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Abstract
Several assay technologies have been successfully adapted and used in HTS to screen for protein
kinase inhibitors; however, emerging comparative analysis studies report very low hit overlap
between the different technologies, which challenges the working assumption that hit
identification is not dependent on the assay method of choice. To help address this issue, we
performed two screens on the cancer target, Cdc7-Dbf4 heterodimeric protein kinase, using a
direct assay detection method measuring [33P]-phosphate incorporation into the substrate and an
indirect method measuring residual ADP production using luminescence. We conducted the two
screens under similar conditions, where in one, we measured [33P]-phosphate incorporation using
scintillation proximity assay (SPA), and in the other, we detected luminescence signal of the ATP-
dependent luciferase after regenerating ATP from residual ADP (LUM). Surprisingly, little or no
correlation were observed between the positives identified by the two methods; at a threshold of
30% inhibition, 25 positives were identified in the LUM screen whereas the SPA screen only
identified two positives, Tannic acid and Gentian violet, with Tannic acid being common to both.
We tested 20 out of the 25 positive compounds in secondary confirmatory study and confirmed 12
compounds including Tannic acid as Cdc7-Dbf4 kinase inhibitors. Gentian violet, which was only
positive in the SPA screen, inhibited luminescence detection and categorized as a false positive.
This report demonstrates the strong impact in detection format on the success of a screening
campaign and the importance of carefully designed confirmatory assays to eliminate those
compounds that target the detection part of the assay.
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INTRODUCTION
Protein kinases represent one of the most important target class for small molecule discovery
and intervention,1–5 and over the years, several assay detection methodologies have been
developed and implemented for screening compound libraries to identify novel and selective
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hits against specific kinases.3,6,7 In general, these methods either measure direct
phosphorylation of the substrate or indirectly measure ATP consumption. The gold standard
kinase assay method of all times is the direct measure of [33P]-phosphate incorporation into
the substrate via tyrosine, serine or threonine amino acid residues. In terms of the assay
format, this method has evolved from the earlier days of vial-based scintillation counting
P30 filter binding paper to homogeneous scintillation proximity assays (SPA) miniaturized
in 384-well microtiter plates.8,9 More recently, however, rules and regulations governing the
health, safety and environmental issues over the production, acquisition, usage, and waste
disposal of radioactivity have prompted the exploration of alternative non-radioactive based
methods.

Non-radiometric based platforms, measuring 1) phosphorylated product such as ELISAs,10

time-resolved fluorometry (DELFIA™),11 time-resolved fluorescence resonance energy
transfer (TR-FRET),12,13 and fluorescence polarization (FP),14 or 2) ATP consumption such
as kinetic coupled assays,15 and luminescence-based assays,16 have been developed and
successfully implemented in many screening laboratories. The former platform relies on
specific anti-phosphopeptide antibodies and/or the correct peptide sequence for the
substrate. Identification of the correct peptide substrate and the corresponding antibody,
however, can be very enormously costly and time-consuming with serine/threonine kinases
in particular. The latter platform of measuring ATP consumption using firefly luciferase
does not depend on phosphopeptide antibodies. A major bottleneck of this technology,
however, is that high levels of enzyme concentration at high levels of ATP consumption are
required to produce a robust signal. The same firefly luciferase can also be used to measure
the amount of ADP produced in a kinase reaction.17 This method (ADP-Glo™) detects ATP
regeneration-based luciferase reaction resulting from nascent ADP phosphorylation. The
luminescence signal is proportional to the ADP amount and represents the kinase activity.
This detection platform requires low enzyme concentration and low ATP conversion level
and been reported to be superior over the conventional ATP consumption assays. In spite of
the so proclaimed forte, luciferase-based methods are in general susceptible to format-
specific false positives as well as negatives both of which interfere with assay components
such as luciferase inhibitors.18

Regarding correlation between different detection methods and the degree of hit overlap,
reported results are mixed. Comparative studies report limited hit overlap between different
detection technologies with an example where a performed screen of 30,000 compounds
identified very limited hit overlap amongst three methods: SPA, TR-FRET, and FP.19

Similar results were also reported using AlphaScreen™ and TR-FRET assay methods to
screen for nuclear receptor FXR inhibitors.20,21 These results beg the question of whether
identified hits in screening are supposed to show a priori inhibitory effects irrespective of
the choice of detection platform. Other studies reported high correlation between a
radiometric filter binding assay and an FP assay for ROCK-II inhibitors,22 SPA and TR-
FRET for non-receptor tyrosine kinase inhibitors,23 and ATP measurement and TR-FRET
for ROCK-II inhibitors,16 assigning high assay quality and identical biochemical settings as
essential attributing factors.23

In the present study, we conducted two screens on the cancer target, Cdc7-Dbf4 kinase,24,25

using a direct assay detection method measuring [33P]-phosphate incorporation into the
substrate and an indirect method measuring residual ADP production using luminescence. In
the first screen, we tested a collection of 2,879 compounds by measuring [33P]-phosphate
incorporation using scintillation proximity assay (the SPA method). In the second screen, we
tested a collection of 3,519 compounds (which contained 2,879 compounds in the first
screen) by measuring detected luminescence signal of the ATP-dependent luciferase after
regenerating ATP from residual ADP (the LUM method). This report evaluates these two
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methods based on the results from the two separate screens under similar experimental
conditions and addresses the question of whether the choice of detection method affects
assay performance for hit identification.

