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Development of a 384-Well Colorimetric Assay to Quantify
Hydrogen Peroxide Generated by the Redox Cycling of

Compounds in the Presence of Reducing Agents
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Abstract: We report here the development and optimization of a simple 384-well colorimetric assay
to measure H2O2 generated by the redox cycling of compounds incubated with reducing agents in
high-throughput screening (HTS) assay buffers. The phenol red-horseradish peroxidase (HRP) assay
readily detected H2O2 either added exogenously or generated by the redox cycling of compounds in
dithiothreitol (DTT). The generation of H2O2 was dependent on the concentration of both the
compound and DTT and was abolished by catalase. Although both DTT and tris(2-carboxyethyl)-
phosphine sustain the redox cycling generation of H2O2 by a model quinolinedione, 6-chloro-7-
(2-morpholin-4-yl-ethylamino)-quinoline-5,8-dione (NSC 663284; DA3003-1), other reducing agents
such as �-mercaptoethanol, glutathione, and cysteine do not. The assay is compatible with HTS.
Once terminated, the assay signal was stable for at least 5 h, allowing for a reasonable throughput.
The assay tolerated up to 20% dimethyl sulfoxide, allowing a wide range of compound
concentrations to be tested. The assay signal window was robust and reproducible with average Z-
factors of �0.8, and the redox cycling generation of H2O2 by DA3003-1 in DTT exhibited an
average 50% effective concentration of 0.830 � 0.068 �M. Five of the mitogen-activated protein
kinase phosphatase (MKP) 1 inhibitors identified in an HTS were shown to generate H2O2 in the
presence of DTT, and their inhibition of MKP-1 activity was shown to be time dependent and was
abolished or significantly reduced by either 100 U of catalase or by higher DTT levels. A cross-
target query of the PubChem database with three structurally related pyrimidotriazinediones revealed
active flags in 36–39% of the primary screening assays. Activity was confirmed against a number of
targets containing active site cysteines, including protein tyrosine phosphatases, cathepsins, and
caspases, as well as a number of cellular cytotoxicity assays. Rather than utilize resources to conduct
a hit characterization effort involving several secondary assays, the phenol red-HRP assay provides a
simple, rapid, sensitive, and inexpensive method to identify compounds that redox cycle in DTT or
tris(2-carboxyethyl)phosphine to produce H2O2 that may indirectly modulate target activity and
represent promiscuous false-positives from a primary screen.
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ABBREVIATIONS: 3712327, N-(1-butyl-3-cyanopyrrolo[5,4-b]quinoxalin-2-yl)benzamide; 4251194, 1,6-dimethylpyrimido[5,6-e][1,2,4]tri-
azine-5,7-dione; 845167, 1-ethyl-6-methyl-3-phenylpyrimido[5,6-e][1,2,4]triazine-5,7-dione; 845964, 3-amino-7-(phenylmethyl)-1-sulfanylidene-
6,8-dihydro-5H-thiopyrano[5,4-c]pyridine-4-carbonitrile; 850758, 1-ethyl-6-methyl-3-thiophen-2-ylpyrimido[5,6-e][1,2,4]triazine-5,7-dione;
AID, assay identity number; BME, �-mercaptoethanol; Cys, cysteine; DA3003-1, NSC 663284 or 6-chloro-7-(2-morpholin-4-yl-ethylamino)-
quinoline-5,8-dione; DMSO, dimethyl sulfoxide; DTT, dithiothreitol; EC50, 50% effective concentration; GSH, reduced glutathione; HBSS, Hanks’
Balanced Salt Solution; HRP, horseradish peroxidase; IC50, 50% inhibitory concentration; MKP, mitogen-activated protein kinase phosphatase;
MLSCN, Molecular Library Screening Center Network; NIH, National Institutes of Health; OMFP, O-methylfluorescein phosphate; PTP, pro-
tein tyrosine phosphatase; RCC, redox cycling compound; ROI, reactive oxygen intermediate; TCEP, tris(2-carboxyethyl)phosphine.



Introduction

COMPOUND INTERFERENCE is the generic terminology
utilized by the HTS community to refer to the false-

positives that are unavoidable in most, if not all, HTS as-
say formats.1–4 Compound interference encompasses
many modes of action that include chemical and physi-
cal compound properties that may impact multiple assay
formats and those that may be specific to a particular as-
say format. For example, compounds that are colored or
are fluorescent have the potential to interfere with a wide
variety of biochemical and cell-based assay formats.1,2,4,5

In general, direct compound interference is readily an-
ticipated, and the resulting false-positives can be elimi-
nated by either a simple counterscreen or by incorporat-
ing an internal reference into the primary screening
assay.1,2,4 However, target protein activity may also be
modulated indirectly by reactive products generated by
the interaction of compounds with assay buffer compo-
nent(s), and a more involved hit characterization process
may be required to identify and eliminate these false-pos-
itives.3,6,7

For example, in HTS assays for protein targets with
cysteine (Cys) residues that are crucial for either their
catalytic or structural function, it is common practice to
try to maintain the protein in its active form by includ-
ing one of a variety of reducing agents in assay and/or
enzyme storage buffers.8,9 Commonly utilized reducing
agents include dithiothreitol (DTT), tris(2-carboxyethyl)
phosphine (TCEP), �-mercaptoethanol (BME), reduced
glutathione (GSH), or Cys.8,9 However, O2-containing
aqueous solutions of DTT at neutral to acidic pH can gen-
erate H2O2 via a chain reaction.10 Furthermore, a num-
ber of compounds undergo redox cycling in DTT-con-
taining buffers to generate significant amounts of
H2O2.3,6,7 In an initial set of 20,000 compounds, it was
found that 85% of the caspase-8 inhibitors were artifacts
that inhibited the enzyme through the generation of H2O2

by redox cycling in the presence of DTT.3 The follow-
up process to identify and eliminate such redox cycling
compounds (RCCs) involved an extensive hit character-
ization effort, including: enzyme kinetics analysis to
show that the inhibition was time dependent; exploring
the concentration dependence of different reducing
agents; testing whether the inclusion of catalase in the as-
say abolished inhibition; and examination of the time-de-
pendent effects of the reducing agent on the ultravio-
let/visible spectra of compounds to demonstrate that they
were reduced.3,6,7

The Molecular Library Screening Center Network
(MLSCN) is a component of the National Institutes of
Health (NIH) Roadmap Initiative that has provided the
broader scientific community access to HTS capabili-
ties.8,11–14 The 10 screening centers of the pilot phase of
the network screen multiple NIH-approved assays sub-

mitted by assay providers from the scientific community
against a diverse compound chemical library that the NIH
has assembled and distributes via a small molecule repos-
itory.5, 8,11–14 The screening centers deliverables include:
assays that have been developed and validated for HTS;
data uploaded to the PubChem public database from
screening the NIH compound library in these assays; and
ultimately the generation of chemical probes to further
the study of biology and disease through a follow-up pro-
cess involving secondary assays, resynthesis of the hit(s),
and chemical analog synthesis to improve physicochem-
ical properties.5,8,11–14 Compounds that generate H2O2 by
redox cycling in reducing agents may indirectly modu-
late (activate or inhibit) the activity of susceptible targets
and would therefore be scored as false-positives.3,6,7 Fur-
thermore, these compounds will likely exhibit nonselec-
tive or promiscuous bioactivity profiles against other tar-
gets with Cys residues susceptible to modulation by
H2O2. We describe here the development and validation
of a simple homogeneous 384-well assay to quantify
H2O2 generated by the redox cycling of compounds and
reducing agents that can be readily utilized to identify
and eliminate these false-positives.

