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Abstract
Mitochondrial apoptosis-inducing factor (AIF) is a FAD-containing protein that under certain
conditions translocates to the nucleus and causes a programmed cell death, apoptosis. The
apoptogenic action of AIF is redox controlled as the NADH-reduced AIF dimer has lower affinity
for DNA than the oxidized monomer. To gain further insights into the mechanism of AIF, we
investigated its interaction with a series of quinone oxidants, including a number of anticancer
quinones. Our data indicate that the NADH:quinone oxidoreduction catalyzed by AIF follows a
“ping-pong” scheme, with the reductive half-reaction being rate-limiting and the FADH--NAD+

charge-transfer complex serving as an electron donor. AIF is equally reactive toward benzo- and
naphthoquinones, but may discriminate structures with a higher number of aromatic rings. The
reactivity of quinones is mainly defined by their one-electron reduction potential, whereas the size
and nature of the substituents play a minor role. AIF is unlikely to significantly contribute to
bioreductive activation of low-potential quinoidal anticancer quinones. However, high-potential
quinones, e.g. a toxic natural compound naphthazarin, maintain AIF in the oxidized state when a
significant excess of NADH is present. Thus, these compounds may prevent the accumulation of
the reduced form of AIF in vivo, and enhance AIF-mediated apoptosis.
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Apoptosis-inducing factor (AIF) is a FAD-containing protein tethered to the inner
membrane of mitochondria in normal cells. There is compelling evidence that AIF plays a
vital role in mitochondrial bioenergetics but its specific redox function is still unknown [1].
Another well established role of AIF is induction of caspase-independent programmed cell
death, apoptosis [2,3]. Upon outer mitochondrial membrane permeabilization, mature AIF
undergoes proteolysis [4-6] and the truncated fragment (AIF(Δ1-101/102)) translocates to
the cytosol and subsequently to the nucleus to trigger chromatin condensation and DNA
degradation [2,7,8].
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AIF has a glutathione reductase (GR) fold and is most similar to bacterial oxygenase-
coupled ferredoxin reductases [9,10]. This and the presence of the FAD cofactor suggested
that AIF is a redox active protein. The earlier studies showed that when refolded and
reconstituted with FAD, AIF possesses modest NAD(P)H:acceptor oxidoreductase
activities, but the flavin cofactor is not required for the apoptotic action [2,3,9,11]. However,
recent functional and structural studies performed on naturally folded AIF demonstrated that
its oligomeric and conformational states change upon FAD oxidoreduction, which in turn
could affect the apoptogenic action [12, 13]. In particular, it was found that reduction of AIF
by NAD(P)H leads to formation of a dimer with a tight FADH--NAD(P)+ charge-transfer
(CT) complex, resistant to oxidation by oxygen and interacting with DNA weaker than the
oxidized monomer. Furthermore, the CT complex has a differently folded regulatory loop
and an inaccessible nuclear leading sequence, through which AIF is predominantly
transported to the nucleus. Altogether, these findings indicated that the apoptogenic function
of AIF might be redox controlled [12,13]. It is important therefore to further investigate the
redox properties and reactions catalyzed by AIF, especially with the redox active cytotoxic
compounds, as they may affect the cell-death-inducing potency of the flavoprotein.

Since translocation of AIF from mitochondria is facilitated under the ‘oxidative stress’
conditions [14,15], it is logical to suggest that interaction of AIF with reactive oxidative
species could shift the redox equilibrium toward the oxidized monomeric state, thereby
enhancing proapoptotic properties of AIF. This possibility prompted us to reexamine
reactions of AIF with quinoidal compounds, which have previously been poorly and
randomly characterized [2,3,9,11,12], and include in the study a series of quinoidal
antitumour agents. It is well known that quinones can become toxic upon reduction by
flavoenzymes, and induce apoptotic and necrotic cell death [16-18]. The ‘oxidative stress’-
type cytotoxicity arises from the redox cycling of their radical forms produced after one-
electron reduction by flavin-containing electrontransferases, e.g. NADPH:cytochrome P450
reductase [16,19,20]. On the other hand, two-electron reduction of antitumour aziridinyl-
substituted quinones by mammalian NAD(P)H: quinone oxidoreductase (NQO1), leads to
formation of the corresponding hydroquinones that alkylate DNA more readily than the
parent oxidized compounds [20,21]. Apart from the possible role of the aforementioned
reactions in AIF-mediated apoptosis, investigation of the AIF-quinone interaction is
interesting from a mechanistic viewpoint, because the reduced active center of AIF contains
a tightly bound NAD+ (Kd = 5–80 nM [12], and Churbanova and Sevrioukova, unpublished
data) which is sandwiched between the near-coplanar isoalloxazine ring of FADH- and
aromatic ring of Phe309 [13]. This makes AIF an interesting experimental model for
studying flavin-dependent transformations of redox active compounds.