MATERIALS AND METHODS
Reagents

Hepes, NaCl, KOH, 2-mercaptoethanol (2-ME), and sodium orthovanadate were purchased
from Sigma Aldrich (St. Louis, MO). Glycerol was obtained from JT Baker (Phillipsburg,
NJ). MgCl2 was purchased from Rockland Immunochemicals (Gilbertsville, PA). DTT was
purchased from USB (Cleveland, Ohio). Tween 20 was purchased from Pierce (Rockford,
IL). Dimethyl sulfoxide (DMSO) was purchased from PHARMCO-AAPER (Brookfield,
CT). HIS TAG PS Imaging beads were purchased from GE Healthcare (Piscataway, NJ).
Non-radioactive ATP for the radiometric phosphorylation assay was purchased from Roche
Applied Science (Indianapolis, IN). [γ-33P]-ATP was purchased from Amersham
Bioscience (now part of GE Healthcare). EDTA was purchased from Fisher Scientific
(Pittsburgh, PA) and Life Technologies Corporation (Carlsbad, CA). ADP-Glo Kinase
Assay kit that contains ADP-Glo Reagent, Kinase Detection Reagent, ATP, and ADP was
purchased from Promega (Madison, WI). Staurosporine was purchased from LC
Laboratories (Woburn, MA). The dialysis buffer denotes 20 mM Hepes/KOH buffer pH 7.6
that contains 150 mM NaCl, 0.5 mM DTT, 0.01% Tween 20 (v/v), and 10% glycerol (v/v),
and the kinase buffer denotes 50 mM Hepes/KOH buffer pH 7.6 that contains 20 mM
MgCl2, 10 mM 2-ME, 2 mM sodium orthovanadate, and 10% glycerol (v/v).

Purification of the Cdc7-Dbf4 heterodimeric kinase
Sf9 cells in a 500 mL culture were co-infected with recombinant Baculovirus expressing
both polyhistidine-tagged Cdc7 (His6-Cdc7) and polyhistidine- and FLAG-tagged Dbf4
(His6-FLAG2-Dbf4), each at a multiplicity of infection of 5. At 48 hr after infection, cells
were pelleted, washed, and lysed in lysis buffer. After removal of insoluble material, the
supernatant was incubated with Nickel agarose resin (Qiagen, Valencia, CA) in batch, and
the Cdc7-Dbf4 heterodimer was eluted according to manufacturer’s protocol. Cdc7-Dbf4
heterodimer was further purified by anti-FLAG immunoprecipitation and peptide elution
according to manufacturer’s protocol (Sigma-Aldrich Co.) and dialyzed against the dialysis
buffer. The purified complex was then aliquoted and frozen under liquid nitrogen and stored
at −80 °C until use.

Development of the Cdc7-Dbf4 Kinase Assay with the SPA Method
1 μL of 10% DMSO (v/v), 100 μM staurosporine in 10% DMSO (v/v), and 450 mM EDTA
in 10% DMSO (v/v) were plated to a 384-well microtiter plate (Corning #3707: Corning,
NY). Cdc7-Dbf4 heterodimer stock was freshly diluted in the kinase buffer to a
concentration of 1 ng/μL, and 5 μL of the dilution was added the wells. After an incubation
at room temperature for 10 min, 4 μL of 50 μM [γ-33P]-ATP (5 μCi/nmol) (pH 7) were
added, and the plate was incubated for 2 hr at room temperature. 80 μL of 10 mg/mL
suspension of HIS TAG PS Imaging beads in 50 mM Tris/HCl pH 7.6 buffer with 150 mM
NaCl was dispensed, and the plate was sealed with a clear plastic adhesive seal and
incubated for 1 hr. After a centrifugation at 3,000 rpm for 30 sec, the radiometric signal was
detected with the LEADseeker™ Multimodality Imaging System (GE Healthcare).

The assay performance was assessed with three 384-well microtiter plates that contained 1%
DMSO (v/v) for the high control (the “no inhibition” control) and three 384-well microtiter
plates that contained 1% DMSO (v/v) and 45 mM EDTA for the low control (the
“inhibition” control). 1 μL of 10% DMSO (v/v) were added to the no inhibition control
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plates, and 1 μL of 450 mM EDTA in 10% DMSO (v/v) were added to the inhibition control
plates, with a custom designed 384 head on a PP-384-M Personal Pipettor (Apricot Designs,
Monrovia, CA). After this step, the reaction and detection of radiometric signal were
conducted as described in the previous paragraph, with an exception that a FlexDrop IV
dispenser (PerkinElmer, Waltham, MA) was used for liquid dispensing.

