
INTRODUCTION

Mounting evidence indicates that mobilization of

intracellular Zn2+ following ischemia-reperfusion injury

plays a role in cellular toxicity [1-4]. Elevated intracellu-

lar Zn2+ has been associated with the loss of mitochondr-

ial membrane potential, production of reactive oxygen

species, and cell death [5, 6]. Reduction of zinc accumu-

lation in mitochondria by chelating zinc was shown to

decrease the cerebral ischemic injury in a stroke model

[7]. We demonstrated that zinc competes with calcium

for the entry to mitochondria and proposed the mito-

chondrial calcium uniporter as an entry port for zinc [8].

This suggestion has been corroborated by the data

reported in [9].
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Abstract—Elevation of intracellular Zn2+ following ischemia contributes to cell death by affecting mitochondrial function.

Zn2+ is a differential regulator of the mitochondrial enzyme lipoamide dehydrogenase (LADH) at physiological concentra-

tions (Ka = 0.1 µM free zinc), inhibiting lipoamide and accelerating NADH dehydrogenase activities. These differential

effects have been attributed to coordination of Zn2+ by LADH active-site cysteines. A detailed kinetic mechanism has now

been developed for the diaphorase (NADH-dehydrogenase) reaction catalyzed by pig heart LADH using 2,6-dichlorophe-

nol-indophenol (DCPIP) as a model quinone electron acceptor. Anaerobic stopped-flow experiments show that two-elec-

tron reduced LADH is 15-25-fold less active towards DCPIP reduction than four-electron reduced enzyme, or Zn2+-modi-

fied reduced LADH (the corresponding values of the rate constants are (6.5 ± 1.5) × 103 M–1·s–1, (9 ± 2) × 104 M–1·s–1, and

(1.6 ± 0.5) × 105 M–1·s–1, respectively). Steady-state kinetic studies with different diaphorase substrates show that Zn2+ accel-

erates reaction rates exclusively for two-electron acceptors (duroquinone, DCPIP), but not for one-electron acceptors (ben-

zoquinone, ubiquinone, ferricyanide). This implies that the two-electron reduced form of LADH, prevalent at low NADH

levels, is a poor two-electron donor compared to the four-electron reduced or Zn2+-modified reduced LADH forms. These

data suggest that zinc binding to the active-site thiols switches the enzyme from one- to two-electron donor mode. This zinc-

activated switch has the potential to alter the ratio of superoxide and H2O2 generated by the LADH oxidase activity.
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Zn2+ is a potent inhibitor of mitochondrial respira-

tion and induces mitochondrial permeability transition

[5, 6]. It has also been suggested that Zn2+ can regulate

mitochondrial respiration by reversibly inhibiting α-

ketoglutarate dehydrogenase complex (KGDHC) [10].

Lipoamide dehydrogenase (LADH) (EC 1.6.4.3), a key

component of mitochondrial dehydrogenase complexes

including KGDHC, catalyzes transfer of reducing equiv-

alents from the bound dihydrolipoate of the neighboring

dihydrolipoyl acyl transferase subunit to NAD+. This

reversible reaction involves two reaction centers: a thiol

pair, which accepts electrons from dihydrolipoate, and a

non-covalently bound FAD/FADH2 moiety, which trans-

fers electrons to NAD+. The enzyme also catalyzes a

“diaphorase” reaction, i.e., reduction of quinones (or

other electron acceptors) by NADH. This second activity

requires only the FAD catalytic center and is greatly

enhanced by metal ions or other reagents that bind to [11]

or modify [12-17] the two catalytic thiols essential for the

lipoamide dehydrogenase activity. Zn2+ increases LADH

diaphorase activity towards ubiquinone [18, 19].

Enhancement of diaphorase activity was also reported for

the genetically engineered mutants lacking either one of

the catalytic dithiols [20]. Although stimulation of the

diaphorase activity has been demonstrated [12-17, 20], a

kinetic model and precise kinetic parameters have never

been reported.

We reported previously that Zn2+ inhibits the

reversible lipoamide dehydrogenase reaction catalyzed by

the purified pig heart LADH (Ki ca. 0.15 µM) in both

directions by blocking the catalytic dithiols [21]. The

same zinc-binding interaction also induced a 3-4-fold

enhancement in the oxidase activity of LADH [21],

which involves only the FAD catalytic center. Objective of

the present study is to develop a detailed kinetic mecha-

nism of the diaphorase reaction, with 2,6-dichlorophe-

nol-indophenol (DCPIP) as a model quinone substrate,

catalyzed by LADH in the absence and in the presence of

zinc. The results of the steady-state and transient kinetic

studies suggest that, in addition to switching LADH from

thiol reductase to quinone reductase (diaphorase) activi-

ty, zinc binding can also switch the enzyme to prefer the

two-electron over the one-electron donor mode.

