lglpw (57 s1, keey = 128 s1)
isomerization of EH or slow release of NAD before rapid NADH binding and reaction to form EH

The mechanism of oxidation of EHby NAD* was also investigated under the same conditions. The 530

nm charge-transfer absorbance of FHifted to 600 nm upon NADbinding in the dead time of mixing

of the stopped-flow instrument and represents formation of the MAD ™ complex. This was followed

by two phases. The first phaskeds = 750 s1), characterized by a small decrease in absorbance at 435
and 458 nm, probably represents limited accumulation of FANKMD™'. The second phase was
characterized by an increase in absorbance at 435 and 458 nm and a decrease in absorbance at 530 and
670 nm. The observed rate constant that describes this phasEl&fs ! probably represents the overall

rate of formation of & and NADH from EH and NAD', and is largely determined by the slower rates

of the coupled sequence of reactions preceding flavin oxidation.

Lipoamide dehydrogenase (NADH:lipoamide oxidoreduc- mycothione reductase,(3). Lipoamide dehydrogenase is
tase, EC 1.8.1.4)s a member of the flavoprotein disulfide the E3 component of the pyruvate dehydrogenase,
reductase family of enzymed)(that includes glutathione  ketoglutarate dehydrogenase, and glycine reductase multi-
reductase, trypanothione reductase, mercuric ion reductaseenzyme complexes4]. In vivo, it catalyzes the NAD-
and the recently describeiycobacterium tuberculosis dependent oxidation of the dihydrolipoyl cofactors that are

covalently linked to the acyltransferase (E2) components of

t Supported by NIH Grant GM33449. B.A.P. was supported by NIH these multienzyme complexes. Lipoamide dehydrogenases

Grants GM20877 to David P. Ballou and GM11106 to Vincent Massey. areé homodimers containing one tightly bound molecule of
* Corresponding author. E-mail: blanchar@aecom.yu.edu. Phone: FAD and a redox-active disulfide per monomer. The redox-

(718) 430-3096. Fax: (718) 430-8565. active disulfide is formed between two cysteine residues
* Albert Einstein College of Medicine. C d C | d he N . f th
IThe University of Michigan. (Cysiy an ys_e) ocated near the N-terminus of the
1 Abbreviations: ATP, adenosiné-Biphosphate; Cys and Cyss, polypeptide chain.

N- and C-terminal cysteine residues comprising the redox-active  The chemical mechanism of lipoamide dehydrogenase has

disulfide where the numbering refers to thle tuberculosidipoamide . - S .
dehydrogenase sequence;, Bxidized lipoamide dehydrogenase; £H been determined in significant detail,(5-9). In the

two-electron reduced lipoamide dehydrogenase;, Eflur-electron reductive half-reaction (Scheme 1), NADH binds to the
reduced lipoamide dehydrogenase; FAD, flavin adenine dinucleotide; oxidized enzyme (&) and reduces the FAD to form a

HEPES N-(2-hydroxyethyl)piperazin®¥'-(2-ethanesulfonic acid); Lip- ; ; ; :

(S)k, oxidized lipoamide; Lip(SH) reduced lipoamide; NADHj3-nico- trlanflentli/ redfuce? ﬂt'zvm (EADB Itnterrggdlﬁf' Intirnsl.

tinamide adenine dinucleotide (reduced form); NAB-nicotinamide electron transter 1o the redox-acuve disulnae, wnich 1Is

adenine dinucleotide (oxidized form). thought to proceed via a covalent adduct between s
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Scheme 1: Reductive Half-Reaction of Lipoamide Dehydrogenase
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the Gy position of the FAD {, 6), then generates the cantly either in the forward or the reverse directions,
anaerobically stable, two-electron reduced form of the suggesting that it is highly unstable. Finally, we demonstrate
enzyme (EH) where the flavin is reoxidized (FAD) and the the thermodynamically unfavorable formation of & high
disulfide is reduced. Departure of NADcompletes the  concentrations of NADH.
reductive half-reaction.

In the oxidative half-reaction (Scheme 2), the substrate EXPERIMENTAL PROCEDURES
lipoamide binds to the EHform of the enzyme, and Cys
forms a mixed disulfide with the substrate. The free thiolate
of Cysss then attacks the mixed disulfide to form dihydro-
lipoamide and to regenerate4EThis reaction is general-
acid catalyzed by the essential and conserved-Bis pair : X
located at the C-terminus of the adjacent monomer of the and yeast hexokmag;e (type C-300), were from Sigma.
homodimeric enzyme. Release of dihydrolipoamide com- D-Glucose-ld (97 at. % D) was from Ald”Ch_'
pletes the oxidative half-reaction for another round of General MethodsThe enzyme concentration was deter-
catalysis. mined USiNgeasgnm = 11300 Mlcem ™ Absorbance_spectra