Pilot Screen by the Cdc7-Dbf4 Kinase Assay with the SPA Method
A collection of 2,879 compounds that contains known drugs and bioactives26 was screened
at concentration of 10 μM in 1% DMSO (v/v) in duplicate. 1 μL of 100 μM solution of each
compound in 10% DMSO (v/v) were transferred to 384-well microtiter plates with the
PP-384-M Personal Pipettor. 10% DMSO (v/v) was added to column 13 of each plate for the
no inhibition control, and 450 mM EDTA in 10% DMSO (v/v) was added to column 14 of
each plate for the inhibition control. The subsequent steps of Cdc7-Dbf4 kinase reaction and
the detection of the radiometric signal as described above. The assay steps are summarized
in Table 1.

Evaluation of ADP Processing Step of the LUM Method
10 mM ADP solution and 10 mM ATP solution (pH 7) from ADP-Glo Kinase Assay kit
(Promega, Madison, WI) were separately diluted to a concentration of 27 μM in the kinase
buffer. From these dilutions, 12 mixtures of ADP and ATP with a total nucleotide
concentration of 27 μM were prepared that had the following ADP concentration: 0, 0.27,
0.54, 1.08, 1.62, 2.16, 2.7, 5.4, 10.8, 16.2, 21.6, and 27 μM. 0.5 μL of 10% DMSO (v/v), 3
μL of the dialysis buffer, and 3 μL of each mixture were dispensed to a 384-well microtiter
plate (Corning #3570). Total nucleotide concentration of these mixtures was 12.5 μM, and
ADP concentrations were as follows: 0, 0.125, 0.25, 0.5, 0.75, 1, 1.25, 2.5, 5, 7.5, 10, and
12.5 μM. 6 μL of ADP-Glo Reagent from ADP-Glo Kinase Assay kit were added for ATP
depletion, and the plate was incubated for 40 min at room temperature. 12 μL of Kinase
Detection Reagent from ADP-Glo Kinase Assay kit were added for ATP regeneration and
luciferase reaction, and the plate was incubated for 30 min at room temperature. The
luminescence signal was detected with the LEADseeker.

Effects of EDTA on ADP processing were tested with a matrix of 7 ADP/ATP mixtures (0,
0.25, 0.5, 1, 1.5, 2, and 2.5 μM ADP with a total nucleotide concentration of 25 μM) and 6
EDTA dilutions (0, 10, 20, 40, 60 and 90 mM EDTA). 3 μL of each ADP/ATP mixture
were dispensed in a 384-well microtiter plate, and 3 μL of the 6 EDTA dilutions in the
dialysis buffer were added in matrix, resulting in 42 ADP/ATP/EDTA mixtures with a total
nucleotide concentration of 12.5 μM that had 7 ADP concentrations (0, 0.125, 0.25, 0.5,
0.75, 1, and 1.25 μM) and 6 EDTA concentrations (0, 5, 10, 20, 30, and 45 mM). These
mixtures were incubated for 40 min with 6 μL of ADP-Glo Reagent, and received 3 μL of
the dialysis buffer and 15 μL of Kinase Detection Reagent. After an incubation of 30 min,
the luminescence signal was detected with the LEADseeker.

Effects of EDTA on ATP regeneration and luciferase reaction were tested with the 7 ADP/
ATP mixtures (0, 0.25, 0.5, 1, 1.5, 2, and 2.5 μM ADP with a total nucleotide concentration
of 25 μM) and the 6 EDTA dilutions (0, 10, 20, 40, 60 and 90 mM EDTA) that are
described in the previous paragraph. 3 μL of the 7 ADP/ATP mixtures and 3 μL of the
dialysis buffer were dispensed in a 384-well microtiter plate. These mixtures were incubated
with 6 μL of ADP-Glo Reagent, and received 3 μL of the 6 EDTA dilutions in matrix. The
resulting 42 ADP/ATP/EDTA mixtures were incubated with 15 μL of Kinase Detection
Reagent and the luminescence signal was detected with the LEADseeker.
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Development of the Cdc7-Dbf4 Kinase Assay with the LUM Method
The assay performance was assessed with three 384-well microtiter plates for the high
control (the “no inhibition” control) and three 384-well microtiter plates for the low control
(the “no reaction” control). 0.5 μL of 10% DMSO (v/v) were added to the no inhibition
control plates and the no reaction control plates with the PP-384-M Personal Pipettor. After
this step, the FlexDrop IV dispenser was used for liquid dispensing. Cdc7-Dbf4 heterodimer
stock was freshly diluted to a concentration of 1.7 ng/μL in the kinase buffer, and 3 μL of
the dilution were dispensed to the no inhibition control plates. 3 μL of the dialysis buffer
were dispensed to the no reaction control plates. After incubation at room temperature for 20
min, 3 μL of 27 μM ATP in the kinase buffer were dispensed, and the plates were incubated
of 2 hr at room temperature. 6 μL of ADP-Glo Reagent were added for an incubation of 40
min at room temperature, and 12 μL of Kinase Detection Reagent were added for an
incubation of 30 min at room temperature. The luminescence signal was detected with the
LEADseeker.