In this study, we characterized the quinone reductase mechanism and substrate specificity of
a model form (AIF(Δ1-77)) of mature mouse AIF, which possesses the same redox potential
and NADH:acceptor reductase activities as a recombinant mature AIF [12], by measuring
steady- and pre-steady-state kinetics of electron transfer to various quinones, including toxic
natural compounds and quinoidal antitumour agents with different electron-accepting
potency and steric parameters.

Materials and methods
Expression and purification of recombinant mouse AIF(Δ1-77) were carried out as described
previously [12]. AIF concentration was determined spectrophotometrically using ε452 = 13.2
mM-1cm-1. NADH, NAD+, cytochrome c, superoxide dismutase, ubiquinone-6, and model
quinones (compounds 1, 2, 4-6, 10-15, 18-21, 24; Fig. 1) were obtained from Sigma-
Aldrich. Daunorubicin was from Minmedprom (Russia). Antitumour aziridinyl-substituted
1,4-benzoquinones AZQ, MeDZQ, RH1 and BZQ (compounds 7, 16, 17, 23; Fig. 1) were
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synthesized as described previously [21-23]. t-Butyl-substituted 1,4-benzoquinones
(compounds 3, 8, 9; Fig. 1) were synthesized as reported elsewhere [24,25]. The purity of
synthesized compounds was checked according to their melting point, elemental analysis, IR
and NMR spectra.

Steady-state kinetic measurements were carried out in 0.1 M K-phosphate (pH 7.0)
containing 1 mM EDTA at 25 °C using a Hitachi-557 UV-VIS spectrophotometer. The
reaction was monitored spectrophotometrically by following consumption of 200 μM
NADH (Δε340 = 6.2 mM-1 cm-1) at various electron acceptor concentrations in 1.0 cm
optical path cells. In some cases, higher concentrations of NADH and 0.2 cm optical path
cells were used. Experiments with ubiquinone-6 (50 μM maximal concentration) were
performed in the presence of 0.1% Triton X-100. Reduction of 50 μM cytochrome c was
monitored at 550 nm (Δε550 = 20 mM-1 cm-1). Catalytic (kcat) and bimolecular rate constants
(kcat/Km) for the quinone reduction at fixed NADH concentrations, or NADH oxidation at
fixed quinone concentrations correspond to the reciprocal intercepts and slopes of the
Lineweaver-Burk plots, [E]/v vs. 1/[oxidant] or [E]/v vs. [NADH], where [E] is the enzyme
concentration, and v is the reaction rate. kcat is the number of NADH molecules oxidized by
a single enzyme molecule per second. The calculated rates were corrected for the intrinsic
NADH-oxidase activity of AIF, 0.0003 s-1. In case of 1,4-benzoquinone and 2-methyl-1,4-
benzoquinone, the reaction rates were also corrected for non-enzymatic oxidation of NADH
by these compounds. In control experiments, kinetic measurements were performed in a
sealed anaerobic cuvette under argon atmosphere. Kinetic parameters were obtained by
Quasi-Newton or Simplex-Quasi-Newton nonlinear estimation methods using Statistica
(version 4.30, StatSoft, 1993).