Though it is known that the oxidative half-reaction is Were obtained on a Hewlett-Packard 8452A diode array
slower than the reductive half-reactio)(the rate-limiting ~ SPectrophotometer or a Shimadzu UV-2501PC scanning
steps within each half-reaction are not known. For the SPectrophotometer. Stopped-flow experiments were carried
reductive half-reaction, the transiently reduced flavin inter- Ut on a Hi-Tech SF-61 DX2 instrument af@. Solutions
mediate and the covalentflavin adduct are presumed to _of enzyme for rapid reaction studies were made anaeroblc
exist, but they have never been observed before in any wild- N 9lass tonometers by repeated cycles of evacuation and
type lipoamide dehydrogenase primarily because of the equilibration overan_atmosphere of purlﬁed argon. Solutlons_
intrinsic kinetic instability of these intermediates. Therefore, Of Substrates for rapid reaction studies were made anaerobic
it is not known whether steps leading to the formation of by bubbling with purified argon within the syringes that were

these intermediates or their subsequent decay are ratel0 be loaded onto the stopped-flow instrument. ,Ekéas
limiting. prepared by titrating anaerobic enzyme with dithionite in a

We have recently cloned, overexpressed, purified, and tonometer equipped with a sidearm cuvette and an attached
performed an initial characterization of lipoamide dehydro- 9astight syringe containing the dithionite. Formation of;EH
genase fromM. tuberculosis(10). The enzyme reaction is  Was determined spectrophotometrically.
slower than previously characterized lipoamide dehydroge- Enzyme and [43H]-NADH. RecombinanM. tuberculosis
nases, and thus, we reasoned that direct observation of thdipoamide dehydrogenase was purified as described previ-
above intermediates and perhaps other intermediates wouldPusly (L0). [4S*H]-NADH was prepared and purified as
be feasible. In this paper, we describe the results of pre-described previouslyld, 12). Fractions from the Mono-Q
steady-state kinetics for reaction of (1)&ith NADH and column (Amersham-Pharmacia Biotech) with absorbance
[4S2H]-NADH, and (2) EH with NAD'. We observe  ratios Agsonn{Assonm < 2.3 containing [4SH]-NADH were
spectroscopically, for the first time, the reduced flavin pooled.
intermediate. We also show that the covalent-favin Transient-State KineticStopped-flow experiments were
adduct, which we think exists, does not accumulate signifi- carried out using 2&M (refers to [FAD]) M. tuberculosis

Materials. All chemicals were of analytical or reagent
grade and were used without further purification unless
otherwise stated. NADH, NAD, ATP, glucose-6-phosphate
dehydrogenase frolreuconostoc mesenteroidggie XXIV),
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Ficure 1: Stopped-flow absorbance traces after mixing«20M. Timels

tuberculosisEqx with 2 mM NADH (panel A) or 2 mM [4SH]- FiIcurRe 2: Stopped-flow absorbance traces after mixing«ROM.
NADH (panel B) at 4°C and pH 7.5. The dotted spectrum is that tuberculosisEy, with 100uM NADH (panel A) or 2 mM NADH

of 20uM Eex. The solid spectra were recorded using a diode-array (panel B) at 4°C and pH 7.5 and monitored at the indicated
detector 2.2, 3.7, 6.7, 9.7, 14.2, 21.7, 39.7, 210, and 1400 ms afterwavelengths. The points are the experimental data, and the solid
mixing. The arrows indicate increasing time. The spectra in the lines are the fits to eq 1. Note the logarithmic time-scales.

inset of Figure 1A were obtained from the anaerobic reduction of

the enzyme using a catalytic amount of NAI the presence of  stopped-flow experiments and the determined extinction

glucose-6-phosphate and glucose-6-phosphate dehydrogenase. Spegpefficients €) of the unliganded forms of EHand EH,

tra were scanned frequently over the course of the reaction, and, . ;

the spectra of EFHand EH were calculated using a three-component (Figure 1A, inset). We used these V?Iueito calculate a
singular value decomposition analysis implemented in the program (€er, — €ex,) at 435 nm Qe = 7645 M™* cm™) and 458 nm
Specfit (Spectrum Software Associates). (Ae = 7903 M1 cm™) to determine the amount of Bkt

equilibrium. We note that the values obtained in this way
lipoamide dehydrogenase aadlO0 uM concentrations of  are estimates because at least some of theatll EH, forms
substrates to ensure pseudo-first-order kinetics. Time course®f the enzyme are likely to be bound with pyridine nucle-
were fit to the sum of two or more exponential functions otide, which can change their extinction coefficient.
eq 1):
ea ) RESULTS
A=A+ A+ AT (1) Spectral Properties of the M. tuberculosis Lipoamide
Dehydrogenase & EH,, and EH, Enzyme SpecieEigure
where A; is the absorbance at time¢, A;—A; are the 1 A (inset) shows the spectral properties of the three ligand-
amplitudes of the phases of reaction described by the free anaerobically stable speciedvbftuberculosidipoamide
observed pseudo-first-order rate constakitsks, andc is a dehydrogenase. The oxidized enzymeBas absorbance
constant. maxima at 375 and 458 nm, a shoulder~at85 nm, and
Reduction Potentials and Estimation of Eltvels at minima at 308 and 403 nm. In the two-electron reduced
Equilibrium. The reduction potentials of the,#EH, and enzyme (EH), the flavin remains oxidized while the redox-
EH./EH, redox couples were determined spectrophotometri- active disulfide is reduced. The absorbance is attenuated, and
cally at 25°C in 100 mM sodium phosphate buffer, pH 7.0, the maxima are blue-shifted relative to those ig, End
by the xanthine/xanthine oxidase method of MassEg),( absorbance appears at longer wavelengths with a shoulder
using benzyl viologenEn; = —359 mV) and safranin O  at~530 nm previously attributed to a Cysthiolate FAD
(Em7 = —289 mV) as redox indicator dyes. To estimate the charge-transfer interaction. In the four-electron reduced
levels of EH at equilibrium, we used the final absorbances enzyme (EH), the absorbance maxima are further decreased,
at the end of the reactions of,Ewith NADH from the and the 530 nm Cys—thiolate FAD charge-transfer absor-
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Ficure 3: (A) Stopped-flow absorbance traces after mixing:20 M. tuberculosisE,x with the indicated [NADH] at £#C and pH 7.5 and
monitored at 435 nm, to illustrate thermodynamically unfavorable formation of Bbte the logarithmic time-scales. (B) Stopped-flow
absorbance traces after mixing 2M M. tuberculosisEy, with 2 mM NADH or 2 mM [4S2H]-NADH at 4 °C and pH 7.5 and monitored