Pilot Screen by the Cdc7-Dbf4 Kinase Assay with the LUM Method
A collection of 3,519 compounds for known drugs and bioactives (Prestwick Chemicals and
MicroSource Discovery Systems, Inc.) was screened at 10 μM concentration in 1 % DMSO
(v/v) in duplicate. This library contains 2,879 compounds tested in the previous screen with
the SPA method. 0.5 μL of each compound solution in 10% DMSO (v/v) were transferred to
384-well microtiter plates with the PP-384-M Personal Pipettor. 10% DMSO (v/v) was
added to column 13 and 14 of each plate. Cdc7-Dbf4 heterodimer stock was freshly diluted
to a concentration of 1.7 ng/μL in the kinase buffer, and 3 μL of the dilution were dispensed
to every well except for column 14 with the FlexDrop IV. 3 μL of the dialysis buffer were
manually plated to the wells in column 14 with a multichannel pipettor. After incubation at
room temperature for 20 min, 3 μL of 27 μM ATP in the kinase buffer were dispensed, and
the reaction mixtures were incubated for 2 hr at room temperature. Incubation with ADP-
Glo Reagent and Kinase Detection Reagent followed by detection of the luminescence
signal are described in the previous section. The whole assay steps are summarized in Table
2.

Dose-Response Study of the Primary Positives with the LUM Method
Three 12-point doubling dilutions of the compounds in 10% DMSO (v/v) were prepared in
an intermediate 384-well microtiter plates with 1,000, 100, and 10 μM as the upper limit.
0.5 μL of each dilution were transferred to 384-well microtiter plates with the PP-384-M
Personal Pipettor. Cdc7-Dbf4 heterodimer stock was freshly diluted to a concentration of 1.7
ng/μL in the kinase buffer, and 3 μL of the dilution were dispensed to the wells. After
incubation at room temperature for 20 min, 3 μL of 27 μM ATP in the kinase buffer were
dispensed, and the reaction mixtures were incubated for 2 hr at room temperature. The final
concentrations of each compound were 12-point doubling dilutions in 1% DMSO (v/v) with
77, 7.7, and 0.8 μM as the highest concentration. Incubation with ADP-Glo Reagent and
Kinase Detection Reagent followed by detection of the luminescence signal are described in
the previous section. Dose response was assessed in duplicate, and the dose-response curve
of the average was fitted by the logistic 4-parameter equation of SigmaPlot (Systat Software
Inc., San Jose, CA). The IC50 value was used to represent the potency of each compound.

Dose-Response Study of the Primary Positives in the ADP Processing Step of the LUM
Method

0.5 μL of the three 12-point doubling dilutions from the dose-response study in ADP
production were transferred to 384-well microtiter plates with the PP-384-M Personal
Pipettor. 3 μL of the dialysis buffer and 3 μl of the kinase buffer that contained 2.5 μM
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ADP and 22.5 μM ATP were added to the wells. Incubation with ADP-Glo Reagent and
Kinase Detection Reagent followed by detection of the luminescence signal are described in
the previous section. Dose response was assessed in triplicate, and the dose-response curve
of the average was fitted by the logistic 4-parameter equation of SigmaPlot. The IC50 value
was used to represent the potency of each compound.

Dose-Response Study of the Primary Positives in Luminescence Detection Step of the
LUM Method

3 μl of the dialysis buffer and 3 μl of the kinase buffer that contained 2.5 μM ADP and 22.5
μM ATP were plated in 384-well microtiter plates. Incubation with ADP-Glo Reagent and
Kinase Detection Reagent followed by detection of the luminescence signal are described in
the previous section. Then 0.5 μL of the 3 12-point doubling dilutions from the dose-
response study in ADP production were added, and the luminescence signal was detected
again. Dose-response was assessed in triplicate, and the dose-response curve of the average
was fitted by the logistic 4-parameter equation of SigmaPlot. The IC50 value was used to
represent the potency of each compound.

Solubility of the Primary Positives
The solubility of each compound was determined by laser nephelometry27 with the 3 12-
point doubling dilutions from the dose-response study in ADP production.

Statistical Analysis
The Z′ factor28 was used to assess assay performance. The Z′ factor constitutes a
dimensionless parameter that ranges from 1 (infinite separation) to < 0. It is defined as: Z′ =
1−(3σc+ + 3σc−)/|μc+ − μc−| where σc+, σc−,μc+ andμc− are the standard deviations (σ) and
averages (μ) of the high (c+) and low (c−) control. In the screen with the SPA method, the
high control contained 1% DMSO (v/v) (the no inhibition control) and the low control
contained 45 mM EDTA in 1% DMSO (v/v) (the inhibition control). In the screen with the
LUM method, the high control contained 1% DMSO (v/v) (the no inhibition control) and the
low control contained 1% DMSO (v/v) and the dialysis buffer with no Cdc7-Dbf4
heterodimer (the no reaction control).