Pre-steady-state kinetic studies on AIF were performed under aerobic conditions at 25 °C in
0.1 M K-phosphate (pH 7.0) containing 1 mM EDTA, using a SX.17 MV stopped-flow
spectrophotometer (Applied Photophysics). Absorbance changes were monitored at 452 and
700 nm to follow FAD reduction and FADH--NAD+ charge-transfer complex formation,
respectively [12]. In the AIF reduction experiments, 40-50 μM protein was rapidly mixed
with an equal volume of an excess of NADH, and the absorbance changes at 452 and 700
nm were recorded. In the AIF reoxidation experiments, 30-50 μM AIF was first mixed with
sub-equimolar NADH (95 %) and when the 452 and 700 nm absorbance stabilized (35-40
min), the reduced AIF-NAD+ complex was rapidly mixed with an equal volume of 2,6-
dimethyl-1,4-benzoquinone solution, and absorbance changes at 452 and 700 nm were
recorded. In multiple turnover experiments, AIF was rapidly mixed with an equal volume of
solution containing both NADH and quinone. Control reoxidation experiments were
performed under anaerobic conditions, where the solutions of quinones and NADH before
the introduction of AIF were purged with ultrapure argon for 60 min and loaded into the
stopped flow apparatus in gas-tight syringes. Kinetic data were analyzed using the Applied
Photophysics software.

Results
Reduction of AIF by NADH is accompanied by a decrease in absorbance at 452 nm and
appearance of a long-wavelength absorbance band (Fig. 2), indicative of the FADH--NAD+

CT complex formation. The latter species is produced as a result of π-π interactions between
the reduced isoalloxazine ring of FAD and electron-defficient nicotinamide ring of the
reaction product, NAD+. This type of spectra has been observed for the FADH- -NAD(P)+

complexes of reduced lipoamide dehydrogenase and glutathione reductase, formed in the
presence of alkylating agents which modify the catalytic thiols of the aforementioned
enzymes [26]. The semiquinone form of AIF is thermodynamically unstable and does not
accumulate during the reoxidation of NADH-reduced AIF at pH 7.0 [12]. However, during
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the reoxidation of reduced AIF-NAD+ complex by oxygen at pH ≥8.0, a small amount
(10-15%) of anionic semiquinone (FAD.-, λ max = 380 nm) was formed (Churbanova and
Sevrioukova, unpublished data). Due to high affinty of reduced AIF for NAD+ (Kd = 5-80
nM [12]; Churbanova and Sevrioukova, unpublished data) and low reactivity of the FADH--
NAD+ species toward oxygen (half-lifetime under air atmosphere >120 min [12]), all
experiments described below were performed under aerobic conditions, unless specified
otherwise.

Steady-State Kinetics
Steady-state reduction of 2,6-dimethyl-1,4-benzoquinone by AIF follows a “ping-pong”
scheme, as evidenced by parallel Lineweaver-Burk plots at fixed concentrations of NADH
and different quinone concentrations (Fig. 3). The calculated bimolecular rate constant (kcat/
Km) of AIF reduction by NADH was equal to 280±20 M-1s-1, whereas the kcat value at
saturating concentrations of NADH and quinone oxidant was estimated to be 0.24±0.02 s-1,
consistent with the previous findings [12]. The reaction rates measured under anaerobic
conditions were the same, whithin experimental error.

In order to evaluate the specificity of AIF for quinones, we examined a series of compounds
with a broad range of quinone/semiquinone redox potential (E1

7, 0.09 ÷ -0.41 V), and
different number of aromatic rings (benzo-, naphtho-, and anthraquinones) and size of
substituents, as reflected by the Van der Waals volume (VdWvol) (Fig. 1, Table 1). The
studied compounds included antitumour aziridinyl-substituted 1,4-benzoquinones AZQ,
BZQ, MeDZQ, and RH1, and daunorubicin, as well as quinoidal products of oxidation of t-
butyl-substituted-1,4-hydroquinone antioxidants (Fig. 1, Table 1). The presence of high
concentrations of NAD+ (5.0 mM) had a weak inhibiting effect, decreasing kcat/Km for the
quinone reduction by less than 15%. When plotted against the E1

7 value for benzo- and
naphthoquinones (Fig. 4), log kcat/Km linearly increased with an increase in the electron-
accepting potency of the compounds (r2 = 0.776, F(1.18) = 62.34). On the other hand,
tricyclic anthraquinones and daunorubicin were less reactive toward AIF as might be
expected based on their E1