MATERIALS AND METHODS

Reagents/enzymes. NADH, NADPH, Tris, ZnCl2,

DCPIP, 1,4-benzoquinone, potassium ferricyanide,

duroquinone (2,3,5,6-tetramethyl-1,4-benzoquinone),

ubiquinone, were from Sigma-Aldrich (USA), HCl was

from J. T. Baker, Inc. (USA). All solutions were prepared

using distilled, deionized water with >15 MΩ/cm resist-

ance. All reagents were “SigmaUltra grade”, if available,

to reduce the possibility of divalent cation contamination.

NADH was freshly made as 10 mM stock solutions in

water. ZnCl2 was prepared as a 10 mM stock solution in

water.

Lipoamide dehydrogenase from porcine heart

(LADH) from Sigma-Aldrich (USA) was shown by SDS-

PAGE to contain no detectable (<2%) protein impurities.

The enzyme was further purified by FPLC gel-filtration

to remove additives such as ammonium sulfate and FAD

by application of 0.5 ml portions of the ammonium sul-

fate slurry diluted 1 : 3 with water onto a Superdex 200

column (Pharmacia Biotech) equilibrated with 0.2 M

Tris-HCl buffer, pH 7.5. LADH concentration was deter-

mined by its absorbance at 455 nm (ε455 =

11,300 M–1·cm–1 [1]). Thioredoxin reductase from

Escherichia coli was purchased from Sigma-Aldrich and

used after desalting on Sephadex G-25.

Steady-state kinetics. All spectrophotometric meas-

urements were performed in a 96-well plate reader

(SpectraMax Plus, Molecular Dynamics, USA) with a

200 fig reaction volume per well at 20°C. Absorbance of

NADH (ε340 = 6.22 mM–1·cm–1 [22]) and DCPIP (E600 =

20.6 mM–1·cm–1 [22]) were recorded. Light path was

0.43 cm. All reactions were carried out in 50 mM Tris-

HCl, pH 7.5. In order to correct for non-enzymatic

DCPIP reduction, control assays in the absence of added

enzyme were performed in parallel wells. These back-

ground rates were subtracted from the reaction rate values

measured in the presence of enzyme under identical con-

ditions.

The study of DCPIP reduction with NADH in the

absence of added zinc was performed by varying NADH

concentration in the 10-500 µM range and DCPIP in the

2-50 µM range. The reaction was initiated by adding

400 nM enzyme solution. The reaction rate dependence

in double-reciprocal plots on DCPIP concentrations at

fixed varied NADH concentrations was fitted to a linear

dependence, which was used to calculated rate constants.

The final values were calculated as average from three

independent experiments.

To study zinc effects, a similar experimental

approach was used. Aliquots of NADH and ZnCl2 were

placed into the wells first, and reaction was initiated by

simultaneous addition of 160 µl enzyme/buffer solution

containing different DCPIP concentrations with a multi-

channel pipette. For assays in which DCPIP reduction by

NADH was monitored, final reagent concentrations were

in the range of 30-400 nM LADH, 0.002-0.1 mM

DCPIP, 0.01-0.5 mM NADH, 0.1-20 µM ZnCl2.

Duroquinone, ubiquinone, benzoquinone, and ferri-

cyanide reduction catalyzed by 160, 200, 50, and 150 nM

LADH, respectively, was monitored by NADH consump-

tion at 340 nm at a fixed NADH concentration of

0.02 mM and various concentrations of the electron

acceptor and Zn2+. In the case of E. coli thioredoxin

reductase, the assays were performed at varying concen-

trations of DCPIP and a fixed concentration of NADPH

(0.02 mM) in the absence and presence of 5 µM Zn2+.
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Benzoquinone reduction with LADH and DCPIP reduc-

tion with E. coli TRR was performed in duplicate and

triplicate, respectively, in a single run.

Zn2+ activation data were analyzed using

Lineweaver–Burk plots and fitted by the method of least

squares using Sigma Plot 12.5 software (SPSS, Chicago).

Each experiment was performed in triplicate. All data are

reported as a mean ± S.E. from three independent exper-

iments. Significance of the changes in the slopes of the

double-reciprocal plots were tested by performing an

unpaired t-test (Sigmastat software, SPSS, Chicago),

using the estimated slopes and standard errors from the

regression lines of the highest Zn2+ dose and control

series in each panel.

Transient kinetic studies. Anaerobic stopped-flow

measurements were performed in quadruplicate with a

High-Tech SF-61 stopped-flow rapid scan spectropho-

tometer (High-Tech Scientific, U.K.) installed in an

anaerobic glove box operating under N2 with less than 1

p.p.m. O2. The dead time was 0.8 ms. Temperature was

maintained at 22°C with a Techne-400 circulator [Techne

(Cambridge) Ltd., Duxford, Cambs., U.K.] with an exter-

nal cooler. The enzyme solution and substrate powder

were placed into the sealed serum vials and deoxygenated

before being placed into the glove box. Buffer solution

(0.05 M Tris-HCl, pH 7.5) used in all experiments was

deoxygenated overnight in the glove box. NADH

(0.75 mM) and ZnCl2 (1.875 mM) stock solutions were

prepared anaerobically under N2 in the same buffer.

