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Abstract

The quinones 1,4-naphthoquinone, methyl-1,4-naphthoquinone, tetramethyl-1,4-benzoquinone, 2,3-
dimethoxy-5-methyl-1,4-benzoquinone, 2,6-dimethylbenzoquinone, 2,6-dimethoxybenzoquinone,
and 9,10-phenanthraquinone enhance the rate of nitric oxide reduction by xanthine/xanthine oxidase
in nitrogen-saturated phosphate buffer (pH 7.4). Maximum initial rates of NO reduction (Vmax) and
the amount of nitrous oxide produced after 5 min of reaction increase with quinone one- and two-
electron redox potentials measured in acetonitrile. One of the most active quinones of those studied
is 9,10-phenanthraquinone with a Va Value 10 times larger than that corresponding to the absence
of quinone, under the conditions of this work. Because NO production is enhanced under hypoxia
and under certain pathological conditions, the observations obtained in this work are very relevant
to such conditions.

Introduction

Quinones form the second largest class of antitumor agents approved for clinical use in the
United States, and several antitumor quinones are in different stages of clinical and preclinical
development (1). A common feature in quinone-containing drugs is their ability to undergo
reversible redox reactions to form semiquinone and oxygen radicals (2,3). One-electron
reduction of a quinone (Q) gives the semiquinone radical (Q~ or QH), while two-electron
reduction gives the hydroquinone (QH,) (3). The semiquinone can also be formed by a
comproportionation reaction between a quinone and a hydroquinone; see reaction 1 (the
opposite of reaction 1 is the semiquinone disproportionation reaction).

QH,+Q — 2Q +2H* (1)

Quinones can be enzymatically reduced by flavoenzymes. Some of these can catalyze a one-
electron reduction of quinones such as NADPH-cytochrome P450 reductase, NADH-cyto-
chrome bs reductase, or NADH/NADH dehydrogenase (4,5). Xanthine oxidase (X0)1
catalyzes the reduction of quinones by one and two electrons (6,7). The catalytic enhancement
of ascorbate oxidation by quinones has been previously observed, including its dependence on
the quinone one-electron redox potential (E17) (8).

Nitric oxide is a free radical formed in a variety of cell types by NO synthase and has many
important physiological roles such as acting as a vasorelaxant (9) and a neurotransmitter (10)
and performing other physiological and pathophysiological phenomena (11). The one-electron
reduced derivative of NO, the nitroxyl anion, 3NO- (or its conjugate acid, THNO), is also a
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vasorelaxant and inotropic and lusitropic agent (12). Because of the large pK, value of THNO,
ca. 11.6, the conjugated acid, THNO, is postulated the only significant reduced NO species
under physiological conditions (13,14). Although nitroxyl increases postischemia/reperfusion
in vivo injury (15), it can induce early preconditioning-like effects that protect heart tissue
against ischemia-reperfusion injury (16), depending on the timing of administration (15).
Because of the high reactivity of THNO with thiols, THNO is known to inactivate important
enzymes such as the glycolytic enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(17) and other cysteine-containing enzymes (12). Although THNO toxicity has been found,
this has been detected mostly at relatively high THNO concentrations (18).

In a previous work, we have found that quinones increase the ascorbate anaerobic reduction
extent of NO to form THNO at physiological pH and that this enhancement is larger as the
quinone one-electron redox potential increases (19). Other reports postulating NO reduction
to IHNO have been published, including direct reduction of NO by species of the electron
transport system in mitochondria (20,21), cytochrome ¢ (22), ubiquinol (23), manganese
superoxide dismutase (24), and XO (25). In addition, a possible role of quinone/hydroquinone
redox system in the presence of NO and phenolic compounds in inducing DNA single strand
breaks was postulated (26). XO was found to convert nitric oxide released from spermine-
NONOate to nitroxyl in the presence of its substrate hypoxanthine (HX) under anaerobic
conditions (25). In addition, evidence was found in that work that supported XO inhibition
by THNO. However, outersphere electron transfer mechanisms to NO are not likely to be
physiologically possible due to the highly negative redox potential of NO (13).