Data Management
Data files from the LEADseeker were loaded into HTS Core’s Oncology Research
Information System (ORIS) and powered by ChemAxon Cheminformatic tools (ChemAxon,
Hungary).

RESULTS
Development of the Cdc7-Dbf4 Kinase Assay with the SPA Method

To screen human Cdc7-Dbf4 kinase inhibitors, we co-expressed polyhistidine-tagged Cdc7
(His6-Cdc7) and polyhistidine- and FLAG-tagged Dbf4 (His6-FLAG2-Dbf4) in Sf9 cells
using the baculovirus expression system and purified the Cdc7-Dbf4 heterodimer with
nickel-agarose and anti FLAG antibody. We developed Cdc7-Dbf4 kinase assay which
directly measures auto-phosphorylation with [γ-33P]-ATP. After the phosphorylation was
completed, a suspension of HIS TAG PS Imaging beads was dispensed to the reaction
mixture. These imaging beads bind to the phosphorylated Cdc7-Dbf4 heterodimer at the
polyhistidine tag and yield the light emission in the red region (about 615 nm) by capturing
the emitted β particles of [33P]-phosphate, which was detected with the LEADseeker.
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To select the low control (the “inhibition” control), we incubated 5 ng of Cdc7-Dbf4
heterodimer with 25 μM [γ-33P]-ATP (5 μCi/nmol) in a volume of 10 μL in the presence of
10 μM pan kinase inhibitor Staurosporine in 1% DMSO (v/v) or 45 mM EDTA in 1%
DMSO (v/v), and calculated the signal-to-background ratio (S/B ratio) and the Z′ factor28

relative to the high control (the “no inhibition” control) that contained 1% DMSO (v/v). The
volume of the control, Cdc7-Dbf4 heterodimer, and [γ-33P]-ATP was 1, 5, and 4 μL,
respectively. After an incubation of 2 hr, we dispensed 80 μL suspension of the imaging
beads to the reaction mixture and detected the radiometric signals after an incubation of 1 hr
(Figure 1A). Only EDTA inhibited the Cdc7-Dbf4 kinase activity, with a S/B ratio of about
2 in the normal scale and a Z′ factor of about 0.6. We ran the assay in three 384-well
microtiter plates that contained 1% DMSO (v/v) for the no inhibition control and three 384-
well microtiter plates that contained 45 mM EDTA and 1% DMSO (v/v) for the inhibition
control, and evaluated the assay performance by calculating percent coefficients of variation
(%CV) and the Z′ factor. Figure 1B shows a box plot of the luminescence signal of 1,152
data points of the no inhibition control and the inhibition control. The assay had an averaged
high signal of 4.0 pixel densities with the no inhibition control and an averaged low signal of
3.5 pixel densities with the inhibition control in logarithmic scale, and the S/B ratio was
about 3 in the normal scale. The CV of the no inhibition control and the inhibition control
was 0.8% and 0.9%, respectively, and the Z′ factor was 0.6 (Figure 1C). These statistics
showed assay robustness, and the low %CV value gave us confidence to conduct a pilot
screen in this assay format.

Pilot Screen by the Cdc7-Dbf4 Kinase Assay with the SPA Method
We screened a collection of 2,879 compounds that contains known drugs and bioactives26 at
10 μM concentration in 1% DMSO (v/v) in duplicate. The assay protocols are summarized
in Table 1. There were 16 wells of the no inhibition control and 16 wells of the inhibition
control per plate which monitored assay performance during the screening on the basis of
the Z′ factor for each plate. A total of 18 assay plates consistently showed a Z′ factor of
between 0.6 and 0.8 (Figure 1D).

For each data set, we calculated the percentage of inhibition relative to the no inhibition
control and the inhibition control, and plotted against each other to examine correlation
(Figure 1E). We used an inhibition threshold of 30% to select positives, and found that
Tannic acid and Gentian Violet showed greater than 30% inhibition in both data sets.

Development of the Cdc7-Dbf4 Kinase Assay with the LUM Method
We developed the Cdc7-Dbf4 kinase assay with the LUM method to indirectly measure
ADP production using ADP-Glo Kinase Assay kit.17 The scheme of this assay is depicted in
Figure 2A. This assay consists of a two step process: ADP production and ADP processing.
In ADP production, ATP is incubated with Cdc7-Dbf4 heterodimer (Cdc7-Dbf4 kinase
reaction) and hydrolyzed to ADP and inorganic phosphate. ADP processing consists of ATP
depletion, ATP regeneration, and luciferase reaction. The remaining ATP in the Cdc7-Dbf4
kinase reaction mixture is depleted by the incubation with ADP-Glo Reagent (ATP
depletion). Then ADP is converted to ATP (ATP regeneration) and subsequently used in
ATP-dependent monooxygenation of luciferin by luciferase (luciferase reaction). The
resulting luminescence signal is proportional to ADP produced in the Cdc7-Dbf4 kinase
reaction. ATP regeneration and luciferase reaction are conducted in one step by the
incubation with Kinase Detection Reagent.