at 435 nm to illustrate a primary deuterium kinetic isotope effect on the various phases of reaction. The points are the experimental data,
and the solid lines are fits to eq 1. The inset shows the dependerkgg ofi the concentration of [4384]-NADH for the fourth phase of

reaction (see text). (C) Initial absorbance values at the indicated wavelengths obtained from the fits for reactiod &l 2@berculosis

Eox With [4S2H]-NADH. The solid lines are the average values of the initial absorbance.

bance disappears. The spectral properties of these threearious substrates and products, as well as other unstable
enzyme species are very similar to the spectra of theintermediate species in catalysis, which will be presented
corresponding species of the pig heart lipoamide dehydro- below.

genase 1). Knowledge of the spectral properties of these  Reduction of E with NADH and [4S2H]-NADH. Figure
unliganded enzyme species is useful in interpreting the 1 shows the spectral changes that occur gsi€ mixed
spectral properties of complexes of these species with therapidly with NADH (panel A) or [4S*H]-NADH (panel B)
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Ficure 4: The NADL concentration dependencelgis for the first (panel A), second (panel C), and third (panel E) phase of reaction of

20 uM M. tuberculosisEq with NADL at 4 °C and pH 7.5. The different symbols represent fitlggl values obtained at the various
wavelengths @, 435 nm;®, 458 nm;A, 530 nm;a, 670 nm). Panels B, D, and F show the primary deuterium kinetic isotope effect on
kobs for each phase of reaction. The solid line for the NADH data in panel A is a fit to eq 2, and the fitted parameters are shown in Table

1. The solid line through the [484]-NADH data in panel A is a theoretical line described by eq 2 with valudé’pkez, andKp of 160
s71, 370 st, and 180uM, respectively (see text). The solid line through the data in panel B is a fit to eq Pith= 1.6, k::a)[kr'?]ax =
4.2, andk®, x Kp/k>. = 0.6. The solid lines in panel E are fits to eq 5, and the fitted parameters are shown in Table 1.

in a stopped-flow apparatus and monitored using a diode- Figure 3B shows a comparison of the kinetics of reaction of
array detector. Figure 2 shows single wavelength tracesEq with 2 mM NADH and [4S2H]-NADH monitored at
performed at low (panel A) and high (panel B) concentrations 435 nm. The various phases of reaction are clearly slower
of NADH. The 435 and 458 nm traces monitor the oxidation using [4S2H]-NADH demonstrating the presence of a
state of the FAD, the 530 nm trace monitors the levels of primary deuterium kinetic isotope effect. [48]-NADH
EHz, while the 670 nm trace monitors a species distinct from displays an additional very slow phase (Figure 3B), visible
any of the unliganded enzyme species shown in Figure 1A at all wavelengths (data not shown), and its origin will be
(inset). Three phases of reaction are observed. The first phas@ddressed in the discussion. The time courses were fit to
is very fast and is characterized by a decrease in absorbancéne sum of two or more exponential functions (eq 1,
at 435 and 458 nm and an increase in absorbance at 67Gxperimental Procedures), and the observed rate constant
nm. The second phase is slower and is characterized byof each phasek{,) was plotted as a function of the
regain of absorbance at 435 nm, gain in absorbance at 53Q;oncentration of NADE as shown in Figure 4. Figure 4,
nm, and loss of absorbance at 670 nm. The third phase ispanels B, D, and F, also shows the apparent isotope effect
even slower and is characterized by decreases in absorbanc@y, 3 on the first, second, and third phase of the reaction,
at 435, 458, and 530 nm. _ respectively, at each concentration of NADL. These observed
The amplitude of this last phase is almost undetectable atiggope effects were calculated by averadingdetermined

low NADH concentration but becomes very prominent as . -
. o R at the various wavelengths and then taking the r
the concentration of NADH is increased as shown in Figures | p 9 9 é@‘(’y