Changes in the protein-bound flavin absorbance

were determined in the rapid-scan mode with a xenon

lamp. The enzyme stock solution (15 µM) was shot

against increasing concentrations of NADH (7.5-60 µM)

to determine the NADH concentration that gave the

highest absorbance at 530 nm, which was an indicator of

two-electron reduced “charge-transfer complex” form of

LADH [10]. The charge-transfer complex has one

reduced thiol and the other sharing an electron with FAD

[10]. The highest concentration of the charge-transfer

complex was observed with a 1.5 molar NADH excess

over the enzyme.

Changes in DCPIP absorbance were determined

using a single-wavelength regime at 600 nm. To deter-

mine the rate constant for oxidation of the two-electron

reduced enzyme by DCPIP, the enzyme (2 µM) was pre-

reduced with a 1.5-molar excess of NADH and then shot

against increasing concentrations of DCPIP in the range

2-60 µM. To determine rate constants for the Zn2+-mod-

ified enzyme, 2 µM LADH was pre-reduced with 1.5

equivalents of NADH in the presence of 100 µM Zn2+.

The LADH-Zn complex was then reduced by further

addition of 1.5 equivalents of NADH to generate a fully

reduced FAD and shot against increasing DCPIP con-

centrations (2-60 µM).

Experiments with the two-electron reduced enzyme

and DCPIP satisfied the condition of a single turnover

experiment under pseudo first-order conditions with

[S]o >> [E]o. Therefore, the absorbance vs time curves

were fitted to the exponential function A = Aoexp(-k[S]ot)

using a least-squares minimization program supplied by

High-Tech Scientific. The second order rate constant was

calculated from the slope of a plot of apparent first order

rate constants against DCPIP concentration.

To determine the rate constant for oxidation of the

four-electron reduced enzyme by DCPIP, the enzyme

was pre-reduced with 50 equivalents of NADH to ensure

complete reduction of the FAD and then shot against ris-

ing concentrations of DCPIP. Since the enzyme reduc-

tion with NADH is known to be very rapid [23] under

these conditions, essentially all the enzyme is present in

the four-electron reduced state over the time-course of

DCPIP reduction, i.e., the experiment can be considered

as a steady-state one monitoring decline of DCPIP

absorption at the millisecond scale. Therefore, the rate

equation is [S] = [S]oexp(-k[E]ot), and as t → 0, the expo-

nential function can be presented as a linear one [S] =

[S]o (1-k[E]ot), allowing the rate constant to be calculat-

ed from the initial slope of the kinetic curve.

RESULTS

Steady-state kinetics of the diaphorase reaction. The

dependence of the initial reaction rate on NADH con-

centration in double-reciprocal plots exhibits hyperbolic

behavior up to concentrations of 0.2 mM followed by the

onset of NADH inhibition (Fig. 1a). The latter effect is

due to the NADH-induced enzyme inactivation via a dis-

sociation process, which is known to occur for the four-

electron reduced form of LADH from different sources

[24]. It seems that complex nature of the rate dependence

has not been recognized in the previous publications, and

therefore the authors concluded that ternary complex for-

mation [25, 26] occurred during the DCPIP reduction by

LADH. The double reciprocal plots in Fig. 1a at non-sat-

urating DCPIP concentrations can be only poorly

approximated by the plots corresponding to the mecha-

nism involving ternary complex formation that requires

the data to be forced into a linear dependence. Moreover,

the straight-line fits would not result in a single intersec-

tion point, which would be indicative of the mechanism

involving ternary complex formation.

Replotting the experimental data in double recipro-

cal coordinates for the reaction rate vs DCPIP concen-

tration gives a linear dependence for non-inactivating

NADH concentrations, i.e., below 0.2 mM (Fig. 1b),

easily permitting further analysis (Fig. 1, c and d). A sim-

ilar trend is observed, when the zinc effects are examined:

linear dependence of the reaction rate on DCPIP con-

centrations with rising zinc concentrations both at low

(Fig. 2a) and high (Fig. 2b) NADH concentrations, and

hyperbolic character of the reaction rate dependence on
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NADH concentration at low zinc concentrations, which

transforms into a linear dependence with increasing zinc

concentrations (Fig. 2c).

By analogy to our work on the effect of zinc ions on

LADH oxidase activity [21], we suggest a two-cycle

scheme to explain hyperbolic dependence observed for

the LADH-catalyzed DCPIP reduction by NADH. Since

DCPIP has been shown to be an exclusively two-electron

acceptor [26], we assume that only enzyme forms with

fully reduced FAD are capable of reducing the substrate.

