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Abstract

L-012, a luminol-based chemiluminescent (CL) probe, is widely used in vitro and in vivo to detect
NADPH oxidase (Nox)-derived superoxide (O, ") and identify Nox inhibitors. Yet understanding
of the free radical chemistry of L-012 probe is still lacking. We report that peroxidase and H,0,
induce superoxide dismutase (SOD)-sensitive, L-012-derived CL in the presence of oxygen. Oy~
alone does not react with L-012 to emit luminescence. Self-generated O, ~ during oxidation of
L-012 and luminol-analogs artifactually induce CL inhibitable by SOD. These aspects make
assays based on luminol analogs less than ideal for specific detection and identification of Oy~
and NOX inhibitors.
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Introduction

L-012 (8-amino-5-chloro-7-phenyl-pyrido[3,4-d]pyridazine-1,4(2H,3H)dione) (Fig. 1A) is a
luminol-based molecule that has been reported to produce much stronger
chemiluminescence (CL) than other CL probes (lucigenin, luminol, and MCLA) (1,2). Thus,
L-012 is rapidly emerging as a popular CL probe for measuring superoxide (O, ™) and other
reactive oxygen species (ROS) derived particularly from NADPH oxidases (Nox) (3-6). In
an earlier report, investigators concluded that unlike other CL probes, L-012 is not subject to
redox cycling and is, therefore, reliable for detecting Nox-derived O, inhibitors in high
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throughput screening (HTS) assays (7). More recently, L-012 was used to noninvasively
image ROS and reactive nitrogen species (RNS) in living mice under pro-inflammatory
conditions (8,9). Despite its increasing use in vitro and in vivo, rigorous understanding of the
free radical chemistry of L-012 has been lacking. Screening of small-molecule inhibitors of
Nox, using a medium throughput L-012-based assay, revealed a high rate of false positives
that included inhibitors of myeloperoxidase (Lambeth JD, unpublished data). Clearly, the
current situation with regard to L-012 use in free radical biology is murky and confusing.
The objectives of the present study are to assess the mechanism(s) by which
chemiluminescence arises from ROS-induced oxidation of L-012, and to determine its
suitability as a potential CL probe in Oy~ detection and HTS assays for Nox inhibitors.
Results from the present study indicate that both the peroxidase activity and L-012-derived
O, are responsible for the overall luminescent signal intensity. Implications of the present
findings are discussed with regard to the use of L-012 and other CL probes in HTS-based
identification of Nox inhibitors.

Materials and Methods

Chemicals

L-012 probe was from Wako Chemicals USA, Inc. and hydroethidine was from Invitrogen.
Horseradish peroxidase (Type VI) and all other reagents were from Sigma-Aldrich. L-012
stock solution (20 mM) was prepared in water and HE stock solution (20 mM) was prepared
in DMSO.

All reactions were carried out in aqueous phosphate buffer (50 mM) containing dtpa (0.1
mM). The flux of O, generated from xanthine oxidase in the presence of hypoxanthine was
determined based on the rate of reduction of ferricytochrome c, as described previously (10).
1 mU/ml of xanthine oxidase corresponded to 0.35 uM/min of O,

Luminescence studies

Plate reader-based luminescence measurements were performed in white 96-well plates
using Beckman-Coulter DTX880 multimode plate reader, with temperature set at 37 °C. For
the investigation of the effect of oxygen and sequential addition of reactants, Perkin Elmer
LS 55 luminescence spectrometer was used. The solution was placed in a 3 mL fluorescence
cell equipped with magnetic stirrer and thermostated at 37 °C. To test the effect of
oxygenation/deoxygenation the screw cap, gas-tight fluorescence cell (Starna) was used,
with continuous passing of appropriate gas (O, for oxygenation and Ar for deoxygenation)
through the solution.

HPLC measurements

HPLC analysis of HE oxidation was performed as recently reported (10) using Agilent 1100
HPLC system and C1g column (Phenomenex, Kinetex C1g, 100 mm x 4.6 mm, 2.6 um).
Similar setup was used for L-012 detection, but gradient elution was based on an increase in
acetonitrile fraction from 10% to 60% over 5 min and L-012 probe was monitored using
absorption detector set at 400 nm.
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Superoxide-dependent oxidation of L-012 and HE: The effect of peroxidase

To optimize the experimental conditions for detecting O, ~ and peroxidase-mediated L-012-
derived chemiluminescence, we initially used the reaction conditions established for the
fluorescent dye hydroethidine (HE). Figure 1 shows the relative rates of oxidation of L-012
and HE in the presence of O, ™ alone and in combination with horseradish peroxidase
(HRP). The parent compounds and products were analyzed by HPLC. As compared to HE,
which was significantly consumed in the presence of O, (0.35 pM/min) with the
concomitant formation of a diagnostic product, 2-hydroxyethidium (11), there was no Oy ~-
induced consumption or formation of product from L-012. Surprisingly, even under
conditions generating 0.35 pM/min flux of O, ™ in the presence of low concentration of HRP
(1 mU/ml), L-012 consumption was negligible (Fig. 1b). In contrast, under the same
conditions, HE oxidation was nearly 100% complete (Fig. 1b) with the formation additional
oxidation products including ethidium cation and dimers (12). These findings indicate that,
in contrast to HE, L-012 does not react with O, ~ and that, unlike HE, L-012 is a relatively
weak substrate for peroxidase. Thus, substantially higher levels of oxidant fluxes and probe
concentrations are required to detect luminescence from L-012.