7 values (Fig. 4). Comparison of reactivities of RH1, MeDZQ,
and 1,4-dihydroxy-9,10-anthraquinone, which have similar Van der Waals volumes (Table
1), suggests that the low reactivity of tricyclic quinones is not attributed to their larger size.
However, when VdWvol was used as a second variable in a two-parameter regression
analysis, statistics for the kinetic data on benzo- and naphthoquinones (compounds 1-17, 19,
23, 24; Table 1) was slightly improved (r2 = 0.782, F(2.17) = 35.06) and a weak negative
influence of VdWvol on their reactivity became evident:

(1)

Similarly, a large VdWvol might be a reason for the lack of reactivity of ubiquinone-6 (E1
7

= -0.24 V, VdWvol = 727 Ǻ3), which we tested as a possible physiological oxidant of AIF.
It can be concluded, therefore, that (i) AIF is equally specific toward benzo- and
naphthoquinones but may discriminate structures with a higher number of aromatic rings,
and (ii) the reactivity of benzo- and naphthoquinones is mainly defined by their oxidative
potency, while the size and nature of their substituents play a less important role. Similar log
k vs. E1

7 dependences are characteristic for a number of flavoenzymes which reduce
quinones either in one-electron way (NADPH:cytochrome P-450 reductase,
ferredoxin:NADP+ reductase), or in two-electron way (Enterobacter cloacae nitroreductase,
E. cloacae PB2 pentaerythritol reductase) [20,27].
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Quantitatively, the percentage of a one-electron flux during NAD(P)H:quinone
oxidoreduction can be estimated using the 1,4-benzoquinone-mediated enzymatic reduction
of cytochrome c. At pH < 7.2, cytochrome c is reduced by 1,4-benzohydroquinone with a
negligibly low rate, whereas 1,4-benzosemiquinone delivers electrons to the hemoprotein
very rapidly (k = 106 M-1s-1 [28]). Hence, the percentage of a one-electron flux can be
expressed as a ratio of the cytochrome c reduction rate and the doubled rate of enzymatic
oxidation of NAD(P)H in the presence of 1,4-benzoquinone [28]. AIF was found to reduce
quinones in a mixed one- and two-electron way, with 34±5.0 % of a one-electron flux.

Pre-steady-state Kinetics
We also examined the pre-steady-state kinetics of AIF reactions. A 452 nm absorbance
decrease and an increase at 700 nm observed during reduction of AIF by NADH (Fig. 2)
proceed with similar rates (Fig. 5A). The rate constant for AIF reduction reaches the limiting
value at high concentrations of NADH (Fig. 5B), which was equal to 0.31±0.03 s-1 under
studied conditions. The estimated apparent bimolecular reduction rate constant was 251±20
M-1s-1, close to the kcat/Km value derived from the steady-state kinetic data (Fig. 3). Besides,
the rate constant for the pre-steady-state AIF reduction with 200 μM NADH (Fig. 5B) is in
the same range as the kcat values for the quinone reduction reactions measured under steady-
state conditions with a similar NADH concentration (Table 1). Again, the presence of 5.0
mM NAD+ had no feasible effect on the kinetics of AIF reduction (Fig. 5B).

During pre-steady-state oxidation of reduced AIF by 2,6-dimethyl-1,4-benzoquinone, an
increase in absorbance at 452 nm and a decrease at 700 nm proceed with similar rates (Fig.
6A). This means that NAD+ dissociation/CT complex decay occur simultaneously with the
FAD oxidation. The rate constant for AIF oxidation depends linearly on the 2,6-
dimethyl-1,4-benzoquinone concentration, reaching values that exceed the maximal rate for
the NADH-dependent AIF reduction by one order of magnitude (Figs. 5B and 6B). The
bimolecular oxidation rate constant for the 2,6-dimethyl-1,4-benzoquinone, in turn, is close
to the corresponding value obtained in the steady-state kinetic experiments (8.0±0.5 × 103

M-1s-1 and 1.2 ±0.5 × 104 M-1s-1, respectively). Although formation of the FAD
semiquinone may be anticipated during the single-electron oxidation of AIF, we observed
neither a biphasic nature of the absorbance changes nor a transient increase at 380 nm,
indicative of formation of FAD.- as a reaction intermediate. The reoxidation reactions
carried out under anaerobic conditions gave identical within error results at 452, 700, and
380 nm, comparing to those obtained under aerobic conditions.