Thus, the charge-transfer complex is likely to be a poor

catalyst of DCPIP reduction, and we must assume

enzyme isomerization into a form with fully reduced

FAD either preceding DCPIP binding or within the

enzyme-substrate complex. We favor the latter option

since our earlier transient-kinetic studies demonstrated

direct formation of the charge-transfer complex when

oxidized LADH was reduced by NADH [21]. Moreover,

partitioning between the charge-transfer complex and the

form with both thiols reduced was found to be 1 : 1 upon

enzyme reduction with equimolar NADH under anaero-

bic conditions [21].

To simplify the rate equation, we assign the compos-

ite apparent rate constants k1 and k3 for the steps related

to NADH binding and enzyme reduction, and composite

apparent rate constants k2 and k4 for DCPIP binding and

release in the left and right cycles, respectively, as shown

in Scheme 1. Equilibrium constant between the charge-

transfer complex and the form with both thiols reduced is

taken as 1 [21]. The main differences between the two

cycles are in the relative rates of the enzyme reduction

step by NADH, with k1 >> k3, and DCPIP reduction,

Fig. 1. Dependence of the rate of DCPIP reduction by NADH catalyzed by 400 nM LADH on the concentration of one substrate at the var-

ious fixed concentrations of the second substrate. a) Dependence on [NADH]; b) dependence on [DCPIP]; c and d) secondary plots show-

ing dependence of the intercepts and slopes from (b), respectively, on NADH concentration (enzyme-inactivating high NADH concentra-

tions omitted). 50 mM Tris-HCl buffer, pH 7.5, 22°C. The curves in panels a and d are least square fits to hyperbolic curves. The curves in

panels b and c are linear regression lines. The data were generated in a single representative experimental run (see experimental details under

“Materials and Methods” section).
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with k4 >> k2. The rate equation in this case is a combina-

tion of two hyperbolic functions:

(1)

The above equation can be rearranged (Eq. 2) to

show contributions of the rate constant ratios to the over-

all dependence: 

(2)

Thus, the double-reciprocal plots should have a

hyperbolic character for both substrates, which has been

observed in our experiments. The fact that this hyperbol-

ic character is hardly pronounced with respect to DCPIP,

especially at high concentrations of NADH (see Fig. 1b

and Fig. 2b) is to be expected, since k1 is at least 5 times

higher than k2 and k3 [21]. With rising NADH and assum-

ing that k3 ≈ k4 >> k2, equation 2 is reduced to equation 3

and predicts a linear dependence on DCPIP at high

NADH concentrations:

(3)

Thus, the value of the apparent rate constant for

DCPIP reduction calculated from the slope of the plot

1/v vs. 1/[DCPIP] at high NADH concentrations will be

close to the rate constant of its reduction by the four-

electron reduced enzyme form, k4. The apparent rate

constant for NADH oxidation calculated from the inter-

cept of the above plot will be equal to k3/2.

The apparent linearity of the plots shown in Fig. 1b

(r2 = 0.991 ± 0.005) allows the dependence of the inter-

cept and slope on NADH concentration to be analyzed

(Fig. 1, c and d) as discussed above. The intercept

depends linearly on 1/[NADH], while the slope depends

hyperbolically on 1/[NADH]. At very high NADH con-

centrations the slope approaches the value of the appar-

ent rate constant for the reaction of the enzyme with

DCPIP (k4 = (2.1 ± 0.1) × 105M–1·s–1, see Fig. 1, b and d).

The apparent rate constant for NADH (k3/2) can be cal-

culated as a slope from the secondary plot (Fig. 1c,

kNADH = (4.6 ± 0.4) × 104 M–1·s–1). The steady-state data

on DCPIP reduction were obtained using comparatively

low DCPIP concentrations to minimize contribution of

the non-enzymatic reaction and, therefore, do not allow

us to make an accurate estimate of k1 and k2. However,

the value of k1 has been reported for benzoquinone reduc-

tion, which is reduced within a single catalytic cycle, i.e.,

by the two-electron reduced enzyme (see Table 1) [26].

In the presence of Zn2+ strong activation is observed

both for DCPIP reduction (Fig. 2, a and b) and NADH

oxidation (Fig. 2c). As can be seen from Fig. 2c, at low

non-saturating DCPIP concentrations, Zn2+ accelerates

the reaction by increasing the apparent rate constant for

NADH oxidation up to 4 × 105 M–1·s–1. The half-activa-

tion concentration of Zn2+ is ∼1.8 µM (see insets to Figs.