To this end, we monitored the Kinetics of L-012-derived luminescence using a 96-well plate
under varying O, ~ and H,0, fluxes as controlled by xanthine oxidase (XO) levels and
different concentrations of HRP (Fig. 2a). As shown, high concentrations of XO and HRP
were required to observe the luminescence signal. Similar luminescence kinetic profiles
were observed from L-012 in the presence of HRP and H,05 (Fig. 2b). The luminescence
spectrum obtained during aerobic oxidation of L-012 by HRP/H,0, or HX/XO/HRP is
shown in Figure 2c. From measuring the dynamics of luminescence, we optimized the
conditions under which the steady-state luminescence is maintained for 10-15 min. Figure
2d shows the changes in the luminescence intensity during successive addition of L-012,
H»0,, and HRP to incubations in phosphate buffer at 37 °C. In subsequent experiments, we
used these conditions for determining the effects of additives on L-012-derived
luminescence in HX/XO and H,0, plus HRP systems.

As shown in Figure 3a, when added sequentially, the presence of both O, ~/H,O,-generating
system (HX + XO) and HRP are required for L-012-derived luminescence. The addition of
catalase (CAT) inhibited HX/XO/HRP/L-012 luminescence by over 90%, indicating the
requirement of H,O, generated from HX/XO (Fig. 3a). The addition of superoxide
dismutase (SOD) further decreased luminescence to the basal level (Fig. 3a). Next we added
SOD prior to adding CAT to incubations containing L-012, HRP, and HX/XO and SOD
almost completely inhibited the luminescence intensity (Fig. 3b and d). The order of
addition of XO and HRP is different in Figure 3b and d, with the results indicating the
requirement of both enzymes to obtain the luminescence signal. Inclusion of SOD at the
beginning of incubation completely suppressed the luminescence from L-012, HRP, and
HX/X system. These results suggest that O, ™ is also critical for HRP/HX/XO/L-012-derived
luminescence (Fig. 3d), with a small signal attributable to H,O,-dependent, and Oy -
independent pathway.
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Peroxidase activity mediated L-012 chemiluminescence: The effect of molecular oxygen

To determine whether O, is involved in HRP/H,0,/L-012-derived luminescence, we
investigated the effects of SOD and deoxygenation/oxygenation on luminescence signal
intensity. The kinetics of luminescence formed under aerobic conditions from the sequential
additions of L-012, H,0O,, and HRP is shown in Figure 4a. This signal was drastically
inhibited following SOD addition, with the remaining signal inhibitable by catalase (Fig.
4b). This implicates O,~ formation during oxidation of L-012 by HRP and H,0O». To test
this hypothesis, we added HRP to aerobic and argon-purged incubations containing L-012
and H,05 (Fig. 4c and d). The luminescence derived from L-012/HRP/H,05 system in
argon was greatly inhibited indicating that activation of molecular oxygen to O, "~ possibly
occurs during oxidation of L-012 by HRP and H,0,. We then investigated the effect of
deoxygenation and oxygenation by switching between argon to oxygen and vice versain a
gas-tight cuvette (Fig. 4c and d). Deoxygenation by passing argon gas through the solution
rapidly decreased luminescence, and reoxygenation by switching to oxygen gas increased
the luminescence signal intensity. This increase in signal intensity was again inhibited by
SOD and/or CAT (not shown).

Discussion

L-012, a chemical analog of luminol, gives rise to significantly higher luminescence yield
and increased sensitivity as compared to other CL probes, lucigenin and MCLA (1,2). Based
on the present results, we have modified the previous mechanism proposed for luminol
(13,14). The modified mechanism for L-012-derived chemiluminescence in the presence of
reactive oxygen and nitrogen species and peroxidase is shown in Figure 5. Key
modifications included in the mechanism are as follows: (i) L-012 (LumH5) does not
appreciably react with Oy~ but needs to be oxidized via a one-electron oxidation to the
corresponding L-012-derived radical (LumH); (ii) The LumH" radical reacts with O, ™ to
generate O, and L-012 quinone (g-Lum); (iii) O,~ reacts with the LumH' radical leading
to the formation of an endoperoxide that decomposes to form an excited state intermediate
that emits luminescence. In the presence of SOD, luminescence is inhibited due to a rapid
dismutation of O,~ and to the quenching of the reaction between O, and LumH' radical,
and (iv) a small fraction of the luminescent signal that is SOD-independent likely originates
from H,0, reaction with g-Lum. This can be eliminated by using a higher amount of CAT
during oxidation of L-012 by H,0, and HRP. Addition of ethyl boronic acid (a scavenger of
hydroperoxides and peroxynitrite) (15,16) significantly inhibited L-012 chemiluminescence
(not shown). As boronic acids are unlikely to efficiently scavenge endoperoxides, this is
tentatively attributed to the rapid reaction between the L-012 peracid intermediate (Fig. 5)
and ethyl boronate.