The manufacturer recommends making volumetric ratio of kinase reaction mixture, ADP-
Glo Reagent, and Kinase Detection Reagent 1:1:2. To save on reagents, we reduced the
volume of the kinase reaction mixture from 10 μL in the assay with the SPA method to 6.5
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μL by changing the volume of compound, Cdc7-Dbf4 heterodimer, ATP from 1, 5, and 4
μL to 0.5, 3, and 3 μL, respectively, and added 6 μL of ADP-Glo Reagent and 12 μL of
Kinase Detection Reagent. The volumetric ratio of the kinase reaction mixture, ADP-Glo
Reagent, and Kinase Detection Reagent was 6.5:6:12. Before measuring ADP production in
the Cdc7-Dbf4 kinase reaction, we evaluated ADP processing of the LUM method which
consists of ATP depletion, ATP regeneration, and luciferase reaction. We constructed an
ADP standard curve with 12 mixtures of ADP and ATP with a total nucleotide concentration
of 12.5 μM and ADP of 0, 0.125, 0.25, 0.5, 0.75, 1, 1.25, 2.5, 5, 7.5, 10, and 12.5 μM. We
incubated these mixtures with ADP-Glo Reagent for ATP depletion and with Kinase
Detection Reagent for ATP regeneration and luciferase reaction, and measured the
luminescence signals with the LEADseeker (Figure 2B and C). The signal was proportional
to the ADP concentration in the range of 0–1.25 μM, and the S/B ratio was about 3 at 1.25
μM ADP which corresponds to 10% conversion of ATP to ADP relative to 0 μM ADP
(Figure 2C). This value is translated into the Z′ factor of higher than 0.5 in a screen. The
signal at 0 μM ADP (0 μM ADP/12.5 μM ATP) was about 1,000 pixel densities (Figure
2C), and this background became lower than 300 pixel densities when we used the buffer
that did not contain ATP (not shown). We speculated that this background was the signal of
contaminated ADP in the ATP reagent in the ADP-Glo Kinase Assay kit.17

We observed that 45 mM EDTA inhibited the Cdc7-Dbf4 kinase activity in the SPA method
(Figure 1A) and hence, used EDTA of this concentration as the inhibition control (Figure
1B). The manufacturer recommends maintaining the final magnesium ion concentration at
least 0.5 mM in the LUM method. We tested the effects of EDTA on ADP processing by
titrating EDTA concentration in a matrix with ADP/ATP mixtures under the Cdc7-Dbf4
kinase reaction conditions that contained 10 mM MgCl2. We plated 42 ADP/ATP/EDTA
mixtures with a total nucleotide concentration of 12.5 μM and 7 ADP concentrations (0,
0.125, 0.25, 0.5, 0.75, 1, and 1.25 μM) and 6 EDTA concentrations (0, 5, 10, 20, 30 and 45
mM) in a 384-well microtiter plate, incubated these mixtures with ADP-Glo Reagent and
Kinase Detection Reagent, and measured the luminescence signal (Figure 2D). With 5 mM
EDTA, the signals were comparable to the data of 0 mM EDTA and proportional to the
ADP concentration. At 10 mM of EDTA and higher concentration, the signals were about
10 times higher and lost correlation with the ADP concentration.

To dissect the effects of EDTA in ADP processing of the LUM method, we added the
EDTA reagents to the ADP/ATP mixtures after ATP depletion. The LUM method uses
luciferase from firefly Photuris pennsylvanica which requires magnesium ions.17 Unlike the
results of the previous experiment in which the EDTA reagents were added before ATP
depletion (Figure 2D), the luminescence signal predictably decreased with the addition of
the EDTA reagents of the same volume after ATP depletion (Figure 2E), presumably
because EDTA inhibited luciferase in Kinase Detection Reagent by chelating magnesium
ion. We present a possible scenario of the addition of 45 mM EDTA to the Cdc7-Dbf4
kinase assay with the LUM method (Figure 2F). EDTA at 45 mM in Cdc7-Dbf4 kinase
reaction inhibits ADP production, leaving ATP in the reaction mixture. In ADP processing,
EDTA (diluted to be 22.5 mM with the addition of ADP-Glo Reagent) inhibits ATP
depletion, leaving intact ATP. In the next step, EDTA (diluted to be 11.3 mM with the
addition of Kinase Detection Reagent) inhibits luciferase reaction. Overall, the signal with
45 mM EDTA would be higher than 0 mM EDTA (the high control). We predicted these
results by comparing the signals between 1.25 μM ADP of 0 mM EDTA and 0 μM ADP of
45 mM EDTA in Figure 2D, and decided to replace EDTA as the inhibition control with the
dialysis buffer that did not contain Cdc7-Dbf4 heterodimer as the “no reaction” control.