2, a and c) in 50 mM Tris-HCl, pH 7.5. After correcting

for sequestration of Zn2+ by Tris buffer this corresponds to

ca. 0.1 µM free Zn2+ [21, appendix]. This value is similar

to the one obtained from our previous experiments on

Zn2+ inhibition of lipoamide dehydrogenase reaction and

activation of NADH-oxidase activity [21] and supports

the hypothesis that the same molecular mechanism

accounts for both effects, i.e., Zn2+ binding to the cat-

alytic dithiols (Scheme 2).

Scheme 1

Scheme 2
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Zn2+ ion also accelerates the DCPIP reduction step.

This effect is most evident at low NADH concentrations

(Fig. 2a), when the enzyme functions predominantly

within the left cycle in Scheme 1. However, at high

NADH concentrations acceleration in the presence of

Zn2+ is still detectable (Fig. 2b). The estimated apparent

rate constant for DCPIP reduction in the presence of sat-

urating Zn2+ is 1.85 × 105 M–1·s–1 (Fig. 2a).

Double-reciprocal plots at saturating Zn2+ concen-

tration display parallel lines (Fig. 2d), which are charac-

teristic for a ping-pong mechanism for DCPIP reduction

in the presence of zinc and give the values for the rate

constants for NADH as (8.9 ± 2.0) × 105 M–1·s–1 and

DCPIP as (2.2 ± 0.4) × 105 M–1·s–1. The value for the

DCPIP rate constant is the same as the extrapolated

value of k4 in the absence of zinc derived from Fig. 1d,

and the value for the NADH rate constant is close to the

value determined in the benzoquinone reduction studies

[26].

Transient kinetic studies of DCPIP reduction in the

absence and presence of Zn2+. Acceleration in the pres-

ence of zinc ions is clearly seen in comparison of the

time-courses for different reduced forms of LADH with

DCPIP (Fig. 3a). In the case of DCPIP reduction, Zn-

modified enzyme behaves similarly to the four-electron

reduced LADH, while the two-electron reduced LADH

is ca. 20-fold less active with respect to DCPIP (Fig. 3b,

Table 1). The much lower activity of the two-electron

reduced enzyme form with respect to DCPIP (i.e., k2 <<

k4, k
Zn
DCPIP), likely originates from the additional intramol-

Fig. 2. Zinc effects on steady-state kinetics of DCPIP reduction with NADH. The effect of 0-20 µM Zn2+ on the rate of NADH oxidation at

varied [DCPIP] and fixed [ NADH] equal to: a) 20 µM and b) 240 µM. The inset in (a) shows Zn2+dependence of apparent rate constant for

DCPIP reduction. c) Effect of Zn2+ on the rate of 12.5 µM DCPIP reduction at various concentrations of NADH. The inset shows

Zn2+dependence of the apparent rate constant for NADH oxidation. d) Dependence of the rate of DCPIP reduction by NADH at various

fixed concentrations of both substrates in the presence of 20 µM Zn2+. Each panel presents an independent representative experiment.

Reaction conditions as for Fig. 1, except 30 nM LADH is used.
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ecular electron transfer step found in Cycle 1 that is

absent in Cycles 2 and 3 in Scheme 2.

The Y-intercept of the plot of the apparent rate con-

stants against the substrate concentration corresponds to

the rate of DCPIP dissociation from the enzyme

(Fig. 3b), which combined with the rate constant for

DCPIP binding determined from the slope of the above

dependence allows estimating a binding constant for

DCPIP. Binding constants for the Zn2+-modified and

unmodified two-electron reduced forms of the enzyme

(3.5 ± 0.6 µM) are identical within experimental error.

These values are in agreement with the previously report-

ed [25], although the author postulated formation of a

ternary complex in the case of DCPIP reduction. The

value of the rate constant obtained from anaerobic

stopped-flow experiments for the DCPIP reduction step

by Zn-modified enzyme (Table 1) is in agreement with

the one determined from the steady-state kinetics and

supports the reaction mechanism presented in Schemes 1

and 2.

The degree of experimentally observed stimulation

of the steady-state reaction in the presence of saturating

Zn2+ concentrations varies from 2-2.5-fold at low DCPIP

concentrations (because the rate-limiting step changes

from k3 to k Zn
DCPIP ≈ k4) to 4-5-fold at low NADH concen-

trations (because the rate-limiting step changes from k2 to

k Zn
DCPIP ≈ k4). Assuming equal values of the rate constants

for DCPIP reduction by four-electron reduced and Zn-

modified enzyme, k4 ≈ k Zn
DCPIP, and for NADH oxidation

by the oxidized native and Zn-modified forms, k1 ≈

k Zn
DCPIP, the equation for the steady-state reaction rate in

the presence of Zn2+ can be written as follows:

Fig. 3. a) Time courses for the reduction of 5 µM DCPIP by three different LADH forms. Preparation of these reduced LADH forms is

described in “Materials and Methods” section. b) Determination of rate constants for DCPIP reduction by the two-electron reduced unmod-

ified (closed circles) and Zn-modified (open circles) forms of LADH. Each point corresponds to a single run. Rate constants are calculated

from the slopes. Reaction conditions are: 1 µM LADH and 1.5 µM NADH in 50 mM Tris-HCl buffer, pH 7.5, 22°C.