Based on the modified mechanistic scheme for L-012-derived chemiluminescence, it is
evident that peroxidase substrates (e.g., apocynin, diapocynin, phenothiazines) will
significantly inhibit luminescence by decreasing formation of L-012-derived peroxide and
endoperoxide intermediates, and ultimately attenuating luminescence (17). Published results
suggest that L-012 is not a very efficient peroxidase substrate, as typically much higher
concentrations of L-012 have been used in previous studies (1-6). Thus, as indicated earlier
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the use of L-012 probe in HTS assay for determination of Nox inhibitors fails to identify
true “hits”, generating a high rate of false positives via the competitive inhibition of
peroxidase mechanism (18). In conclusion, the present results indicate that O, ~ produced
from molecular oxygen during oxidation of L-012 by H,O,/HRP is responsible for the
majority of the luminescence signal. The inhibition of L-012-derived luminescence signal by
SOD may lead to a false conclusion on the identity of the species responsible for the probe
oxidation. The L-012/HRP-based HTS assay is not optimal for identifying Nox inhibitors
because of the involvement of the peroxidatic mechanism in L-012-derived luminescence
and the lack of a direct reaction between the probe and O,
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Abbreviations

CAT catalase

CL chemiluminescence

dtpa diethylenetriaminepentaacetate

H>0, hydrogen peroxide

HE hydroethidine

HRP horseradish peroxidase

HX hypoxanthine

L-012 8-amino-5-chloro-7-phenyl-pyrido[3,4-d]pyridazine-1,4(2H,3H)dione

Nox NADPH oxidases

0,~ superoxide radical anion

RNS reactive nitrogen species

ROS reactive oxygen species

SOD superoxide dismutase

X0 xanthine oxidase
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Superoxide radical anion and HRP-dependent Kinetics of L-012 and HE consumption. (a)
Chemical structures of L-012 and HE probes. (b) The concentration of L-012 and HE was

monitored by HPLC. Reaction mixtures contained L-012 (50 uM) or HE (50 uM) in

phosphate buffer (pH 7.4, 50 mM) containing dtpa (100 uM), HX (200 pM) and XO (1 mU/

ml). Where indicated, HRP (1 mU/ml) was present. Samples were placed in an HPLC
autosampler thermostated at 25°C and repeatedly injected over a 4 h incubation time.
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Comparison of the kinetics of luminescence formed from L-012. (a) Incubations contained
L-012 (50 uM) in phosphate buffer (pH 7.4, 50 mM) containing HX (200 uM), dtpa
(100uM), and XO £ HRP at concentrations indicated. (b) Incubations contained L-012 (50
UM) in the presence of different concentrations of HRP and H,05 (at the indicated
concentrations) in phosphate buffer (pH 7.4, 50 mM) containing dtpa (100 uM). Reactions
were carried out in a 96-well plate thermostated at 37°C and the luminescence monitored
with time for 2 h. The data points represent the mean values of three replicates and the error
bars represent standard deviation. (c) Luminescence spectrum recorded during oxidation of
L-012 in H,O»/HRP system. (d) Changes in luminescence intensity during consecutive
addition of reactants as follows: L-012 (100 pM), H,0; (50 pM) and HRP (0.1 U/ml).
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Figure 3.
The dynamics of generation of luminescence from L-012 probe. (a—d) L-012 (100 uM) was

incubated under aerobic conditions in phosphate buffer (50 mM, pH 7.4) containing dtpa
(100 uM) and HX (250 pM) at 37°C. Where indicated, XO (1 mU/ml), HRP (0.1 U/ml),
SOD (50 pg/ml) or CAT (3 kU/ml) were added during reaction monitoring.
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Figure 4.
The dynamics of generation of luminescence from L-012 probe during deoxygenation and

reoxygenation. (a—d) L-012 (100 uM) was incubated in aqueous solution of phosphate buffer
(50 mM, pH 7.4) containing dtpa (100 uM) and H,0O, (50 uM) at 37°C. Where indicated,
HRP (0.1 U/ml), SOD (50 ug/ml) or CAT (3 kU/ml) were added during reaction monitoring.
In (d), sample was deoxygenated by passing argon gas through the solution before and
during the reaction. In (c) and (d), Ar and O, denote time points at which purging of argon
gas and oxygen gas was started.
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A modified mechanism proposed for luminescence formation during oxidation of luminol-
based probes.
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