Materials and Methods

Reagents and supplies

H2O2 (30% wt/wt) (CAS number 7722-84-1), phenol
red (catalog number P-2417), and horseradish peroxi-
dase (HRP) (catalog number P2088-10KU) were from
Sigma-Aldrich Co. (St. Louis, MO). Hanks’ Balanced
Salt Solution (HBSS) was from Hyclone (Logan, UT).
Sodium hydroxide was from EMD (Gibbstown, NJ). Di-
methyl sulfoxide (DMSO) (99.9% high-performance liq-
uid chromatography grade under argon) was from Alfa
Aesar (Ward Hill, MA). All other materials were reagent
grade. The quinolinedione DA3003-1 [NSC 663284 or
6-chloro-7-(2-morpholin-4-yl-ethylamino)-quinoline-
5,8-dione] was synthesized and obtained as described
previously.7,15

384-well H2O2 assay

The 384-well-format H2O2 generation assay was
adapted and developed from a tube-based assay to mea-
sure H2O2 production by chemically elicited peritoneal
macrophages.16–18 The assay is based on the ability of
HRP to catalyze the oxidation of phenol red by H2O2,
producing a change in its absorbance at 610 nm after the
assay reaction has been terminated and adjusted to alka-
line pH by addition of 1 N NaOH.18 The miniaturized as-
say was performed in 384-well flat-bottomed clear poly-
styrene microtiter plates (120 �l well volume, catalog
number 781101, Greiner Bio-One, Monroe, NC). Com-
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pounds and plate controls (100 �M H2O2 or 1% DMSO
final concentration in the well) were diluted to the re-
quired concentrations in HBSS. DTT was diluted in
HBSS from 200 mM stocks to the required concentrations
(typically 0.5–1.0 mM final concentration in the well).
The phenol red-HRP detection reagent contained 300
�g/ml phenol red and 180 �g/ml HRP in HBSS. The as-
say involved three liquid transfer steps into the 384-well
plate performed on an Evolution-P3 liquid handling plat-
form (Perkin Elmer, Waltham, MA) using a 384-well P30
dispensing head; this involved adding 20 �l each of com-
pounds/controls, DTT, and the phenol red-HRP detection
reagent to give a final assay volume of 60 �l. Compounds
and DTT were incubated together at ambient temperature
for a minimum of 15 min prior to addition of the phenol
red-HRP detection reagent (100 �g/ml phenol red and 60
�g/ml HRP final concentration in the well). After an ad-
ditional incubation period at ambient temperature, mini-
mally 5 min, the assay was terminated by addition of 10
�l of 1 N NaOH, and the absorbance of the phenol red
was measured at 610 nm in a SpectraMax M5 microtiter
plate reader (Molecular Devices, Sunnyvale, CA).

Mitogen-activated protein kinase 
phosphatase (MKP) 1 assay

The development and implementation of a 384-well
format MKP-1 assay in low-volume microtiter plates
(catalog number 784076, Greiner Bio-One) with a final
incubation volume of 15 �l have been previously de-
scribed.8 In brief, the homogeneous fluorescence inten-
sity assay involved three consecutive 5-�l additions per-
formed on the Velocity11 (Menlo Park, CA) Vprep®

outfitted with a 384-well transfer head: plate controls and
compounds, MKP-1 enzyme (250 ng per well), and 3-O-
methylfluorescein phosphate (OMFP) substrate (40 �M).
Compounds were tested in an assay buffer comprising 30
mM Tris (pH 7.0), 75 mM NaCl, and 1.0 mM EDTA,
with 1% each contributed by the diluted compounds and
OMFP substrate to yield a final DMSO concentration of
2%. The phosphatase reactions were terminated after a
60-min incubation at ambient temperature by a 5-�l ad-
dition of 500 mM NaOH in deionized H2O performed on
the Velocity11 Vprep outfitted with a 384-well transfer
head, and the fluorescence intensity was measured on a
SpectraMax M5 plate reader (excitation filter, 485 nm;
emission filter, 525 nm; auto cutoff, 515 nm).

Data analysis assay development

We utilized GraphPad (San Diego, CA) Prism version
4.03 software to plot, fit data to curves, and analyze as-
say development data; perform linear regression analysis
(y � mx � c); fit data to a fourth-order polynomial (y �
A � B � x � C � x2 � D � x3 � E � x4) equation; fit
data to the sigmoidal dose–response equation y � Bot-

tom � (Top � Bottom)/(1 � 10((LogEC50 � x))); and
fit data to the sigmoidal dose–response variable slope
equation y � Bottom � (Top � Bottom)/(1 � 10((Lo-
gEC50 � x) � Hill slope)), where EC50 represents the
50% effective concentration. Unless otherwise noted the
SD was indicated after mean values.

Results

We first examined the performance of the miniaturized
384-well H2O2 detection assay with exogenously added
H2O2 ranging from 1.5 to 100 �M (Fig. 1A). In six in-
dependent experiments, the HBSS assay buffer produced
an average background absorbance of 0.27 � 0.09, and
addition of 100 �M H2O2 produced an average ab-
sorbance of 0.97 � 0.08, providing an average signal to
background ratio of 3.59. Linear regression analysis of
the data produced an average r2 correlation coefficient of
0.946 � 0.035 (Fig. 1A). These data indicated that the
384-well-format H2O2 assay was very reproducible and
has a dynamic range suitable for detecting H2O2 in the
1–100 �M range. To establish that the assay could be
used to detect the H2O2 produced by compounds capa-
ble of redox cycling in the presence of DTT, we utilized
the quinolinedione DA3003-1, which has previously been
shown to produce H2O2 via a redox cycling mecha-
nism7,15 (Fig. 1B and C). When tested individually, nei-
ther 10 �M DA3003-1 nor 0.5 mM DTT produced an ab-
sorbance signal significantly different from the HBSS
buffer control, and neither did the compound solvent
DMSO (Fig. 1B). In combination, however, 10 �M
DA3003-1 plus 0.5 mM DTT produced a higher ab-
sorbance signal than exogenously added H2O2 (100 �M),
and both of these signals were completely abolished by
the inclusion of 100 U/ml catalase in the assay (Fig. 1B).
These data indicate that the H2O2 detection assay was ca-
pable of detecting the redox cycling of DA3003-1 in the
presence of DTT, that both compound and reducing agent
are required for the production of H2O2, that DA3003-1
and DTT can generate concentrations of H2O2 at or above
100 �M, and that the removal of H2O2 by catalase abol-
ishes the change in absorbance of the phenol red-HRP
detection reagent. A reaction scheme for the reaction of
an RCC and DTT to generate H2O2 adapted from a pre-
vious publication6 is presented (Fig. 1C).