LAbbreviations:

NQ

MNQ

DQ

UBQ-0

DMBQ

DMOBQ

PHQ

HX

XO

DPI

DPV

ROS

EPR

1,4-naphthoquinone

methyl-1,4-naphthoquinone

tetramethyl-1,4-benzoquinone

2,3-dimethoxy-5-methyl-1,4-benzoquinone

2,6-dimethylbenzoquinone

2,6-dimethoxybenzoquinone

9,10-phenanthraquinone

hypoxanthine

xanthine oxidase

diphenyliodonium chloride

differential pulse voltammetry

reactive oxygen species

electron paramagnetic resonance

Chem Res Toxicol. Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sanchez-Cruz and Alegria Page 3

Quinones are known to enhance reactive oxygen species (ROS) production in the XO-catalyzed
oxidation of xanthine (X) or HX (27-29). Here, we have extended our work regarding the
quinone-enhanced reduction of NO by determining the kinetic parameters for the X/XO
reduction of NO in the presence and absence of quinones. This work was done under anaerobic
conditions as an approximation of hypoxic regions in tissues under abnormal conditions or of
events of reduced oxygen supply, such as ischemia. Because NO production is enhanced under
hypoxic conditions in several tissues (30,31), it is under those conditions where NO reduction
to THNO should be more relevant. The use of XO is relevant to the bioreductive activation of
quinones. XO is found in endothelial cells (32), likely to be active in tumor cells (33), and is
also found in nuclei (34).

Materials and Methods

Chemicals

X, X0 (EC 1.1.3.22), and quinones were purchased from Sigma Chemical Company (St. Louis,
MO). Diphenyliodonium chloride (DPI) was purchased from Aldrich (St. Louis, MO).
Quinones (Figure 1) were purified by double sublimation before use. These quinones were
selected since they have a wide range of redox potentials, are commercialy available, and are
found to be active in the enhanced reduction of oxygen by ascorbate (8). Stock solutions of
quinones were freshly prepared in DMSO or water depending on the quinone water solubility,
although the amount of DMSO in samples was always kept below 0.2%. High-purity N, was
used to deareate solutions. Nitric oxide was prepared by addition of a N,-saturated KNO,
solution to an excess of a Np-saturated Kl solution in H,SO,4. The NO gas produced was passed
through N»-saturated 5 M NaOH to remove any higher oxides of nitrogen and dissolved into
ice-cooled, N,-saturated water. Nitrous oxide was obtained from Puritan Medical Products.
Only distilled, deionized, and Chelex- treated water was used in this work. Chelex treatment
of water was monitored using the ascorbate test, as described by Buettner (35). Care was always
taken to minimize exposure of quinone-containing solutions to light.

Nitric Oxide Reduction Kinetics

These were monitored using a NO-specific electrochemical probe (ISO-NOP) inserted in a
thermostatted NO chamber (World Precision Instruments, Sarasota, FL) at 37 °C. The chamber
was purged with high-purity nitrogen followed by injection of 1.00 mL of a nitrogen-saturated
solution containing 20 xM NO, 10 mU XO/mL, and 50 M X from 0 to 20 «M quinone in 50
mM phosphate buffer (pH 7.4). This was followed by immediate exclussion of all gas bubbles
out of the sample, through the chamber capillary. Nitric oxide was then added in the absence
of a gas phase in the sample. The sample was continuously stirred using a spinning bar. Data
acquisition was started after NO addition. X was the last reagent added. Basal voltage was
calibrated to zero every day. VVoltage output corresponding to a 20 «M NO solution was checked
every day, and the electrode membrane was replaced in case there was not agreement with
previous outputs within 10%. The electrode was calibrated daily with known concentrations
of NaNO, by reacting this salt with KI in sulfuric acid medium. NO consumption data were
collected in a computer, and the initial rates of NO consumption (Rnp) were measured.