Next we examined how the AIF redox state changes during turnover with NADH under
conditions imitating the cytotoxic action of quinones in mammalian cells. It was found that
even at low cytotoxic concentration of quinones, 20 μM [16], and significant excess of
NADH over quinone, 5,8-dihydroxy-1,4-naphthoquinone and 2,6-dimethyl-1,4-
benzoquinone significantly delay formation of the reduced form of the flavoprotein, as
judged from the kinetics of the absorbance decay at 452 nm (Fig. 7). In the presence of RH1,
on the other hand, the course of the reaction was only weakly perturbed, with AIF being
predominantly in the reduced state (Fig. 7). Although a stoichiometric quinone:AIF ratio
was used, AIF performed multiple turnovers (Fig. 7). This is due to regeneration of the
oxidants under aerobic conditions. Free radicals and, presumably, two-electron reduced 5,8-
dihydroxy-1,4-naphthoquinone formed during a mixed one- and two-electron reduction of
quinones by AIF, are rapidly reoxidized by oxygen [16]. In the absence of external oxygen
supply, reoxidation of AIF in the reaction mixture terminates after oxygen depletion.
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Discussion
The goal of this study was to characterise the mechanism of reduction of quinoidal
xenobiotics and drugs by mitochondrial AIF with emphasis on its possible contribution to
apoptosis or other toxic events in the cell. First, we characterized the catalytic cycle of
NADH:quinone oxidoreduction mediated by AIF. The steady-state reactions catalyzed by
AIF follow a “ping-pong” mechanism (Fig. 3) and involve the reductive and oxidative half-
reactions. One notable observation is that the maximal pre-steady-state rate of NADH-
dependent FAD reduction (0.31±0.03 s-1, Fig. 5B) is close to the maximal turnover rate
under steady-sate conditions (0.24±0.02 s-1) but considerably lower than the rate of AIF
oxidation by 2,6-dimethyl-1,4-benzoquinone (Fig. 6B). Our results suggest that (i) the
reductive half-reaction is rate-limiting, (ii) quinones are predominantly reduced by the
FADH--NAD+ CT complex, and (iii) FAD oxidation coincides with NAD+ dissociation.
That the oxidized pyridine nucleotide weakly binds to oxidized AIF and rapidly and
irreversibly dissociates upon FAD oxidation is evidenced by the finding that high
concentrations of NAD+ do not interfere with AIF reduction with NADH (Fig. 5A). The
proposed reaction course is shown in Scheme 1 (Eo and Er correspond to the oxidized and
reduced forms of AIF; S, P, Qo and Qr stand for NADH, NAD+, oxidized and reduced
quinone, respectively), while the steady-state reaction rate consistent with the “ping-pong”
mechanism can be described by Equation 2:

(2)

Correlation between the reactivity and redox potentials of the investigated quinones (Fig. 4)
suggests that AIF has no pronounced specificity for any particular quinone structure, but
may discriminate tricyclic quinones and bulky ubiquinone-6 possibly due to sterical
hindrances with the active site. The mixed single- and two-electron reduction of quinones by
AIF is another indication of instability of the FAD semiquinone [9,12], because two-electron
or mixed reduction of quinones is usually performed by the enzymes that do not stabilize
flavin radicals [20,29]. The partial single-electron character of quinone reduction does not
contradict to the lack of a transient formation of FAD.- in the pre-steady-state oxidation of
AIF. This shows that the oxidation of two-electron reduced flavin by the single-electron
oxidant is slower than the oxidation of flavin semiquinone by a second molecule of the
oxidant, the former reaction being the rate-limiting step in the reoxidation [30].