2B and 3A. These experiments were repeated using [4S-aver
2H]-NADH to determine the primary kinetic isotope effects
on individual steps and to assist in assigning the phases. 2“L”in NADL refers to hydrogen {H) or deuterium {H).
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first and second phases of reaction of@@ M. tuberculosiEH,
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concentration of [43H]-NADH, and they are shown in
Figure 3C. To obtain more accurate rates for the first phase
of reaction of Ex with NADH, we constrained the initial
. absorbance at 435 and 458 nm to the average values obtained
from the [4S2H]-NADH data: 0.136 and 0.201, respectively.
530nm ] The rate constant data using NADH presented in Figure 4
e7onm— | were obtained by adding this constraint. We note that
e constraining the initial absorbance instead to the values for
o1e0 C N 20mMNAD® - Eox (0.170, 435 nm; 0.227, 458 nm) gave rates that were
T 20—25% higher for the first phase. The smaller predicted
initial absorbance values used in the final fitting, rather than
: the corresponding values fogEare likely due to perturba-
tion of the Ex spectrum upon binding NADL in an FAD
NADL charge-transfer complex.

7 Oxidation of EH by NAD'. Figure 5A shows the spectral
changes that occur as k4 rapidly mixed with NAD" in a
stopped-flow apparatus and monitored using a diode-array
detector. The 530 nm Cys-thiolate-FAD charge-transfer
absorbance gets shifted to longer wavelengths with a
0.160 . ] maximum at~600 nm in the dead time of mixing. Figure
0.001 001 04 1 10 5B shows traces at 1 mM NADmonitored at 340, 435,
Timels 458, 530, and 670 nm, while panel C shows traces at 435
Ficure 5: (A) Stopped-flow absorbance traces after mixing0 nm as [NAD'] is varlled from 0.2 t‘? 2 _mM. Threg Phases
M. tuberculosisEH, with 2 mM NAD* at 4°C and pH 7.5. The  are observed. The first phase, which is clearly visible as a
dotted spectrum is that of 20M M. tuberculosisEH,. The solid decrease in absorbance at 435 nm, is also observed at 458
spectra were recorded using a diode-array detector 2.2, 3.7, 6.7nm, though with a much smaller amplitude change. The
9.7,14.2, 21.7, 39.7, 210, and 1400 ms after mixing. The arrows g4 phase is slower and is characterized by increases in
indicate increasing time. (B) Stopped-flow absorbance traces after .
mixing 20uM M. tuberculosisEH, with 1 mM NAD* at 4°C and absorbance at 340, 435, and 458 nm and decreages in
pH 7.5 and monitored at the indicated wavelengths. (C) Stopped- absorbance at 530 and 670 nm. The third phase, which is
flow absorbance traces after mixing 201 M. tuberculosisEH, visible at all wavelengths, has a very small amplitude change,
\Avétg mﬁ I'rllﬂg:aptce)i?\ t!sNaArlg]t ﬁé ‘éxgeﬁ%deﬁgl7dgt§”£né“?h”étgg‘~l% ?itnes is too slow to be catalytically important, and was not further
are fits to eq 1. Note the logarithmic time-scales. evaluated. The_ time courses were fit to the sum of two or
three exponential functions (eq 1, Experimental Procedures)
and the rate of each phase was plotted as a function of the
concentration of NAD as shown in Figure 6.

0.05 °
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0.04
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0024 v i et 4w
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0.175 A

A435nm

0170 4 | 0.2 mM NAD*
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We estimate that, using NADH, approximately-880%
of the first phase occurred in the dead-time of mixing. As a
result, fitting of the time courses to eq 1 was difficult. With  pscussioN
[4S-2H]-NADH on the other hand, an isotope effect-ef.2
on the first phase permitted the observation-@0% of the Direct Obsepation of a Reduced Flan IntermediateThe
amplitude of this phase. The initial absorbance values at 435first phase in the reaction of,ewith NADH, characterized
and 458 nm obtained from the fits are independent of the by loss of absorbance at 435 and 458 nm, is consistent with
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Scheme 3 Internal Electron Transfer to the Redox-AgatiDisulfide.
|_ mADH naD* The ;econd phase in thg regction of with _NADL is most
——FAD ——FAD ——FADH, consistent with the reoxidation of the flavin as electrons are
transferred to the redox-active disulfide. The increase in
Ko ko absorbance at 435 and 458 nm occurs at the same rate as
s sk, s the loss of the 670 nm absorbance due to the loss of the
é é é FADH,:NAD™* charge transfer. The increase in 530 nm
— Em — _ absorbance, a wavelength region characteristic of the EH
Eox Complex Rm‘m‘t;"“ form of the enzyme, also occurs at the same apparent rate

as flavin reoxidation and loss of the FARHAD™ charge
transfer interaction. Taken together, these results demonstrate