Table 1. Rate constants for the diaphorase reaction depicted in Scheme 2

Rate constant values, M−1·s−1 determined in
Rate constants notations

NADH and oxidized LADH, k1

NADH and 2e-reduced LADH, k3

NADH and Zn-LADH, k Zn
NADH

DCPIP and 2e-reduced LADH, k2

DCPIP and 4e-reduced LADH, k4

DCPIP and reduced Zn-LADH, k Zn
DCPIP

Transient kinetics

n.d.

n.d.

n.d.

(6.5 ± 1.5) × 103

(9 ± 2) × 104

(1.6 ± 0.5) × 105

Steady-state kinetics

(0.92 ± 0.10) × 106*

(0.92 ± 0.10) × 105

(0.9 ± 0.2) × 106

n.d.

(2.1 ± 0.1) × 105

(2.2  ± 0.4) × 105

* k1 with benzoquinone as electron acceptor [26]; n.d. – not determined.
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(4)

Thus, the extent to which Zn2+ accelerates the reac-

tion under steady-state conditions is determined by the

ratio of the composite rate constants k1, k2, k3, k4 and the

range of substrate concentrations used in the particular

experiment (Eq. 4). The consequences of this for catalyt-

ic behavior of LADH and related enzymes are discussed

below.

Lack of Zn2+ stimulatory effect in the benzoquinone

reduction by LADH and in reactions catalyzed by E. coli

thioredoxin reductase. The catalytic disulfide present in

all FAD thiol oxidoreductases, including LADH, glu-

tathione reductase, and thioredoxin reductase, compli-

cates the mechanism of diaphorase reaction due to the

existence of two- and four-electron reduced forms of the

enzyme. As demonstrated above, Zn2+switches the

enzyme mechanism from a two-cycle scheme to a single

cycle by preventing electron exchange between the two

reaction centers. Stimulation by Zn2+ would not be

observed if the enzyme functions only within a single

cycle, i.e., either the left or right cycles in Scheme 1, in

the absence of Zn2+. If k2 ≥ k1 > k3 (i.e., the rate limiting

step is 2-electron reduction of enzyme by NADH), then

the enzyme will cycle exclusively between the oxidized

and two-electron reduced forms. This condition is met

for benzoquinone reduction, where kNADH = 9.2 ×

105 M–1·s–1
< kBQ = 1.3 × 106M–1·s–1[26]. Therefore, Zn2+

binding to the catalytic dithiols should not produce any

measurable effect on the reaction rate. The experimental

data presented in Fig. 4a corroborate this prediction by

showing no effect of Zn2+ addition on the rate of benzo-

quinone reduction (kBQ ≈ k Zn
BQ ≈ 1.5 × 106 M–1·s–1).

If k3 ≥ k1 > k2, the enzyme would cycle exclusively

between the two- and four-electron reduced forms, i.e.,

with fully reduced FAD. This situation is never realized in

mammalian LADH, glutathione reductase, or thioredox-

in reductase, which form stable charge transfer complex-

es where an electron is shared between FAD and catalyt-

ic thiol [21, 27]. In contrast, E. coli thioredoxin reductase

does not form a charge transfer complex and therefore

cycles in the reaction course with fully reduced FAD [28-

30]. As expected, no Zn2+ effect is observed for the E. coli

thioredoxin reductase (Fig. 4b).

Dissimilar effects of Zn2+ on one- and two-electron

substrate reduction reactions. It was suggested above that

lower activity of the two-electron reduced enzyme form

with respect to DCPIP (i.e., k2 << k4, k Zn
DCPIP), likely origi-

nates from the rate-limiting intramolecular electron

transfer (see Cycle 1, Scheme 2) that supplies second

electron for the obligatory two-electron reduction of

DCPIP [31]. If this statement is correct, then replace-

ment of DCPIP with a one-electron acceptor would be

expected to eliminate the observed difference between k2

and k Zn
DCPIP.

This was found to be the case for reduction of the

one-electron acceptor, ferricyanide, by NADH: Zn2+

clearly affected the NADH oxidation step as can be

judged from the decrease in the intercept in Fig. 5a with

increasing Zn2+, but had essentially no effect on the ferri-

cyanide reduction step because the slope did not change

significantly (p = 0.063). The apparent rate constant

observed for the ferricyanide reduction, (2.5 ± 0.2) ×

105 M–1·s–1, was the same as reported earlier by

Vienozinskis et al [26].