Nitrous Oxide Determination

A volume of 1.00 mL of a Np-saturated solution containing 100 M quinone,100 mU XO/mL,
50 mM phosphate buffer (pH 7.4), 650 uM NO, and 450 M X was stirred in the thermostated
NO chamber at 37 °C for 5 min. This was followed by addition of 100 M allopurinol to inhibit
XO. A sample of the gaseous phase was then withdrawn from the reaction vessel and injected
inthe gas chromatograph. Nitrous oxide was detected using an Agilent 6890 gas chromatograph
equipped with a Porapak Q column (6’ x 1/8”) and a thermal conductivity detector operating
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at 40 °C with a flow rate of 7 mL/min. The N,O peak was identified using a standard of N,O
from a lecture bottle.

To determine the mol ratio of N,O produced to that of NO consumed, a nitrogen-saturated
reaction mixture containing 40 uM quinone, 100 mU XO/mL, and 450 uM X in 50 mM
phosphate buffer at pH 7.4 (X was added last) was reacted in the thermostated chamber at 37
°C until all of the NO was consumed, as detected from the electrode reading. At this point, 50
uL of the headspace was injected in the GC for analysis. Quantification of N,O production
was performed at 37 °C by determining the total amount of N,O in the gas and aqueous phases
using the reported Henry’s constant for N,O at this temperature (36) to obtain the amount at
the liquid phase.

Determination of Half-Wave Reduction Potentials (E12)

These were determined in nitrogen-purged acetonitrile solutions containing 1 mM quinone and
0.1 M tetra-n-butylammonium perchlorate (TBAP) using differential pulse voltammetry
(DPV). A BAS CV 50W voltammetric analyzer using a glassy carbon working electrode was
used in these determinations. An Ag/AgCl(sat) electrode was used as the reference electrode
(E' =+0.22 V vs NHE) and a platinum wire as the counter electrode. Differential pulse
voltammograms were obtained in the potential range of -2.00 to 0.00 V, using a 50 mV pulse
amplitude and 20 mV/s scan rate. The reduction potential values were obtained from the DPV
peak potential maxima. These were almost similar to the half-wave redox potentials, E1/5, in
normal polarographic measurements (37).

Results and Discussion

Nitric Oxide Reduction Kinetics

Changes in NO levels as a function of time in the reaction mixtures containing NO and X/XO
in N-saturated phosphate buffer in the absence and presence of various quinones were
monitored using the NO-specific electrode. An example is shown in Figure 2 corresponding
to 2,3-dimethoxy-5-methyl-1,4-benzoquinone (UBQ-0). Initial rates were measured from the
initial slope of the [NO] traces. In the absence of quinone, a relatively small change in the NO
levels as a function of time was noted in the reaction mixture containing NO and X/XO.
However, when quinones are included in this reaction, a relatively fast decrease of NO was
noted. Nonlinear regressions of the Michaelis-Menten equation, that is, of plots of Ryo (after
subtracting the NO consumption rate in the absence of quinone) vs the quinone concentration,
produced the Michaelis-Menten constants, K,,, and maximum rates, Vmax (Figure 3 and Table
1). Values of Vihax correlate with quinone Eq/, potentials determined in this work (Figure 4).
9,10-Phenanthraquinone (PHQ) was found to be one of the most active quinones, showing a
Vmax Value 10 times larger than that in the absence of quinone, under the conditions of this
work. Second-order polynomials were found to better fit the plots in Figure 4 (see the Figure
4 caption) than other functions (linear, exponential, and third and fourth degree polynomials).
However, the physical cause of this observation is at present unknown. The addition of DPI,
an inhibitor of the XO flavin site (38), inhibits from 94 to 97% NO reduction in samples
containing quinone, X/XO, and NO (Figure 2). This observation, coupled to the observed
enhancement in NO consumption and N,O production, indicates that electrons are being
transferred from this site to the quinone. The latter then shuttles electrons to NO.