To determine the optimal concentrations of DTT and
DA3003-1 required for redox cycling H2O2 generation,
we conducted concentration–response assays with the in-
dicated amounts of DA3003-1 and DTT incubated to-
gether (Fig. 2). Neither DA3003-1 nor DTT individually
produced an absorbance at 610 nm significantly differ-
ent from either the HBSS or DMSO background signals
at any of the concentrations tested. In the presence of
DA3003-1, however, DTT in the 0.2–1.0 mM concen-
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FIG. 1. Phenol red-HRP detection of exogenously added H2O2 or the compound- and DTT-dependent redox cycling genera-
tion of H2O2. (A) Exogenous H2O2. In six independent experiments (each indicated by a unique symbol) conducted in triplicate
wells per concentration, exogenously added H2O2 ranging from 1.5 to 100 �M (final concentration in well) was mixed with the
phenol red-HRP detection reagent in HBSS assay buffer. After 45 min at ambient temperature the assay was terminated by ad-
dition of 10 �l of 1 N NaOH, and the absorbance of the phenol red was measured at 610 nm in the microtiter plate reader. The
data presented are mean � SEM values of triplicate wells (n � 3). A linear regression analysis of the data using GraphPad Prism
software version 4.03 produced an average r2 correlation coefficient of 0.946 � 0.035 (n � 6). (B) Compound- and DTT-de-
pendent redox cycling generation of H2O2. In triplicate wells of a 384-well plate, 20 �l of the following components was mixed
with 20 �l of HBSS assay buffer: HBSS buffer, 100 U of catalase (CAT), 100 �M H2O2, 100 �M H2O2 � 100 U of CAT, 1%
DMSO, 0.5 mM DTT, 10 �M DA3003-1, 10 �M DA3003-1 � 0.5 mM DTT, and 10 �M DA3003-1 � 0.5 mM DTT � 100 U
of CAT. The final concentrations of the components in the 60-�l assay volume are indicated. After 15–20 min, 20 �l of phenol
red-HRP detection reagent was added, and the assay was incubated for 45 min at ambient temperature before termination by ad-
dition of 10 �l of 1 N NaOH and measurement of the absorbance at 610 nm in the microtiter plate reader. A bar graph of the
mean � SEM absorbance of triplicate wells (n � 3) is presented. (C) Chemical structures of DTT and DA3003-1 and a reaction
scheme for the redox cycling generation of H2O2 (through the redox cycling interaction of an RCC and DTT to generate H2O2,
adapted from a previous publication6). Addition of DTT(SH2) to RCCs results in the formation of the hydro-RCC (RCCH2) (step
1). When the RCCH2 and RCC are present together they undergo a comproportionation reaction to form a transient radical an-
ion species (RCC�.) (step 2). The RCC�. radical anion reacts with oxygen (O2) to form superoxide (O2

�) (step 3). DTT(SH2)
also reacts with O2 in the buffer to generate superoxide (step 4). Superoxide can then oxidize the hydro-RCC resulting in the
production of H2O2 (step 5).
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FIG. 2. Concentration responses for DA3003-1- and DTT-
dependent redox cycling generation of H2O2. (A) Exogenous
H2O2. In triplicate wells 20 �l of HBSS or 100 �M H2O2 (fi-
nal concentration in well) was mixed together with 20 �l of
HBSS assay buffer. After 15–20 min, 20 �l of phenol red-
HRP detection reagent was added, and the assay was incu-
bated for 45 min at ambient temperature before termination
by addition of 10 �l of 1 N NaOH and measurement of the
absorbance at 610 nm in the microtiter plate reader. A bar
graph of the mean � SEM absorbance of triplicate wells (n �
3) is presented. (B) DA3003-1 concentration–response. In
triplicate wells 20 �l of DA3003-1 at the indicated concen-
trations, ranging between 0.625 and 20 �M, was mixed to-
gether with 20 �l of the following DTT concentrations in
HBSS: 0 �M (�), 9.8 �M (�), 78 �M (�), 156 �M (�),
312 �M (�), 625 �M (�), and 1,250 �M (�). The final con-
centrations of the components in the 60-�l assay volume are
indicated. After 15–20 min, 20 �l of phenol red-HRP detec-
tion reagent was added, and the assay was incubated for 45

min at ambient temperature before termination by addition of 10 �l of 1 N NaOH and measurement of the absorbance at 610 nm
in the M5 microtiter plate reader. The data are presented as mean � SEM absorbance of triplicate wells (n � 3) together with a
linear regression analysis of the data using GraphPad Prism software version 4.03. The r2 correlation coefficients of the linear
analysis ranged between 0.92 and 0.98. (C) DTT concentration–response. In triplicate wells 20 �l of DTT at the indicated con-
centrations, ranging between 9.8 and 10,000 �M, was mixed together with 20 �l of the following DA3003-1 concentrations in
HBSS: 0 �M (�), 0.625 �M (�), 1.25 �M (�), 2.5 �M (�), 5.0 �M (�), 10.0 �M (�), and 20.0 �M (�). The final concen-
trations of the components in the 60-�l assay volume are indicated. After 15–20 min, 20 �l of phenol red-HRP detection reagent
was added, and the assay was incubated for 45 min at ambient temperature before termination by addition of 10 �l of 1 N NaOH
and measurement of the absorbance at 610 nm in the microtiter plate reader. The data are presented as the mean � SEM ab-
sorbance of triplicate wells (n � 3) fit to a fourth-order polynomial (y � A � B � x � C � x2 � D � x3 � E � x4) equation us-
ing GraphPad Prism software version 4.03. The data were fit to curves to illustrate the biphasic concentration response of DTT,
and except with no DA3003-1 and at 0.625 �M DA3003-1, the r2 correlation coefficient of the fourth-order polynomial equa-
tion fit of the data exceeded 0.9.