Table 1: Rate Constants for Individual Steps in the Reductive

Half-Reaction ofM. tuberculosisLipoamide Dehydrogenase _that this second phase of enzyme reduction i_S due to
rate rate/ isotope Ko intramolecular transfer of electrons from the flavin to the
constarit 51 effect (NADH) redox-active disulfide to ultimately generate £H
& 1260+ 50 Isotope EffectsThe intrinsic primary deuterium kinetic
2 Ok, = 8+ 4 isotope effect for hydride transfer from NADL to FABIK,)
K2 1604+ 90 is obtained by taking the ratio d&H to kg’ Likewise, the
180+ 20uM isotope effect for hydride transfer from FADHL to NAD
K, so£60 (Pk_») is obtained by taking the ratio &', to k°,. The data
kP 370+ 90 k2=16+03 for the first phase of reaction ofgwith [4S2H]-NADH
ket 200+ 20 - _ show no concentration dependence in the experimentally
kst 1154+ 10 - - attainable region (Figure 4A), and thus precludes the
tﬁdd i;;ﬁz - - determination ok andk®, by this direct graphical method.
g - -

An alternative, somewhat indirect, method to obtgjrand
aAt pH = 7.5 and 4°C. ® Defined in Schemes 1, 3, and 4These

D - .
values are observed rate constants and are likely to include contributionsk*2 IS desqlb,? d bDeIOW' . .
from step 4 as well (see Figures 4 and 6, Schemes 1 and 5, and text). 1N€ ratio kobdKobs Which we O_leflne askops at e_ach
d These values are unlikely to be microscopic rate constants (see text).concentration of NADL can be fit to eq 3 (the derivation

can be found in the Appendix) to obtain a value of %6

reduction of FAD by NADH to form an FADWNAD* 03 for%k-and 4.2+ 0.5 forki,/kng, as shown in Figure
intermediate. The loss of absorbance at 435 and 458 nm4B. The value fok™, of 370+ 90 s™* can then be obtained
occurs at the same rate as gain of absorbance at 670 nmirom the relationshipk®, = k”,/°k ». Finally, the value of
and this signal may be attributed to an FAPHNAD™ 160+ 90 s for k'2D can then be obtained from eq 4:
charge-transfer interaction. Though this species has never
been observed before in any wild-type lipoamide dehydro-
genase, it has been observed in an H450S mutant of

H
%X — Pk_,|INADH]

Azotobactervinelandii lipoamide dehydrogenasé4) and DkO — Dy 4 \max 3)
in an H450A mutant of yeast glutathione reductdd®. (This bs 2 92
first phase displays a primary deuterium kinetic isotope effect — Kp + [NADH]
of ~4.2 (see below) using [434]-NADH consistent with kr?lax
reduction of FAD by hydride/deuteride transfer from NADL. _
Y Kpo? = KO + K2, = 530+ 205 @)

We used the two-step binding model shown in Scheme 3
(16, 17) to analyze the concentration dependence of the first -
phase of reaction of&on [NADH]. In this model, B, and The solid line drawn through the [45#-NADH data
NADH are presumed to be in rapid equilibriémith the (Figure 4A) is a theoretical curve described by eq 2 with

D D
En-NADH complex, and the dependence ks on the  Values ofky, kop, andKp of 160 s7, 370 s*, and 18QuM,

concentration of NADH can be described by edl8, (17): respectively. The fact th&tpsshows no apparent dependence
on the concentration of [434]-NADH (Figure 4A) can now
k,[NADH] be rationalized as resulting from a high valuekdj relative

(2) to kj.

The above values fok; and k°, were then used, in
conjunction with k! and k", to calculate the intrinsic
primary deuterium kinetic isotope effect, and®k_, (Table
1). The calculated values for these isotope effects &f 8

ors =Koz + i S INADH]

This equation describes a hyperbola with a maximum rate
(kmax), at infinite concentration of NADH, ok, + k—, and a

Y-intercept ofk-2 (16, 17). The solid line in Figure 4Ais 5541 1 0.3 forPk, andPk_,, respectively, are in the normal
the best fit to this equation and the fitted parameters are ,nqe expected from semiclassical behavior. Their ratio of
shown in Table 1. 5.0+ 3.4 which defines the equilibrium isotope effetieq

= Dk,/Pk_,, is somewhat difficult to interpret due to the large

% This analysis of the first phase relies on and is simplified by rapid error. The error sets the lower limit to 1.6, a value that is an

equilibrium binding of NADL to Ey. The kinetic constants that pertain i i ;
to the hydride transfer step (step 2, Scheme 1) presented in Table 1 d upper limit for equilibrium isotope effects. Values of 5,

not apply if a more complex model involving steady-state binding of NOWEVEr, are Significantly higher than normal and could
Eox to NADL is operating. perhaps be explained as follows. The above analysis assumes
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that exchange of the deuterium atom, which resides gn N NADH approaches zerdk,,s approachesks + k_s, thus