Secondly, our data demonstrate that the quinone reductase activity of AIF (expressed as a
kcat/Km ratio in Table 1) is 102-104-fold lower than that of cytochrome P450 reductase and
NAD(P)H:quinone oxidoreductase (NQO1) [19-21], the two major producers of one- and
two-electron reduced forms of quinone xenobiotics, respectively, that promote coresponding
ways of quinone cytotoxicity in mammalian cells [16,20,21]. The quinone reductase activity
of AIF is also 10-100-fold lower than that of mammalian thioredoxin reductase [31], but is
comparable with the activity of glutathione reductase from various sources [32,33]. This
implies that the quinone reductase reactions catalyzed by AIF are unlikely to play a
significant role in the bioreductive activation of quinone drugs and xenobiotics in vivo.
Nonetheless, the interaction of AIF with quinones may be physiologically important,
because some of these compounds at low concentrations could significantly delay reduction
of FAD even when NADH is in significant excess (Fig. 7). Consequently, by maintaining
AIF in the oxidized form, quinones may enhance its proapoptotic properties under reducing
conditions. This outcome can be mediated only by the relatively high-potential quinones that
oxidize AIF relatively fast (e.g., 5,8-dihydroxy-1,4-naphthoquinone and 2,6-dimethyl-1,4-
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benzoquinone), but not by the slowly reacting anticancer compounds with the lower E1
7

values, such as RH1 (Fig. 7, Table 1).

The low quinone reductase activity of AIF is unlikely to be due to the low redox potential of
the FAD/FADH- couple (E0

7 = -0.341 V; determined in the absence of NAD(H) [12]),
which in general should favor quinone reduction. One possible factor that could affect the
AIF reactivity toward oxidants is the FAD redox potential change induced by binding of
NAD+. In homologous to AIF putidaredoxin reductase, for example, association of NAD+

elevates E0
7 by 170 mV [34]. Taking into account the estimated Kd values for the complex

between NAD+ and reduced (5–80 nM [12]; Churbanova and Sevrioukova, unpublished
data) and oxidized AIF (>10 mM; Fig. 5B), the NAD+-dependent redox potential change
calculated from the Nernst equation would be within the 0.165-0.183 V range, giving the
E0

7 value for the reduced AIF-NAD+ complex of -0.158 ÷ -0.176 V. Such drastic E0
7

change could certainly lower the electron donating ability of the FADH--NAD+ CT
complex. Interestingly, the His453Leu mutant of AIF, which possesses a 56 mV higher E0

7
(determined in the absence of NAD(H)) but does not form CT complex with NAD+,
catalyzes electron transfer reactions more effectively than wild type AIF [13]. Another
reason for the low reactivity of AIF could be significant conformational changes occuring
during its oxidoreduction. Displacement of Phe309 and the accompanying rearrangement of
hydrophobic and H-bonding interactions in the active site during AIF reduction [13] could
be energy-consuming and affect the rate of reductive half-reaction. This possibility may
explain, in part, why the bimolecular rate constant of AIF reduction with NADH is 103-105-
fold lower compared to that reported for other NAD(P)H-dependent flavoenzymes
[21,26,29,31]. In the the oxidative half-reaction, quinones oxidize reduced isoalloxazine ring
of FADH- paralelly stacked with the nicotinamide ring of NAD+, which in turn is shielded
by the Phe309 ring [13]. The stacking of three aromatic rings might impede an access of the
oxidant to the re-face of the isoalloxazine ring and slow down the reaction. The
conformational changes in AIF taking place after reduction result in the formation of an
aromatic tunnel (Tyr559, Phe507, Tyr 346, Trp350, Trp 578, Tyr491, Phe309, and Phe481)
stretching from the active site to the surface [13]. However, this tunnel is unlikely to serve
as an access channel for the oxidants because it is too long (>20 Ǻ) and tightly packed.
Alternatively, quinones may access the si-face of FAD flanked by Pro172, Pro173, Trp195,
and Trp482 [13]. This side of the molecule becomes solvent accessible after AIF reduction,
although the access to the active site is somewhat hindered by the adjacent 199-202 β-
hairpin [13].