Since k1 >> k3 in the case of pig heart LADH, Eq. 4

can be simplified to:

Fig. 4. Demonstration of lack of Zn2+ effect on (a) benzoquinone reduction by 20 µM NADH catalyzed by 50 nM LADH; and (b) DCPIP

reduction by 20 µM NADPH catalyzed by 0.2 µM E. coli thioredoxin reductase. a) Closed circles, no Zn2+; open circles, 1 µM Zn2+; trian-

gles, 2 µM Zn2+; b) Closed circles, no Zn2+; open circles, 5 µM Zn2+. The apparent rate constants determined from the slopes are:

1.5 × 106 M–1·s–1 (a), and 1.0 × 104 M–1·s–1 (b).
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(5)

In the case of equal rate constants for reduction of an

electron acceptor by two- and four-electron reduced

forms of LADH (k2 ≈ k4 << k1) and under the condition of

comparable NADH and substrate concentrations, only

the rate of NADH oxidation will be enhanced by Zn2+:

(6)

Our model predicts that Zn2+ would increase the

apparent rate constant for the substrate reduction step if

there is a significant difference in the rate constants for

substrate reduction by the two- and four-electron reduced

forms of LADH (i.e., k2 << k4 in Scheme 1). The maxi-

mum effect of Zn2+ addition on the substrate reduction

step would be observed at low NADH concentrations sat-

isfying the condition k3[NADH] ≤ k2[S] where, in the

absence of zinc, the enzyme steady-state form is mainly

represented by the two-electron reduced form:

(7)

In this case, zinc addition at a concentration equal to

KZn would increase the apparent rate constant for the

electron acceptor from (1/k4 + 1/k2) to 1/k4. To visualize

most clearly the impact of Zn2+ on the substrate reduction

steps, the slopes that are estimated from Figure 5 are con-

sidered only for the cases of moderate NADH concentra-

tions.

Two other substrates were investigated to further test

the suggestion that Zn2+ acceleration would only be

observed for the two-electron substrates. The effect of

Zn2+ on ubiquinone reduction step (Fig. 5b) resembles

that for ferricyanide (Fig. 5a), while the effect in the case

of duroquinone (Fig. 5c) resembles the one for DCPIP

Fig. 5. Effect of Zn2+ on reduction of different electron acceptors by 20 µM NADH catalyzed by LADH. a) Ferricyanide, 0.15 µM LADH; b)

ubiquinone, 0.20 µM LADH; c) duroquinone, 0.18 µM LADH.



ZINC SWITCH OF LADH DIAPHORASE ACTIVITY 917

BIOCHEMISTRY  (Moscow)   Vol.  85   No.  8   2020

(Fig. 2a). Rate constants for the reduction step of both

duroquinone and ubiquinone by Zn2+-modified two-

electron reduced enzyme are the same within the experi-

mental error, (2.4 ± 0.2) × 104 M–1·s–1. However, acceler-

ation under the steady-state conditions in the case of

ubiquinone is low and the difference in slopes is not sta-

tistically significant (p = 0.065). In contrast, the Zn2+-

induced acceleration for duroquinone is 2-3-fold, similar

to that observed for DCPIP, and is highly significant (p =

0.0003). The observed difference between substrates is

consistent with our model. Ubiquinone can serve as

either a one or two-electron acceptor, while duroquinone

acts exclusively as a two-electron acceptor (standard

reduction potential for duroquinone/semiquinone is

–240 mV, whereas that for duro-semiquinone/hydro-

quinone is +350 mV, making two-electron reduction

more beneficial). Thus, zinc increases the rate constant

for reduction of two-electron acceptors because the two-

electron reduced Zn2+-modified enzyme carries both

electrons on the FAD center.

DISCUSSION

This paper, together with the previous publication

[21], clearly demonstrates that Zn2+ acts as a differential

effector of the dehydrogenase and diaphorase activities of

LADH. By coordinating to the reduced active site cys-

teines, Zn2+ switches the enzyme from dehydrogenase to

diaphorase mode and selectively accelerates the reduc-

tion of exclusively two-electron acceptor substrates. This

switch operates within the physiological range of Zn2+

concentrations.

The magnitude of Zn2+ effect on the substrate reduc-

tion step is determined by the k2 /k4 ratio, which appeared

to be affected by whether the substrate is a one- or two-

electron acceptor (see Table 2). Ferricyanide is known to

be exclusively a one-electron acceptor, while most

quinones can act both as one and two-electron acceptors

[26]. The data presented here are consistent with DCPIP

and duroquinone acting as two-electron acceptors, while

ferricyanide and ubiquinone act as one-electron accep-

tors. Benzoquinone can also act as a one-electron accep-

tor, which likely accounts for the absence of Zn2+ induced

acceleration. However, the absence of apparent accelera-

tion of NADH kinetics (i.e., the Y-intercept) suggests

that the predominant difference for benzoquinone is that

k2 ≥ k1 > k3 (i.e., the rate limiting step is 2-electron reduc-

tion of enzyme by NADH).