of the reduced FAD after deuteride transfer, with protons of explaining the decreasing rate as the concentration of NADH
nearby residues is significantly slower than back reaction to increases. This analysis assumes complete formation f EH
regenerate [43H]-NADH and E,,. The extent to which this ~ NAD™* at the end of the second phase. However, the observed
is true will govern the magnitude 8k, and, therefore, the  rate constants for the second and third phases (Table 1) are
magnitude oPKe, If the deuterium exchange rate becomes not sufficiently different for this to be a valid assumption.
significant, the measured rate of the back reaction will be As a result, the values & andk_s obtained from the above
larger than the true value ok®, because it will be  analysis are unlikely to be microscopic rate constants, but
contaminated to some extent Hy',. As a result, the instead represent net rate constants. The solid lines in Figure
measured’k_, and PK¢q values will be smaller and larger  4E are the fits to eq 5 and the rate constants are tabulated in
than the true values, respectively. A conserved lysine residueTable 1. Though Ekldoes form, its rate of formation cannot
(Lysso in the M. tuberculosislipoamide dehydrogenase) is be obtained from these experiments because the rate of
within hydrogen bonding distance okMNf the flavin of the formation of EH, a required intermediate leading to forma-
closely relatedPseudomonas putidégpoamide dehydroge-  tion of EH,, is slower and hence makes subsequent fast steps
nase 18) and is a potential source of three protons for which kinetically invisible.

the Ne-D of the reduc_ed flavin m|ght exchange. Reaction of B, with [4S2H]-NADH shows an additional
Finally, the magnitude of the isotope effect 6Gax  very slow phase (Figure 3B), which is not observed with
decreases from a value of 4.2 for the first phase to values of NADH and must, therefore, be related to the nature of
2.9 and 2.0 for the second and third phases of reaction,sotopic substitution. We propose that this last phase results
respectively (Figure 4, panels B, D, and F). Observed isotopefrom 5 combination of (1) an equilibrium isotope effect and
effects are often smaller than the intrinsic value due to kinetic (2) eventual washout of deuterium from [48}-NADH into
complexity. The fact that the reduced flavin intermediate ¢\ ent. Deuterium could wash out by exchanging with
(FADH2"NAD ™) accumulates in solution in the direction of = (o0 from N of the reduced flavin, followed by reoxi-
FAD reduction by NADH is strong evidence that step(s) after dation of the flavin by NAD and reI’ease of NADH. In

?go:;:geé;aerlisgeégr;e TZ:(?t-Im(])Ift"t]f?e, asnittgriseﬁesgﬁﬁii Coirr:tr![?]:teseparate experiments (not shown), the absorbance at 435 nm

piexity y g for [4S?H]-NADH eventually reaches the same value for

. . q\lADH, an observation consistent with our deuterium wash-
reaction progresses from one phase of reaction to the next. . . .
. out proposal. Also consistent with our proposal is the

EH, Formation. The result of the above two phases of pronounced decreasing [45]-NADH concentration de-

r?action Odeex Vgith NADL is thﬁ forrr?atfilon. OT the.dtyvo;j pendence ok.ps for this last phase (inset in Figure 3B). For
ee(;:ttrr?n red uce t‘?”zlg.”eé%“".” er(e;lt edal\:/mtlﬁ oxi :jze " example, 20uM enzyme active sites will require five
and the redox-active disutiide IS reduced. Further reduction complete rounds of flavin reduction and reoxidation to

to the four-electron reduced state (BHequires that the 2
. ; ) . completely convert 10(uM [4S-°H]-NADH to NADH
flavin also be reduced (Figure 1A, inset). The observed third (assuming no deuterium internal return), but 100 complete

phase of reaction of & with NADL is characterized by . . S
decreases in absorbance at 435 and 458 nm, consistent WitﬁOunds of flavin reduction and reoxidation to completely

a second round of flavin reduction. At the same rate, 530 convert 2 "."V' [4S*H]-NADH to NADH, thus the decreasing
nm absorbance is lost signaling the disappearance of EH concentration dependence.

and consistent with formation of Etduring this third phase A Highly Unstable Coalent Ci-Flavin Adduct. Intra-

of reaction. molecular transfer of electrons from the reduced flavin to

Formation of EH shows a decreasing NADL concentra- the disulfide to generate EHs thought to pro_ceed via a
tion dependence okos (Figure 4E). This behavior is covalent Qa—fla}vm adduct (, 6). Covalent. Gsflavin adducts
interpreted in the context of a two-step reaction, where the &€ characterized by absorbance maxima-380 nm @1).
first step is slow and the second NADH-binding step, as well NO significant increase in absorbance at 380 nm was
as subsequent steps, are fdg, @0). The first step may be observeq in the reaction of,Ewith NADH (data not shown),
the slow release of NADbefore rapid binding and reaction ~suggesting that the covalentsflavin adduct does not
with NADL as shown in Scheme 4, although slow isomer- accumulate significantly in the forward direction.