tration range was able to support the generation of read-
ily detectable levels of H2O2 (Fig. 2B). At DTT concen-
trations in the 0.2–1.0 mM range, the generation of H2O2

increases linearly with increasing compound concentra-
tion, and more H2O2 was produced with higher DTT con-
centrations (Fig. 2B). At 5.0 and 10.0 mM DTT, how-
ever, there was a significant decrease in the absorbance
signal that was only partially overcome at the higher com-
pound concentrations of 10 and 20 �M (Fig 2C). With
almost all of the DA3003-1 concentrations tested, the

DTT concentration response for H2O2 production was
biphasic (Fig. 2C). From 0.2 to 1 mM DTT, the genera-
tion of H2O2 at each compound concentration increases
with higher DTT concentrations, but at DTT concentra-
tions of 5 and 10 mM, the assay signal decreased with
higher DTT concentrations (Fig. 2C). These data con-
firmed that both DA3003-1 and DTT were required for
the redox cycling generation of H2O2 and that the amount
produced varied in a concentration-dependent manner
(Fig. 2B and C).
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To measure the time course for DA3003-1- and DTT-
dependent H2O2 generation, 10 �M DA3003-1 and 0.8
mM DTT were incubated together for the indicated times
prior to addition of phenol red-HRP detection reagent
(Fig. 3A). Plates were then incubated for an additional
either 5 or 45 min before addition of 1 N NaOH and mea-
surement of the absorbance at 610 nm (Fig. 3A). During
the first 15–20 min, the amount of H2O2 detected in-
creases with the preincubation time of compound and
DTT prior to addition of the phenol red-HRP reagent, and
further preincubation produced no significant increase in
signal (Fig. 3A). It did not appear to make a significant
difference whether the detection reagent was incubated
for 5 or 45 min after the incubation of DA3003-1 and
DTT together before addition of the 1 N NaOH and mea-
surement of the absorbance at 610 nm (Fig. 3A). To con-
firm this observation and determine the time course of
phenol red-HRP detection, the indicated concentrations
of exogenous H2O2 were added to wells, and the detec-
tion was terminated with 1 N NaOH at the indicated times
after addition of the phenol red-HRP detection reagent
before the absorbance was measured at 610 nm (Fig. 3B).
The phenol red-HRP detection of the exogenously added
H2O2 attained the maximum signal within 2 min, and pro-
longed incubation with the detection reagent prior to ad-

dition of the NaOH provided no additional increase in
signal (Fig. 3B). Based on these observations we would
recommend an assay procedure where the test compound
and reducing agent are incubated together at ambient tem-
perature for a minimum of 15 min prior to addition of
the phenol red-HRP detection reagent and that the assay
can be terminated with the NaOH stop reagent after an
additional 5-min incubation.

We next wanted to investigate the ability of other re-
ducing agents to support redox cycling and H2O2 gener-
ation by DA3003-1 (Fig. 4). For comparison, the ab-
sorbance signal produced by exogenously added H2O2 at
a concentration ranging from 1.5 to 100 �M is presented
(Fig. 4A). The reducing agents tested included DTT (Fig.
4B), TCEP (Fig. 4C), GSH (Fig. 4D), Cys (Fig. 4E), and
BME (Fig. 4F). The indicated concentrations of DA3003-
1 were incubated together with the various reducing
agents at 0, 0.2, 0.4, or 0.8 mM for 15 min prior to ad-
dition of the phenol red-HRP detection reagent, and the
assay was then stopped with 1 N NaOH after another 5
min (Fig. 4B–F). Only DTT and TCEP were able to sup-
port the redox cycling production of H2O2 in the pres-
ence of DA3003-1 (Fig. 4B and C).

We conducted a series of experiments to see if the phe-
nol red-HRP H2O2 detection assay would be compatible
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FIG. 3. Time course of DA3003-1 and DTT redox cycling H2O2 generation and of phenol red-HRP detection. (A) Time course
of DA3003-1 and DTT redox cycling H2O2 generation. In triplicate wells, 20 �l of DA3003-1 (10 �M final concentration) in
HBSS was mixed together with 20 �l of DTT (0.8 mM final concentrtion) in HBSS assay buffer. The DA3003-1 and DTT were
incubated together at ambient temperature for the indicated times, ranging from 0 to 120 min, prior to addition of phenol red-HRP
detection reagent. Plates were then either incubated for an additional 5 min (�) or 45 min (�) before addition of 10 �l of 1 N
NaOH to terminate the assay and measurement of the absorbance at 610 nm in the microtiter plate reader. The data are presented
as mean � SEM absorbance of triplicate wells (n � 3). (B) Time course of phenol red-HRP detection of H2O2. In triplicate wells,
20 �l of the indicated concentrations of exogenous H2O2 was added to wells containing 20 �l of HBSS. After addition of the phe-
nol red-HRP detection reagent (20 �l), the reaction was terminated with 10 �l of 1 N NaOH at the indicated times, and the ab-
sorbance at 610 nm was measured in the microtiter plate reader. Final H2O2 concentrations in HBSS were: 0 �M (�), 1.562 �M
(�), 3.125 �M (�), 6.25 �M (�), 12.5 �M (�), 25 �M (	), 50 �M (�), and 100 �M (�). The data are presented as mean �
SEM absorbance of triplicate wells (n � 3). The time course data in (A) and (B) were fit to curves using the sigmoidal dose–re-
sponse equation y � Bottom � (Top � Bottom)/(1 � 10(LogEC50 – x)) using GraphPad Prism software version 4.03.
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FIG. 4. Other reducing reagents. (A) Exogenous H2O2. In triplicate wells per concentration, exogenously added H2O2 ranging
from 1.5 to 100 �M (final concentration) was mixed with 20 �l of the phenol red-HRP detection reagent in HBSS assay buffer.
After 5 min at ambient temperature the assay was terminated by addition of 10 �l of 1 N NaOH, and the absorbance of the phe-
nol red was measured at 610 nm with a microtiter plate reader. The data are presented as mean � SEM absorbance of triplicate
wells (n � 3). A linear regression analysis of the data using the GraphPad Prism software version 4.03 produced an r2 correla-
tion coefficient of 0.963. (B–F) Different reducing reagents: (B) DTT, (C) TCEP, (D) GSH, (E) Cys, and (F) BME. In triplicate
wells 20 �l of DA3003-1 at the indicated concentrations, ranging between 0.78 and 100 �M, were mixed together with 20 �l of
the following concentrations of the different reducing reagents in HBSS: 0 �M (�), 200 �M (�), 400 �M (�), and 800 �M
(�). The final concentrations of the components in the 60-�l assay volume are indicated. After 15–20 min, 20 �l of phenol red-
HRP detection reagent was added, and the assay was incubated for 5 min at ambient temperature before termination by addition
of 10 �l of 1 N NaOH and measurement of the absorbance at 610 nm with a microtiter plate reader. The data are presented as
mean � SEM absorbance of triplicate wells (n � 3). The data for DTT (B) and TCEP (C) were fit to curves using the sigmoidal
dose–response variable slope equation y � Bottom � (Top � Bottom)/(1 � 10((LogEC50 – x) � Hill slope)) using GraphPad
Prism software version 4.03.
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with HTS. To examine how long the assay signal was
stable after addition of the 1 N NaOH stop reagent, we
measured the absorbance at 610 nm at 1-h intervals for
up to 5 h (Fig. 5A). Relative to the readings immediately
post-termination, there was a slight but reproducible in-
crease in the absorbance at 610 nm when the plate was
reread 1 h after termination of the reaction, and thereafter
the signal was stable for 5 h (Fig. 5A) and even as long
as 24 h (data not shown). These data indicate that
throughput and capacity would not be compromised by
signal stability. The detection of both exogenously added
H2O2 and H2O2 generated via the redox cycling of
DA3003-1 in the presence of 0.8 mM DTT was tolerant
to DMSO concentrations ranging from 0.3% up to 
20% (Fig. 5B), indicating that a wide range of com-
pound/DMSO concentrations could be screened in the as-
say. The DA3003-1 concentration response for the redox
cycling-dependent generation of H2O2 in the presence of
0.8 mM DTT was very reproducible and produced an av-
erage EC50 of 0.830 � 0.068 �M from three independent
experiments conducted in triplicate (Fig. 5C). To further
verify signal reproducibility and the magnitude of the as-
say signal window, we utilized a rigorous procedure8,9,13