The conclusion that the two-electron reduced

enzyme in the absence of Zn2+ is a very poor two-electron

donor compared to the four-electron reduced enzyme or

its Zn-modified form is further supported by the rate con-

stants determined from anaerobic stopped-flow experi-

ments (Fig. 3 and Table 1). Thus, we argue that Zn2+

switches the enzyme from a one-electron to a two-elec-

tron reductase. Within the class of FAD-dithiol oxido-

reductases the switching effect will be most pronounced

for those enzymes that have a large difference in redox

potentials between the two and four-electron reduced

states.

The nature of Zn2+effects on kinetics of ferricyanide

and ubiquinone reduction catalyzed by LADH resembles

that for the LADH-catalyzed reaction with oxygen [21].

In particular, the unchanged slope for the enzyme saturat-

ed with zinc in double-reciprocal plots of 1/v versus 1/[O2]

caused us to conclude that the rate constants for interac-

tion of the two- and four electron reduced enzyme with

oxygen (k2 and k4) were equal [21]. However, this does not

prove that the reaction products are the same. Oxygen

could serve both as one- and two-electron acceptor yield-

ing superoxide and hydrogen peroxide, respectively. It can

be suggested that reduction of oxygen by the charge-trans-

fer complex could yield substantially greater amounts of

superoxide radical than initially reported [21, 32]. Type of

the products formed in the course of the oxidase reaction

and effect of zinc on their ratio should be reinvestigated.

Zn2+ binding to LADH could produce the physiologically

significant effect of switching enzyme from generating

superoxide radical to generating hydrogen peroxide.

It has been suggested that the intracellular Zn2+ con-

centrations could be important for modulating mitochon-

Table 2. Zinc effects on diaphorase reaction steps for different acceptor substrates

Zinc acceleration of
Acceptor substrate

Benzoquinone

Ferricyanide

Ubiquinone

Duroquinone

DCPIP

DCPIP

Enzyme

LADH

LADH

LADH

LADH

LADH

E. coli TRR

Relationships between
kinetic constants

k2 � k1

k2 ≅ k4 < k1

k2 ≅ k4 < k1

k2 < k4 < k1

k2 < k4 < k1

k3 � k1

Electrons accepted

1

1

1 or 2

2

2

2

Substrate reduction

no

no

no

yes

yes

no

NADH oxidation

no

yes

yes

yes

yes

no
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drial interchange between pools of reduced nucleotides

(NAD(P)H) and reduced thiols (e.g., LADH, thioredox-

in and glutathione reductase activities) [21, 33]. In addi-

tion, varying intracellular Zn2+ could alter distribution of

the one- and two-electron reduction products generated.

Zinc strongly stimulates reduction of ubiquinone to

ubiquinol catalyzed by lipoamide dehydrogenase and glu-

tathione reductase, but inhibits thioredoxin reductase, a

seleno-enzyme [34]. One-electron reduction products of

LADH, such as semiquinones or superoxide radicals, are

highly reactive and potentially damaging. Zn2+ could play

a protective role against radical damage by promoting

production of the two-electron products, such as

quinones or H2O2, which are less damaging to cells.

A dual role of zinc in ischemia/reperfusion injury has

been widely discussed [35-37], since benefits of zinc

administration have been recently reported [38, 39].

Obviously, protecting effects of zinc supplementation

could be associated with activation of antioxidant (Nrf2-

driven) and antihypoxic genetic programs (HIF stabiliza-

tion by Zn-induced inhibition [40] of HIF prolyl hydrox-

ylase, a negative regulator of HIF stability), however, these

mechanisms cannot explain the reported positive effects of

post-injury administration of high zinc concentrations.

The bound zinc concentration in mammalian cells is esti-

mated as 200-300 µM [41], whereas the free zinc concen-

tration in PC12 cells’ mitochondria matrix determined

using a ratiometric fluorescent sensor is only 0.2 pM [42].

The switch described in this work operates with an appar-

ent inhibition constant for zinc equal to ca. 2 µM in Tris

buffer. This value corresponds to 100 nM free zinc con-

centration as determined in [21] for the same conditions as

we used in this work. Elevation in the free zinc level upon

oxidative stress, which results in chemical oxidation of

protein thiols including those in metallothioneines, zinc

storage proteins, can easily reach submicromolar concen-

trations sufficient to convert LADH into diaphorase.

LADH is a model enzyme for the flavo-dithiol NAD(P)H-

dependent oxidoreductases such as glutathione reductase

and thioredoxin reductase. And observations made in this

work could point to a possible pro-survival mechanism

upon zinc coordination by active site thiols of these

enzymes, namely, switching the enzyme diaphorase activ-

ity from one-electron to two-electron reduction mode.
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