ization of EH, to another ionic form of Ekl or a confor- To determine whether the covalent@avin adduct
mational change are also possible. Equation 5 describes thisiccumulates in the reverse direction, oxidation of, Fiy
behavior (9, 20): NADT, we generated Efby anaerobic titration of & with
dithionite and rapidly mixed this form of the enzyme with
Scheme 4 NAD™ in a stopped-flow apparatus. The 530 nm charge-
NAD*  NADH NAD* transfer shoulder, which is characteristic of the unliganded
EH,-NAD* A EH, AN EH,*NADH #EH“ form of EH, (Figure 1A, inset), shifted te-600 nm in the
ks Ko mixing dead-time of the instrument (Figubepanels A and
K Ko B). We attribute this spectroscopic signal to an,BfAD*
Kops= Kg + ————— (5) complex. A similar spectral shift was observed when NAD
Kp + [NADH] was titrated with the Ekform of lipoamide dehydrogenase

from pig heart 9). The predicted initial absorbance at 530
It can be seen that when the concentration of NADH is nm obtained from the fits of the corresponding time courses
high, kopstends towardks. Similarly, as the concentration of  (data not shown) decreases in a titratable manner with
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increasing [NAD]. We used these data to obtain an estimate Table 2: Comparison of the Reduction Potentials of Lipoamide

of the Kp for NAD* of ~130uM. Dehydrogenases froff. coli, Pig Heart, and\. tuberculosi3
After this rapid binding, the absorbance at 435 nm E./EH, EH,/EH,
decreases transiently (Figure 5C), indicating flavin reduction. organism (mV) (mV)
The absorbance at 458 nm also decreases (Figure 5B), £ colp —264 —317
although with a smaller change in amplitude. The two species pig heart —280 —346
that might accumulate to some extent and be responsible for M. tuberculosis —309 —382

this phase are the covalent,@lavin adduct and the reduced aAt pH 7.0.PRef 7. ¢ Ref 8.
flavin intermediate (FADRNAD™), since they are both
characterized by diminished absorbance in this wavelength o020
region. However, we think that it is the reduced flavin
intermediate that more likely accumulates rather than the
covalent Ggflavin adduct because no significant increase
at~380 nm was observed during this phase (data not shown).
When the amount of intermediate that accumulates during s 00121
a reaction is very small, as is in the present case (see Figure£,
5), one has to be cautious in the assignment of an observecEN
rate constant that describes a certain phase to a specific step™
in a reaction. For example, in the reaction sequence; B
— C, if the intermediate, B, decays faster than it is formed, 0.004 - i
(i) it will only accumulate at low levels, and (ii) it will appear
to form with its decomposition rate constant and decay with

0016 4 V\-

0.008 -

its formation rate constan2®)! Given that the reduced flavin °~°°°°o i oa T 1e 20 s
intermediate accumulates to low levels in this reverse reaction ’ ’ ' ' ’ ' '
and that the observed rate constant describing the first phase [NADH)/mM

of ~750 s is similar in magnitude t&", (590 s, Table Ficure 7 Equilibrium concentrations of Etafter reaction of 20
1), we think that this rate represents the rate of oxidation of #M M. tuberculosis lipoamide dehydrogenase and increasing

P : concentrations of NADH to illustrate a good correlation between
the reduced flavin intermediate by NADo form Eo and theoretical (lines) and observed,(435 nm;®, 458 nm) equilibrium

NADH. EH, levels. The solid line was generated from the experimentally
The observed rate constant describing this phase’&0 determined value of the reduction potential for the,fE, couple

s! shows no NAD concentration dependence in the gf _‘%82 m}/i-SWh"g it{‘g d\‘;t;ed "’}[’r‘]‘?' dalshedotted 'ti.”ef' are

experimentally attainable region (Figure 6), even though the “€V!alions o= an my from fhis vaiue, respectively.

Kp for NAD™ is large enough.that an increase in rate should direction is considerably slower than its decay in either

have been observed. We think the estimates of these rateSyiraction

are perhaps not precise enough to clearly see thg INCrease, a cormation of EH is Thermodynamically Unf@rable. The

consequence of the small amplltu_de of th'$ phase in CONJUNC=ahsorbance end-points for the 435 and 458 nm time courses

tion with the fact that a large portion of this phase occurred in the reaction of E, with NADH (Figures 2 and 3A) are

in the mixing dead time. o ) well above zero, indicating that a considerable amount of
The second slower phase of reaction is characterized byoyidized FAD remains. This remaining absorbance titrates
regain in absorbance at 435 and 458 nm and is consisteniith increasing concentration of NADH (Figure 3A) and
with formation of B (Figure 5, panels B and C). Anincrease syggests that the reduction potential for thefE, couple
in absorbance at 340 nm (Figure 5B and Figure 6, squares)js sjgnificantly more negative than that of the NADH/NAD
representing the formation of NADH, occurs at the same couple, making reduction of E+o EH, by NADH ther-
rate. We think that the observed rate constant that describesnodynamically unfavorable. To test this hypothesis, we
this phase of~115 s* represents the overall rate of getermined the reduction potentials for thg/EH, and EH/
formation of B, and NADH from EH and NAD" and is ~ EH, redox couples for theM. tuberculosis lipoamide
largely determined by the slower rates of the coupled gehydrogenase using the xanthine/xanthine oxidase method
sequence of reactions preceding flavin oxidation. of Massey (Table 2)1(3).
The amplitude of this second phase increases with increas- From these reduction potentials-§09 and—382 mV,
ing [NAD"] even though the rate does not appear to change.respectively) and the known reduction potential for NADH
This apparent contradiction may be reconciled jf BEinds (—320 mV), one can calculate equilibrium constari{s;{
NAD™*. This would act as a sink so that more and more of for the following reactions:
the products (E, Eoxx NAD™, and NADH) are formed in the
final equilibrium. The cocrystal structure of tRseudomonas
putidalipoamide dehydrogenase bound to NAB evidence
for an ExNAD* complex in these enzyme4§). K ' = 0.0080
In summary, the covalent,gflavin adduct does not appear EH, + NADH =———=EH, + NAD"
to accumulate to a significant extent either in the forward
(Eox plus NADH) or in the reverse (EHplus NAD") Using these equilibrium constants, the equilibrium con-
directions, suggesting that it is highly unstable. This instabil- centrations of Ek NADH, EH,;, and NAD" can be
ity could arise if formation of this intermediate in either determined from known starting concentrations gf 0