to measure the Z-factor statistical parameter19 in three in-
dependent experiments using two full 384-well plates of
maximum (100 �M H2O2) and minimum (HBSS) signals
for each experiment (Fig. 5D). The Z-factors generated
in these experiments were 0.84, 0.79, and 0.79, indicat-
ing that the assay signal window had the required ro-
bustness and reproducibility for HTS.

A HTS of 65,000 compounds from the NIH’s com-
pound library in a MKP-1 assay identified 46 concentra-
tion-dependent inhibitors of MKP-1 with 50% inhibitory
concentration (IC50) values of 	50 �M.8 The HTS and
IC50 data have been uploaded to the PubChem database
and are publicly available via the PubChem assay iden-
tity number (AID) 374 and 551, respectively. As protein
tyrosine phosphatase (PTPs) are susceptible to reversible
oxidation and inactivation by H2O2

6,7,20–27 and the com-
pounds were screened in an MKP-1 assay buffer con-
taining 1 mM DTT,8 we examined the ability of the MKP-
1 confirmed actives to generate H2O2 in the presence of
1 mM DTT (AID 676). Five of the MKP-1 active com-
pounds incubated in 1 mM DTT generated readily de-
tectable levels of H2O2 in 10-point concentration–re-
sponse assays (Fig. 6A). Consistent with the hypothesis
that the inhibition of MKP-1 by these compounds was
mediated by the redox cycling generation of H2O2, the
degree of inhibition of MKP-1 activity was shown to be
time dependent and increased over the course of the as-
say incubation period (Fig. 6B). The three most potent
redox cycling compounds were structurally related
pyrimidotriazinediones (Fig. 6C): 4251194, 1,6-di-
methylpyrimido[5,6-e][1,2,4]triazine-5,7-dione; 850758,
1-ethyl-6-methyl-3-thiophen-2-ylpyrimido[5,6-

e][1,2,4]triazine-5,7-dione; and 845167, 1-ethyl-6-
methyl-3-phenylpyrimido[5,6-e][1,2,4]triazine-5,7-
dione. The other redox cycling compounds were 845964,
3-amino-7-(phenylmethyl)-1-sulfanylidene-6,8-dihydro-
5H-thiopyrano[5,4-c]pyridine-4-carbonitrile, and 3712327,
N-(1-butyl-3-cyanopyrrolo[5,4-b]quinoxalin-2-yl)benza-
mide (Fig. 6C). For these compounds, addition of 100 U
of catalase to the MKP-1 assay or raising the DTT con-
centration in the MKP-1 assay to 25 mM either abolished
the inhibition of MKP-1 or shifted the potencies of the
MKP-1 IC50 values higher (Table 1).

A cross-target query of PubChem revealed that the
three most potent redox active compounds, the pyrimi-
dotriazinediones, produced active flags in 36–39% of the
assays against which they were screened, while the two
less potent redox active compounds, 845964 and
3712327, produced active flags in 17–22% of their
screens (Table 2). Furthermore, these redox active com-
pounds have exhibited confirmed activity against a num-
ber of targets with active site Cys residues, including
PTPs, cathepsins, and caspases, as well as in a number
of cellular cytotoxicity assays (Table 2).

Discussion

We report here the development and optimization of a
simple 384-well colorimetric assay to measure H2O2 gen-
erated by the redox cycling of compounds incubated with
reducing agents in HTS assay buffers. The assay was
based on the ability of HRP to catalyze the oxidation of
phenol red by H2O2, thereby changing its absorbance at
alkaline pH.16–18 The phenol red-HRP assay readily de-
tected exogenously added H2O2 in the 1.5–100 �M con-
centration range (Figs. 1A, 2A, and 4A) and H2O2 gen-
erated when the quinolinedione DA3003-1 was incubated
with DTT (Figs. 1B, 2B and C, 4B, and 5C). The detec-
tion of H2O2 either exogenously added or endogenously
generated by DA3003-1 and DTT was abolished by ad-
dition of catalase (Fig. 1B). The redox cycling genera-
tion of H2O2 required the presence of both DA3003-1
and DTT, and the amount of H2O2 produced varied in a
concentration-dependent manner for both components
(Figs. 1B, 2B and C, and 4B). The amount of H2O2 pro-
duced by the redox cycling of DA3003-1 in the presence
of DTT reached a steady-state level after 15–20 min of
incubation, and thereafter addition of the phenol red-HRP
detection reagent achieved a maximum signal within 2
min (Fig. 3). Although both DTT and TCEP supported
the redox cycling generation of significant levels of H2O2

by DA3003-1, incubation with other reducing agents such
as BME, GSH, and Cys failed to produce levels of H2O2