We evaluated the performance of the LUM method by conducting Cdc7-Dbf4 kinase
reaction under the similar conditions in the assay with the SPA method for ATP
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concentration, buffer, and incubation time. We had three 384-well plates that contained 1%
DMSO (v/v) as the no inhibition control and three 384-well plates that contained 1% DMSO
(v/v) but no Cdc7-Dbf4 heterodimer as the no reaction control. Figure 3A shows a box plot
of the luminescence signal of 1,152 data points of each control. The assay had an averaged
high signal of 3.5 pixel densities with the no inhibition control and an averaged low signal of
2.9 pixel densities with the no reaction control in the logarithmic scale. The signal ratio of
these controls in the normal scale was about 4. Data variability was low, with CVs of 1.4%
and 1.3% for the no inhibition control and the no reaction control, respectively, and Z′
factor was 0.6 (Figure 3B). We concluded that the LUM method with the no reaction control
showed comparable statistics with the SPA method with the inhibition control and was
compatible for the pilot screen of the same compound colletion for the comparison.

Pilot Screen by the Cdc7-Dbf4 Kinase Assay with the LUM Method
We screened a collection of 3,519 compounds that contained 2,879 compounds tested in the
previous screen with the SPA method. The whole assay steps are summarized in Table 2.
We tested these compounds at 10 μM in 1% DMSO (v/v) in duplicate, and monitored assay
performance during the screening by the Z′ factor of each plate, using 16 wells of the no
inhibition control and the no reaction control per plate. A total of 20 assay plates
consistently showed a Z′ factor of higher than 0.5 (Figure 3C). These statistics were
comparable to those obtained in the control run (Figure 3B) and showed assay robustness
and consistency.

Figure 3D shows the plot of the percentage of inhibition relative to the no inhibition control
and the no reaction control between Set 1 and 2. Some compounds inhibited Cdc7-Dbf4
kinase activity at percent inhibition of even higher than 50%. These results were in contrast
to the previous screen with the SPA method, in which only Tannic acid and Gentian violet
showed 30~50% inhibition (Tannic acid showed 34% and 33% inhibition in Set 1 and Set 2,
respectively; and Gentian violet, 54% and 43% inhibition in Set 1 and Set 2, respectively
(Figure 1E)). We arbitrarily chose the same threshold at 30% inhibition which we used in
the previous screen, and identified 25 positives showing percent inhibition of higher than
30% in at least one data set (13 compounds in both sets, 7 compounds only in Set 1, 5
compounds only in Set 2: Figure 3D). The initial hit rate of this screen was 0.71%.
Interestingly, between the 2 positives in the previous screen, only Tannic acid was positive
with the LUM method (46% and 52% inhibition in Set 1 and Set 2, respectively), and
Gentian acid was inactive in both data sets (23% inhibition in both sets).

To compare the SPA method and the LUM method against the same compounds, we
calculated the average of the percent inhibition of two data sets of the collection of 2,879
compounds tested in both screens. Surprisingly, there was no correlation of these averages
between these methods (Figure 3E). All of the positives in the LUM method (25 compounds
which showed higher than 30% inhibition in at least one data set: Figure 3D) were also
tested in the previous screen with the SPA method, and the average of the percent inhibition
was lower than 30% for most of them (Figure 3E). The only exception was Tannic acid,
which was positive in both methods (49% inhibition in the LUM method and 34 %
inhibition in the SPA method). Gentian violet, another positive in the SPA method (49%
inhibition), was inactive in the LUM method (23% inhibition). (Note: 12 positives in the
LUM method were active only in one of the two data sets (Figure 3D) and the average of
some of these compounds was lower than 30% (Figure 3E). But Gentian violet was inactive
in both data sets (Figure 3D).) Overall, screening of the identical compound collection under
the similar conditions identified 25 positives with the LUM method (the hit rate of 0.87%)
and only 2 positives with the SPA method (the hit rate of 0.07%), with Tannic acid being
common to both. The LUM method identified 24 positives which were missed with the SPA

Takagi et al. Page 9

Comb Chem High Throughput Screen. Author manuscript; available in PMC 2013 May 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



method. These results show that the LUM method has much higher sensitivity than the SPA
method and the selection of this method gave a strong impact on hit identification.

Confirmatory Study of the Primary Positives
Among the 26 positives combined from the two screens (25 positives in the LUM method, 2
positives in the SPA method), 20 positives were resupplied (Table 3) for confirmatory study.
These 20 positives were the collection of 19 positives in the LUM method and 2 positives in
the SPA method (one overlap in both methods). Among the 19 positives in the LUM
methods, 9 positives were positive in both sets and 10 positives were positives only in one
set. We also included 12 known kinase inhibitors (Table 4), and studied dose response of
these 32 compounds by the Cdc7-Dbf4 kinase assay with the LUM method. We prepared
three 12-point doubling dilutions of each compound starting from 77, 7.7 and 0.8 μM as
upper limits, and conducted the Cdc7-Dbf4 kinase assay to measure ADP production with
the LUM method. Using the same compound dilutions, we also studied dose response in
ADP processing and luminescence detection of the LUM method to identify false positives
which inhibit these steps, not the Cdc7-Dbf4 kinase reaction. To study dose response in
ADP processing, we added each compound dilution to an ADP/ATP mixture that contained
1.25 μM ADP and 11.25 μM ATP, incubated these mixtures with ADP-Glo Reagent and
Kinase Detection Reagent for ADP processing, and measured the luminescence signal. To
study dose response in luminescence detection, we incubated the same ADP/ATP mixture
(without compounds) with ADP-Glo Reagent and Kinase Detection Reagent to complete
ADP processing, and compared the luminescence signal before and after adding each
compound dilution. We also checked the solubility of these compounds by laser
nephelometry27 to rule out the possibility that the inhibition of the Cdc7-Dbf4 kinase
activity by these compounds is due to a low solubility.29 We conducted dose response in
ADP production in duplicate, and other studies in triplicate.