Keq = 2.36 N
E,.+ NADH =~—=EH, + NAD
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Scheme 5: Chemical and Kinetic Mechanism for the Reductive Half-Reactitdyodbacterium tuberculosisipoamide

Dehydrogenase at 4 °C and pH 7.5
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uM) and various levels of NADH. Figure 7 shows the
calculated equilibrium concentration of EHit various levels

of NADH (solid line). Also shown in Figure 7 are calculated
equilibrium concentrations of EHfor EH./EH, reduction
potentials oft5 (dotted lines) and=10 mV (dashed dotted
lines) of the experimentally determined value-6882 mV.
There are two assumptions that are used in this calculation:
(1) that there is no & at any level of NADH; though this is
not true at low [NADH], at [NADH] =0.5 mM there are
negligible amounts of & remaining £1.7%); and (2) that
the reduction potential for this couple is not influenced by
bound pyridine nucleotide and vice versa.

The end-points of the reaction of,Ewith NADH were
used to estimate the amount of &t equilibrium (Experi-
mental Procedures) shown in Figured, @35 nm;®, 458
nm). We emphasize that these values are estimates becaus
at least some of the BHand EH, forms of the enzyme are
likely to be bound by pyridine nucleotide, which can change
their extinction coefficient. Nevertheless, there is a good
correlation between calculated and measured levels of EH
at equilibrium, and it appears that thermodynamically
unfavorable formation of ElHby NADH is sufficient to
account for incomplete reduction of the flavin cofactor even
at levels of NADH (2 mM) that are 100 times that of the
enzyme (2uM).

Finally, comparison of the reduction potentials for the two
redox couples of lipoamide dehydrogenases feamoli (7),
pig heart (8), andM. tuberculosisshows that theM.
tuberculosisenzyme has the most negativg/EH, and EH/
EH, redox couples. This is perhaps one reason lthe
tuberculosidipoamide dehydrogenase is relatively slow, and
thus permits the direct observation of the above-mentioned
flavin intermediates in catalysis.

CONCLUSIONS

We have analyzed the observed multi-phasic time courses
for reaction ofM. tuberculosidipoamide dehydrogenase,E
with NADL, and EH, with NAD™, and have assigned the
various phases of reaction to the formation and decay of
intermediates that have previously been observed in wild-
type, mutant 14), or chemically modified §) lipoamide
dehydrogenases from various species. We present a chemical
and kinetic model for the reductive half-reaction bF.
tuberculosis lipoamide dehydrogenase (Scheme 5) that
accommodates our findings. NADH binds tg&nd reduces
the FAD by transferring th&,-proS hydride of the dihy-
dronicotinamide ring to MNof the flavin. Hydride transfer is
fast kor = 1260 s and key = 590 s1) and displays a
primary deuterium kinetic isotope effe@(kor + krey)] Of
~4.2. The result is the formation of a transiently reduced
ﬁ’avin intermediate that accumulates in solution because a
subsequent step leading to formation of BE$islow Kops =
200 s). The high instability of the covalent,gflavin adduct
limits its accumulation to levels that make it undetectable
during the process of intramolecular transfer of electrons
from the reduced flavin to the disulfide. NADrelease
completes the reductive half-reaction.
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APPENDIX

Derivation of eq 3:

k,[S]

Kops = Ko + K +S] 2

k_o(Kp + [S]) + ky[S]
s Kp + [S]

K Kp +(ky + K)[S]
s Kp +[S]

- k—ZKD + kmax[s]
T Kp+[S]

kgbs: kﬁz KD + k:ax [S]

kcl?bs keZKD + kr?]ax [S]

Multiply and divide thek™, Kp term byk>,:

D

k-
kg kEZ k_Tz KD + kf“HnaX [S]
bs 2

k?ZKD + kr?1ax [S]

kons
Khe Pk, K, Ko + Ky [S]

kobs K2 K + Ko [S]

Divide throughout byk>,:

H Dk —2 D KD +— kmax [S]
ko;bsz kmax kmax
K> kP

T K S

ax

Add and subtract the termik_,[S], to the numerator:

kmax
I%:%f§K+%J$DMM_%ﬁ]
D D

ax

Argyrou et al.

Collect terms:

kP ko
D 2 ax
k|5~ Kp +[S]| + — k,|[S]
K> kP
- —2Kp +[S]

ax

Finally, carry out the division of both terms in the

numerator:
ke
kg‘ D_aX - Dk*2 [S]
5= ko ®3)
bs k—2
- Kp+[S]
S
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