significantly over background (Fig. 4). The phenol red-
HRP H2O2 detection assay is compatible with HTS: the
assay signal was stable post-termination of the assay, the
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FIG. 5. HTS compatibility: signal stability, DMSO tolerance, EC50 curves, and assay signal window Z-factor determination. (A)
Phenol red-HRP H2O2 signal stability. In six wells, 20 �l of the indicated concentrations of exogenous H2O2 were added to wells
containing 20 �l of HBSS. Five minutes after addition of 20 �l of the phenol red-HRP detection reagent the assay was terminated
with 10 �l of 1 N NaOH, and the absorbance at 610 nm was measured with a microtiter plate reader. Final H2O2 concentrations
in HBSS were: 0 �M (�), 6.25 �M (�), 12.5 �M (�), 25 �M (�), 50 �M (�), and 100 �M (�). The data are presented as
mean � SEM absorbance of six wells (n � 6). The plate was read immediately after termination and reread every hour thereafter
for up to 5 h. (B) DMSO tolerance. In triplicate wells of a 384-well plate, 20 �l of the following components were mixed together
with 20 �l of HBSS assay buffer containing the indicated concentrations of DMSO ranging from 0% to 20%: HBSS buffer (�),
100 �M H2O2 (�), 0.8 mM DTT (�), 10 �M DA3003-1 (�), and 10 �M DA3003-1 � 0.8 mM DTT (�). The final concentra-
tions of the components in the 60-�l assay volume are indicated. After 15–20 min, 20 �l of phenol red-HRP detection reagent
was added, and the assay was incubated for 5 min at ambient temperature before termination by addition of 10 �l of 1 N NaOH
and measurement of the absorbance at 610 nm with a microtiter plate reader. A line graph of the mean � SEM absorbance of trip-
licate wells (n � 3) versus the log10 of the percentage DMSO is presented. (C) DA3003-1 EC50 curves with or without 0.8 mM
DTT. In triplicate wells, 20 �l of the indicated concentrations of DA3003-1, ranging from 0.12 to 12.5 �M, were added to wells
containing 20 �l of HBSS with or without 0.8 mM DTT (final concentration in assay well). After a 15–20-min incubation at am-
bient temperature, 20 �l of phenol red-HRP detection reagent was added, and the assay was incubated for an additional 5 min at
ambient temperature before termination by addition of 10 �l of 1 N NaOH and measurement of the absorbance at 610 nm with a
microtiter plate reader. The data are presented as mean � SEM absorbance of triplicate wells (n � 3). Three independent experi-
ments were conducted, and the data for H2O2 generation by DA3003-1 with or without 0.8 mM DTT were fit to curves using the
sigmoidal dose–response variable slope equation y � Bottom � (Top � Bottom)/(1 � 10((LogEC50 � x) � Hill slope)) using
GraphPad Prism software version 4.03: Test 1 no DTT (�), Test 1 � 0.8 mM DTT (�), Test 2 no DTT (�), Test 2 � 0.8 mM
DTT (�), Test 3 no DTT (�), and Test 3 � 0.8 mM DTT (�). (D) Assay signal window Z-factor determination. To rigorously
determine the assay signal window and variability of the phenol red-HRP H2O2 detection HTS assay, we assayed two full 384-
well plates each of maximum (100 �M H2O2 � 1% DMSO) and minimum (HBSS � 1% DMSO) signal controls in independent
experiments conducted on three consecutive days. The data from the four plates run on day 2 are presented in a scatter plot of ab-
sorbance at 610 nm versus well number: maximum plate 1 (�), maximum plate 2(�), minimum plate 1 (�), minimum plate 2
(�); solid lines, mean absorbance 610 nm of maximum or minimum plates 1 and 2 (n � 768); dashed lines, mean � 3 � SEM
(n � 768) absorbance 610 nm of maximum or minimum plates 1 and 2. The phenol red-HRP H2O2 detection HTS assay Z-fac-
tor19 was calculated as described previously.8,9,13 The Z-factors generated in the independent experiments were 0.84, 0.79, and
0.79, indicating that the assay signal window has the required robustness and reproducibility for HTS.
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FIG. 6. Redox cycling generation of H2O2 by selected MKP-1 inhibitors, time-dependent inhibition of MKP-1, and chemical
structures. (A) Redox cycling generation of H2O2 by selected MKP-1 inhibitors and DTT. In singlet wells 20 �l of the MKP-1
inhibitors at the indicated concentrations, ranging between 0.2 and 50 �M (final concentration), was mixed together with 20 �l
of 0.5 mM DTT (final concentration) in HBSS: 3712327 (�), 845964 (�), 845167 (�), 850758 (	), and 4251194 (
). After
15–20 min, 20 �l of phenol red-HRP detection reagent was added, and the assay was incubated for 5 min at ambient tempera-
ture before termination by addition of 10 �l of 1 N NaOH and measurement of the absorbance at 610 nm with a microtiter plate
reader. The concentration–response data (n � 1) were fit to curves using the sigmoidal dose–response equation y � Bottom �
(Top � Bottom)/(1 � 10(LogEC50 – x)) using GraphPad Prism software version 4.03. (B) Time-dependent inhibition of MKP-1
activity. Recombinant MKP-1 enzyme (250 ng per well) was incubated with 40 �M OMFP and the indicated compounds at 10
�M in a final volume of 15 �l in an assay buffer comprising 30 mM Tris (pH 7.0), 75 mM NaCl, and 1.0 mM EDTA, for 
up to 60 min at ambient temperature in triplicate wells of a 384-well low-volume microtiter plate, and the fluorescent intensity
at 485 nm excitation/525 nm emission was acquired on the M5 plate reader over time: maximum plate control (�), minimum
plate control (NaOH-inhibited enzyme) (�), 3712327 (�), 845964 (�), 845167 (�), 850758 (	), and 4251194 (
). The mean �
SEM fluorescent intensity of triplicate wells (n � 3) for each time point and compound are plotted together with the resulting
linear or nonlinear regression line or curve fits produced using GraphPad Prism software version 4.03. The maximum (�) and
minimum (�) plate controls exhibited r2 correlation coefficients of 0.9985 and 0.9131 for the linear analysis, respectively. 
The data for 3712327 (�), 845964 (�), 845167 (�), 850758 (	), and 4251194 (
) were all fit to curves using the sigmoidal
dose–response equation y � Bottom � (Top � Bottom)/(1 � 10(LogEC50 – x)) using GraphPad Prism software version 4.03. (C)
Chemical structures. The chemical structures of the five compounds capable of redox cycling in DTT: 4251194, 1,6-dimethyl-
pyrimido[5,6-e][1,2,4]triazine-5,7-dione; 850758, 1-ethyl-6-methyl-3-thiophen-2-ylpyrimido[5,6-e][1,2,4]triazine-5,7-dione; 845167,
1-ethyl-6-methyl-3-phenylpyrimido[5,6-e][1,2,4]triazine-5,7-dione; 845964, 3-amino-7-(phenylmethyl)-1-sulfanylidene-6,8-dihydro-
5H-thiopyrano[5,4-c]pyridine-4-carbonitrile; and 3712327, N-(1-butyl-3-cyanopyrrolo[5,4-b]quinoxalin-2-yl)benzamide.
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assay tolerated up to 20% DMSO, the assay signal win-
dow was robust and reproducible (Z-factors �0.8), and
the average EC50 of 0.830 � 0.068 �M for the redox cy-
cling generation of H2O2 by DA3003-1 in DTT was re-
producible (Fig. 5). Five confirmed actives from an
MKP-1 HTS generated readily detectable levels of H2O2