In summary, our investigation of the NADH:quinone oxidoreduction catalyzed by AIF
revealed that the mitochondrial protein is most reactive toward the high-potential benzo- or
naphthoquinones and least reactive toward the low-potential anticancer quinoidal drugs. The
quinone reductase activity of AIF is too low to play a significant role in bioreductive
activation of quinones in vivo. However, some high-potential quinone model compounds or
toxic natural compounds like 5,8-dihydroxy-1,4-naphthoquinone (naphthazarin) may affect
the redox status of AIF and, thus, modulate its apoptogenic potency by oxidizing the
FADH--NAD+ CT complex. Such potentially harmful AIF-quinone interactions can be
exacerbated during oxidative stress and lead to accelerated cell death.
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Abbreviations used

AIF apoptosis-inducing factor

E1
7 redox potential of a quinone/semiquinone couple at pH 7.0

E0
7 redox potential of a quinone/hydroquinone couple (standard potential) at pH

7.0

GR glutathione reductase

kcat/Km bimolecular rate constant

kcat catalytic constant

AZQ 2,5-bis(carboethoxyamino)-3,6-diaziridinyl-1,4-benzoquinone

BZQ 2,5-bis(2′-hydroxyethylamino)-3,6-diaziridinyl-1,4-benzoquinone

MeDZQ 2,5-dimethyl-3,6-diaziridinyl-1,4-benzoquinone

RH1 2,5-diaziridinyl-3-hydroxymethyl-6-methyl-1,4-benzoquinone

VdWvol Van der Waals volume
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Research Highlights
In this work, we for the first time characterized the catalytic cycle of NADH:quinone
reductase reaction of apoptosis-inducing factor (AIF) and characterized its quinone-
substrate specificity, which may be important in the potentiation of AIF apoptosis-
inducing potency by quinones. We found that low cytotoxic concentrations of quinones
may prevent the reduction of AIF even at large excess NADH, thus preventing the
formation of reduced AIF, whose dimeric form possesses decreased apoptosis-inducing
potency.
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Fig. 1.
Chemical structures of the studied compounds.
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Fig. 2.
Absorbance spectra of 14 μM AIF recorded before (1) and after (2) addition of 140 μM
NADH in 100 mM K-phosphate, pH 7.0, 1 mM EDTA at 25 °C.
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Fig. 3.
Lineweaver-Burk plots of the initial rate constants for NADH oxidation catalyzed by AIF,
which were determined at different concentrations of 2,6-dimethyl-1,4-benzoquinone and
216 μM (1), 320 μM (2), 466 μM (3), and 700 μM (4) NADH. Kinetic measurements were
conducted in 100 mM K-phosphate, pH 7.0, 1 mM EDTA at 25 °C.
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Fig. 4.
Dependence of the reactivity of quinones (log kcat/Km) toward AIF on their one-electron
reduction potential (E1

7). Quinone numbering is according to Figure 1. The regression line
is a linear fit reflecting correlation between the reactivities and E1

7 values of benzo- and
naphthoquinones.
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Fig. 5.
Pre-steady-state kinetics of AIF reduction by NADH. A) Kinetic traces of the absorbance
change at 452 (1) and 700 nm (2) observed during reduction of 22 μM AIF by 200 μM
NADH. The obtained first-order reduction rate constants were 0.034±0.002 s-1 (1) and
0.0372±0.027 s-1 (2). B) Dependence of the first-order rate constants for AIF reduction on
the concentration of NADH in the absence (open circles) and presence of 5.0 mM NAD+

(filled circles).
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Fig. 6.
Pre-steady-state kinetics of AIF oxidation by 2,6-dimethyl-1,4-bezoquinone. A) Kinetic
traces of the absorbance change at 452 (1,3) and 700 nm (2) during oxidation of 14 μM AIF
by 100 μM 2,6-dimethyl-1,4-benzoquinone (1,2), or after mixing of reduced AIF with a pure
buffer solution (3). The obtained first-order oxidation rate constants were 0.890±0.002 s-1

(1) and 1.013±0.012 s-1 (2). B) Dependence of the observed rate constant for AIF oxidation
on the concentration of 2,6-dimethyl-1,4-benzoquinone.
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Fig. 7.
Reduction of 20 μM AIF with 1.0 mM NADH in the absence (1) and presence of 20 μM 2,6-
dimethyl-1,4-benzoquinone (2), 5,8-dihydroxy-1,4-naphthoquinone (3), and RH1 (4).
Kinetics of FAD reduction was monitored in 100 mM K-phosphate, pH 7.0, 1 mM EDTA at
452 nm and 25°C.
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Scheme 1.
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