The formation of N,O is unambiguous evidence for tTHNO production or NO reduction and
has been used as the sole evidence of THNO in several works (39-44). Headspace sampling of
the nitrogen-saturated reaction mixture containing NO, X, and XO in the presence or absence
of quinone demonstrated the formation of N,O as determined by GC. The amount of N,O
detected after 5 min of initiating the reaction was also found to increase with the quinone redox
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potential (Figure 5). As found for plots in Figure 4, second-order polynomials were found to
better fit plots in Figure 5 (see the Figure 5 caption) than other functions (linear, exponential,
and third and fourth degree polynomials). Again, the physical cause of this observation is at
present unknown. All of the quinones used in this work enhance the formation of N,O as
compared to (3.0 + 0.5) x 1010 mol of N,O produced in the absence of quinone.

Nitrous oxide is being produced due to either the reaction of tTHNO with NO (reaction 2) or
the THNO dimerization followed by dehydration (reaction 3) (45,46).

'"HNO+2NO — N,0+HNO, (2

'HNO+'HNO — N,0+H,0 )

The measured mol ratios of N,O produced to that of NO consumed, corresponding to samples
of all of the quinones studied, were found to be in the range between 0.19 and 0.26 (Table 1).
Dimerization of THNO to produce N,O is a relatively slow process, and it is thus likely that
N-,O is formed mostly from reaction 2. Indeed, the expected stoichiometry for this process
(mol N,O appearing/mol NO disappearing) is predicted to be 0.33, that is, from NO + 1e-

— 1HNO followed by reaction 2. The expected value is somewnhat larger than those obtained
in this work. Thus, it seems that either some of the tHNO is also reacting with some of the
sample components before forming N,O or a small fraction of the consumed NO is not due to
reduction. As indicated above, it has been reported that the THNO produced partially inhibits
XO (25), although other constituents of our samples could also be reacting with a fraction of
the THNO produced. The latter will be a matter of further study in our research group. Addition
of 100 uM GSH to the samples inhibits N,O production from 94 to 100% but not NO
consumption, in accordance with the high reactivity of thiols with THNO (47). Furthermore,
addition of 100 M DPI to the samples inhibits N,O production from 95 to 100% and from 94
to 97% NO consumption, indicating that quinone reduction occurs at the flavin site of the
enzyme. This observation united to the quinone-enhanced NO reduction proves that quinones
are shuttling electrons from the XO FADH™ to NO.

The hydroquinone derivatives of these quinones, that is, the two-electron reduced products,
could also be involved in this electron transfer process. For example, the hydroguinone of
UBQ-0 has been reported to reduce NO with a rate constant of 4.9 x 105 M1 s1(23). In
addition, X/XO can act as both a one- or two-electron donor (48). Correlations obtained in the
present work between the Vpyax or the amount of N,O produced and the first- and second-
electron redox potentials suggest that both the semiquinone and the hydroquinone could be
responsible for NO reduction in the present work (Figures 4 and 5).

Although several works, as indicated above, suggest direct reduction of NO by biologically
relevant molecules, it has been argued that NO cannot be reduced directly by common
biological reducing agents since the NO redox potential is too negative. From the pK, value
of 11.6 for ITHNO (HNO — 3NO™ + H*), a potential of about -0.5 V (1 M vs NHE) has been
estimated for the reduction of NO to 3NO- and subsequent protonation to *HNO at pH 7.2
(13). Thus, direct reduction of NO by X [two-electron oxidation potential = +0.360 V (1 M vs
NHE) to form uric acid (49)] should not be probable. However, it is recognized that a given
redox reaction with a negative redox potential will occur if some of its products is used in other
reactions (50). Formation of N»O and its release into the gaseous phase could be such reaction.
However, a possibility for NO reduction, without these large energy barriers, could involve an
inner sphere reduction of NO whereby the semiquinone or other species involved in the
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reduction process, such as X, XO, and/or quinone, forms a complex with NO followed by
electron transfer from the semiquinone to NO. The possible interaction of NO with those
species is a matter of a near future study. Furthermore, at relatively high concentrations of NO,
a dimer is formed, which is more prone for reduction [+ 0.33 V vs NHE (13)]. Even though
quinones also have negative one-electron redox potentials relative to NHE (51), these catalyze
the NO reduction reaction as they do in ascorbate- or X-to-oxygen electron transfer reactions,
as stated above.