in the presence of DTT (Fig. 6A), and the inhibition of
MKP-1 activity was shown to be time dependent (Fig.
6B). Three of the five redox cycling compounds were
structurally related pyrimidotriazinediones (Fig. 6C). The
inhibition of MKP-1 by the redox cycling compounds
was abolished or significantly reduced either by addition
of catalase or by raising the DTT concentration in the
MKP-1 assay to 25 mM (Table 1). A cross-target query
of PubChem database for the bioactivity profiles of these
five redox cycling compounds yielded active flags in
17–39% of the assays that they were screened against,
with confirmed activity against a number of targets with
active site Cys residues, including PTPs, cathepsins, and
caspases, as well as a number of cellular cytotoxicity as-

says (Table 2). Many of the selected dose–response con-
firmation assays listed in Table 2 were secondary assays
conducted to evaluate the target family specificity of pu-
tative confirmed actives, e.g., PTPs and Cys proteases.
This simple colorimetric assay therefore provides a rapid,
sensitive, and cheap method to identify compounds that
interact with reducing agents like DTT or TCEP to pro-
duce H2O2 that may indirectly modulate target activity
and represent false-positives in a primary screen.

With the commonly utilized reducing agent DTT,
disulfide formation was strongly facilitated, and sulfur-
centered radicals derived from DTT were chemically gen-
erated in aqueous solution in the neutral to acidic pH
range.10 In the presence of O2 these sulfur-centered rad-
icals derived from DTT were transformed by a chain re-
action into dihydroxydithiane and H2O2.10 A number of
compounds have been shown to interact with DTT in so-
lution to establish a reactive oxygen intermediate (ROI)
generating cycle that produces H2O2 (Fig. 1C).3,6,7 The
inhibition of PTP� by ortho-quinones was shown to be

TABLE 1. MKP-1 INHIBITION ACTIVITY PROFILE: MKP-1 IC50, EFFECTS OF CATALASE

AND HIGHER DTT, AND EC50 FOR REDOX CYCLING H2O2 GENERATION

MKP-1 �

1 mM DTT �
1 mM DTT catalase 25 mM DTT H2O2 generation

% % % %
PubChem inhibition IC50 inhibition IC50 inhibition IC50 activity EC50

SID at 50 �M (�M) at 50 �M (�M) at 50 �M (�M) at 50 �M (�M)

4251194 94.40 0.184 �27.25 
50 97.95 5.684 85.817 10.714
850758 94.42 0.158 �92.22 
50 98.18 4.427 93.886 13.738
845167 95.59 0.197 �66.27 
50 96.16 4.901 82.819 13.770
845964 95.19 1.128 �47.72 
50 35.71 
50 52.776 34.554
3712327 79.92 23.536 �69.91 
32.374 �5.25 
50 36.786 
50

TABLE 2. CROSS-TARGET QUERY OF PUBCHEM DATABASE FOR REDOX CYCLING COMPOUNDS

Number
PubChem of Number of
SID assays active flags Selected confirmed targets

4251194 164 64 (39%).0 MKP-1; MKP-3; Cdc25B; cathepsins S, B, and L;
caspases 1 and 7; HSP90; several cytotoxicity models and
other targets

850758 196 71 (36%).0 MKP-1; MKP-3; Cdc25B; cathepsins S, B, and L; HSP90;
several cytotoxicity models and other targets

845167 221 85 (38.5%) MKP-1; MKP-3; Cdc25B; cathepsins S, B, and L;
caspases 1 and 7; HSP90; several cytotoxicity models and
other targets

845964 172 38 (22.1%) MKP-1; MKP-3; Cdc25B; cathepsins S, B; caspase 7;
HSD17B4; HADH2

3712327 202 36 (17.8%) MKP-1; MKP-3; Cdc25B; HSD174B4; HSP90; several
cytotoxicity models and other targets

HADH2, hydroxyacyl-coenzyme A dehydrogenase type II; HSD174B4, 17�-hydroxysteroid dehydrogenase 4; HSP, heat shock
protein.



mediated by the generation of H2O2 through a cyclic re-
dox mechanism that required both the compound and
DTT.6 ortho-Quinone-based inhibition of PTP� was time
dependent and was sensitive to both superoxide dismu-
tase and catalase.6 ortho-Quinones produced H2O2 in the
presence of strong reducing agents including DTT and
TCEP, but not when weaker reducing agents like GSH
or Cys were present.6 It was further proposed that the cel-
lular activity of the ortho-quinones might be due their in-
teraction with cellular thiol donors, such as GSH, glutare-
doxin, and thioredoxin, or other cell-associated enzyme
systems that might be able to reduce quinones and cat-
alyze the generation of H2O2.6 The CD45 receptor PTP
inhibitor, 9,10-phenanthrenedione, was also shown to
generate significant amounts of H2O2 in the presence of
DTT.6 The in vitro inhibition of Cdc25B by cell-active
quinolinediones was shown to be irreversible, time de-
pendent, and sensitive to pH, catalase, and reducing
agents.7,15 In the absence of exogenous reducing agent,
the quinones did not inhibit Cdc25B in vitro, and addi-
tion of catalase abolished Cdc25B inhibition in the pres-
ence of reducing agents, implicating redox cycling and
the generation of H2O2 as the mode of action.7,15 Inter-
estingly, addition of these quinone compounds to cells
was shown to directly trigger the production of intracel-
lular ROI.. An HTS of 
700,000 compounds to identify
inhibitors of caspase-8 produced an unusually high hit
rate (�1%), and for an initial set of 20,000 compounds,
it was found that 85% of the inhibitors were artifacts that
inhibited the enzyme through the generation of H2O2 by
redox cycling in the presence of DTT.3 Quinone and
quinonoid compound inhibition of caspase-8 was shown
to be time dependent, abolished by catalase, and required
strong reducing agents such as DTT or TCEP.3 These
quinone and quinonoid compounds failed to inhibit cas-
pase-8 in the presence of either GSH or Cys, but were
rapidly reduced in the presence of DTT as indicated by
changes in their ultraviolet/visible spectra.3 It was con-
cluded the quinone and quinonoid compounds were re-
duced by DTT and established a ROI generating cycle
that produced H2O2 that in turn inhibited the caspase-8
by oxidizing and inactivating the active site Cys of the
enzyme.3 In each case, the identification and elimination
of redox cycling compounds from the hit lists for these
targets required a hit characterization process that in-
volved several secondary follow-up assays.3,6,7

We utilized the phenol red-HRP H2O2 detection assay
to identify five redox cycling compounds in the 46 con-
firmed actives from the MKP-1 HTS (Fig. 6).8 Three of
the five redox cycling compounds were structurally re-
lated pyrimidotriazinediones (Fig. 6C). The inhibition of
MKP-1 activity for the five compounds was time depen-
dent, abolished by catalase, or significantly reduced at
higher DTT concentrations (Fig. 6 and Table 1). The in-
hibition of Cdc25B by redox-active quinolinediones was

also reversed by higher DTT concentrations, and the ini-
tial oxidation of the PTP active site Cys by H2O2 pro-
duced a sulfenic acid form that was reversible in the pres-
ence of excess DTT.6,7 The optimal DTT concentration
for H2O2 generation varied with the concentration of
DA3003-1, but in general the amount of H2O2 produced
at 10 mM DTT was reproducibly less than with lower
DTT concentrations (Fig. 2C). Although we currently
cannot explain the apparent suppression of H2O2 gener-
ation by the redox cycling of DA3003-1 in buffers con-
taining 10 mM DTT (Fig. 2C), the lower production of
H2O2 combined with the ability of excess DTT to reverse
the initial oxidation of active site Cys residues6 may both
be contributing to the reduced MKP-1 inhibition ob-
served in assays with 25 mM DTT (Table 1). Overall
these data would support the selection of weaker reduc-
ing agents such as GSH or Cys rather than DTT for the
HTS assay buffers of protein targets with active site Cys
residues susceptible to oxidation by H2O2. If, however,
the use of DTT is unavoidable, our data would suggest
that it should be utilized at concentrations �10 mM to
try to minimize the number of false-positives due to the
generation of H2O2 by redox cycling compounds.

H2O2 is a relatively mild oxidant that can oxidize the
Cys residues of proteins to Cys sulfenic acid or disulfide
that can be reduced back to Cys by cellular thiol donors
such as GSH, glutaredoxin, and thioredoxin.20,21,25,28–30

The pKa of sulfhydryl groups of most Cys residues in
proteins is �8.5, and they do not react at physiologically
significant rates with H2O2 unless the reaction is cat-
alyzed.20,21,23,25–30 The Cys thiolate anion is much more
readily oxidized by H2O2, and for some signaling pro-
teins, most notably the PTPs, the Cys has been clearly
shown to be preferentially in a thiolate form.20,21,23,25–30

The 107 PTPs found in the human genome are defined
by the active site sequence C(X)5R(S/T), with X being
any amino acid, and they are critical regulators of mam-
malian cell proliferation, differentiation, and apoptosis.24

The active site Cys of PTPs is required for catalytic ac-
tivity and performs a nucleophilic attack on the phos-
photyrosine residues of the substrate to form a covalent
thiol-phosphate intermediate followed by hydrolysis and
the release of the phosphate.20,21,23,25–27 Because of the
unique environment and the invariant arginine, PTP ac-
tive site Cys residues have an unusually low pKa of
4.7–5.4 and exist as thiolate anions at neutral pH, which
enhances catalytic function as a nucleophile but increases
susceptiblity to inactivation by H2O2.20,21,23,25–27 The
PTP Cys thiolate reacts with H2O2 to yield the sulfenic
acid of Cys, which can be reduced back to the active thi-
olate species by cellular thiol donors such as GSH.24 Ox-
idation to the sulfenic form renders the PTP enzyme in-
active against phosphorylated substrates. Sulfenic acids
are highly reactive and readily undergo further oxidation
to sulfinic and sulfonic forms, which are irreversibly ox-
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idized and inactive.20,21,23,25–27 The specific and re-
versible oxidation and inactivation of PTPs by H2O2 have
now been demonstrated for numerous PTPs involved in
the regulation of key signaling pathways controlling nor-
mal physiological processes and disease progression:
PTP1B, PTP�, LAR, VHR, PTEN, SHP-2, Cdc25B, and
MKP-3.6,7,20,21,23,25–27 Other proteins that may have crit-
ical Cys residues in the thiolate form that are susceptible
to reaction with H2O2 include activator protein 1 and nu-
clear factor �B transcription factors, caspases, and some
protein kinase C isoforms.21,25,28–30 The protein serine-
threonine phosphatases are metallo-enzymes regulated by
specific regulatory subunits, but some family members
(PP2B, PP1, and PP2A) may be inactivated by H2O2,
which has been attributed to the formation of a disulfide
bond between redox-sensitive Cys residues of the 
proteins.25 A number of protein serine-threonine kinases
and protein tyrosine kinases have been shown to be 
activated by H2O2: epidermal growth factor receptor, mi-
togen-activated protein kinase, c-Ret, Abl, Src, and
LCK.21,25,28–30 H2O2 is now considered to be a ubiqui-
tous intracellular messenger at subtoxic concentrations
that can modulate (activate/inhibit) the activity of a va-
riety of proteins, including protein phosphatases, protein
kinases, Cys proteases, transcription factors, phospholi-
pases, ion channels, and G proteins.20,21,23–30 As many
of the assays screened by the MLSCN (and uploaded to
PubChem) involve target classes susceptible to modula-
tion by H2O2, it is perhaps not surprising that the five
compounds identified in the phenol red-HRP H2O2 de-
tection assay exhibit promiscuous bioactivity profiles
(Table 2).

We describe here the development, optimization, and
validation of a simple, rapid, and inexpensive assay to
identify compounds capable of the redox cycling gener-
ation of H2O2 in the presence of DTT. This single assay
can be used to identify and eliminate redox cycling com-
pounds from primary screening hit lists that previously
required a hit characterization process involving several
secondary follow-up assays. The Pittsburgh Molecular
Library Screening Center has utilized this assay to iden-
tify redox cycling compounds among the confirmed hits
from several of our screening campaigns (Pubchem AIDs
672, 682, 683, 876, and 936) and to profile 
197,000
compounds from the NIH’s small molecule library (Pub-
Chem AIDs 878 and 1234, authors’ manuscript in prepa-
ration). Given that H2O2 is considered to be a ubiquitous
intracellular messenger at subtoxic concentrations that
can modulate (activate/inhibit) the activity of a variety of
proteins, the annotation of the NIH small molecule li-
brary should prove useful for future mining of the data
in PubChem. In addition, it will be interesting to see how
many redox cycling compounds are in the NIH’s com-
pound library and whether they will also exhibit promis-
cuous biological activity against other targets screened

by the MLSCN. The availability of additional compound
classes capable of redox cycling should provide probes
to investigate whether compound interactions with cel-
lular thiol donors and the generation of H2O2 may be the
basis of activity in cellular assays, as has been proposed
for ortho-quinones and quinolinediones.6,7
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