The value of 11.6 for the pK, of 3NO- is for the formation of THNO. This protonation is a spin-
forbidden process, and it is highly likely that, even with such a high pK,, the 3NO- exhibits a
long lifetime, which has been estimated in the order of milliseconds (14). Thus, 3NO-could
react with other species, in particular, with two NO molecules to generate NoO and HNO,
(reaction 2). This would mean that the protonation of 3NO" should not be occurring at
conditions where NO is in excess.

In summary, the quinones under study here enhance the X/XO reduction of NO. Both the
Vmax values and the amount of nitroxyl produced after 5 min of reaction increase with the
quinone one- and two-electron reduction potentials. In view of the fact that NO production is
enhanced under hypoxia and under certain pathological conditions (52-54), the observations
obtained in this work should even be more relevant under such conditions.
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Figure 1.
Quinones used in this study.
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Figure 2.

Nitric oxide concentration traces occurring in N»-saturated samples containing 20 «M NO, 10
mU XO/mL, and 50 uM X in the presence or absence of UBQ-0 and in the absence and presence
of 100 M DPI, in 50 mM phosphate buffer (pH 7.4) at 37 °C. The arrow indicates the instant
where X was injected to the sample. Runs in this figure were made the same day, and

representative curves are shown.
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Figure 3.

Michael-Menten plots used to determine Vinax and Ky, for the X/XO reduction of NO in the
presence of quinones. Samples were N»-saturated solutions containing 20 M NO, 10 mU XO/
mL, 50 «M X, and 50 mM phosphate buffer (pH 7.4) and in the presence of 3.33-20 M quinone.
The temperature is 37 °C. Initial rates of NO consumption used were those obtained after
subtracting the basal initial rate, that is, in the absence of quinone, (6.2 + 0.3) x 108 M/s’ from
the measured initial rate. Error bars are standard errors of the mean value of at least three
determinations.
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Figure 4.

Dependence of Vi, Values on the first (closed circles) and second (open circles) quinone redox
potentials. Vmax Values were obtained from nonlinear regressions of plots in Figure 3. Sample
compositions are stated in the Figure 3 caption. Error bars are standard errors of the mean
values of at least three determinations. Nonlinear regressions of second-order polynomials
were used for the curves shown here. Goodness-of-fit values (R2) of 0.99 and 0.99 were
obtained for plots against first and second electron redox potentials, respectively.
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Figure 5.

(@) GC chromatograms of a diluted N,O standard (dotted line) and that in the head space of a
sample (continuous line) with the composition stated below and UBQ-0 as the quinone. (b)
Dependence of the NoO amount in the head space of samples, after subtraction of that in the
absence of quinone, on the first (closed circles) and second (open circles) quinone redox
potentials. Samples were nitrogen-saturated reaction mixtures containing 100 M quinone,100
mU XO/mL, 50 mM phosphate buffer (pH 7.4), 650 «M NO, and 450 uM X after 5 min of
reaction at 37 °C. The amount of N,O obtained in the absence of quinone after 5 min of reaction
is (3.0 £ 0.5) x 1010 moles. Error bars are standard errors of the mean values of at least three
determinations. Nonlinear regressions of second-order polynomials were used for the curves
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shown in panel b. Goodness-of-fit values (R?) of 0.92 and 0.90 were obtained for plots against
first and second electron redox potentials, respectively.
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