Among the 20 positives which were resupplied and tested, 14 compounds (70%) exhibited
dose response in ADP production at concentrations lower than 77 μM, with apparent IC50
values ranging from 0.6 to 60 μM (Table 3). In contrast, none of the 12 kinase inhibitors
showed inhibition (Table 4). The negative results of these kinase inhibitors show the high
purity of the Cdc7-Dbf4 heterodimer preparation.

The laser nephelometry did not show any solubility limit lower than 77 μM of the 14
positives which inhibited ADP production with an IC50 of 0.6~60 μM. 6 compounds,
Iriginol hexaaceatate, Hematein, Caffeic acid, Myricetin, Ferulic acid, and Quercetin, did
not inhibit ADP processing or luminescence detection and were confirmed Cdc7-Dbf4
kinase inhibitors (Figure 4, Table 3).

Other 6 compounds, Ellagic acid, Irigenol, Epicatechin monogallate, Epigallocatechin-3-
monogallate, Tannic acid, and Theaflavin monogallates, inhibited ADP production with an
IC50 of 1~40 μM. Interestingly, these compounds increased the luminescence signal of ADP
processing at higher concentration than in the range of ADP production inhibition (Figure
5A–5F, Table 3). These results were similar to the data of EDTA addition (Figure 2D),
which indicate that these primary positives also inhibit ATP depletion. Ellagic acid showed
an IC50 of about 0.8 μM in ADP production at lower than 10 μM, but the inhibition of ATP
depletion became dominant and masked the inhibition of ADP production at higher than 10
μM (Figure 5A). Tannic acid, which was the only overlap between the 2 assays, showed an
IC50 of about 0.8 μM in ADP production (Figure 5E). This compound also inhibited ATP
depletion at higher than 0.2 μM, and this inhibition started to decline at 10 μM, the
concentration at which this compound inhibits luminescence detection. Because the
concentration of these 6 compounds for the inhibition of ADP production was 10~102 times
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lower than the range for the inhibition of ATP depletion and luminescence detection, we
categorized these compounds as Cdc7-Dbf4 kinase inhibitors.

Gentian violet, one of the 2 positives in the screen with the SPA method, and Pararosaniline
pamoate inhibited luminescence detection in the same dose dependent fashion for the ADP
production inhibition (Figure 5G and 5H, Table 3) and were categorized as false positive.
The rest of the compounds did not reproduce their positive results in the primary screen with
the LUM method (Table 3). Among the 19 positives with the LUM method, we confirmed
12 compounds as Cdc7-Dbf4 kinase inhibitors, with a confirmation rate of 63% (12/19). In
the 9 LUM positives that were positive in both sets, we confirmed 6 compounds, with a
confirmation rate of 67% (6/9). In the 10 LUM positives that were positive only in one set,
we confirmed 6 compounds, with a confirmation rate of 60% (6/10).

DISCUSSION
Based on the kinase assay results from several comparative studies, serious doubts were
raised over the supposition that identical hits should be identified independent of detection
technology.19–21 The counter-argument, by contrast, contended that different assay
technologies should lead to identical hits so long as high-quality experimental settings were
ensured.23 Our results show that this is not always the case. In the SPA and LUM methods,
we incubated Cdc7-Dbf4 kinase with ATP under the similar conditions for ATP
concentration, buffer composition, and incubation time. Both methods showed high
performance, with the Z′ factor of 0.7 (Figure 1D) and 0.6 (Figure 3C). Nonetheless, no data
correlation was observed between the two methods (Figure 3E), suggesting that the choice
of detection technology had an impact on hit identification. Even under the identical
selection criteria of 30% in percent inhibition, the SPA method identified only two
compounds while the LUM method identified 25 compounds (Figure 1E and Figure 3D).
The two compounds identified in the SPA screen were Tannic acid and Gentian violet
(Figure 1E), with only the former as an overlap with the LUM screen (Figure 3E). Tannic
acid is known to be a non-specific inhibitor which is also active in other assays,26,27 and
inhibits ATP depletion of the LUM method (Figure 5E). Gentian violet showed dose
response in luminescence detection of the LUM method in the same fashion in ADP
production (Figure 5G) and was judged as false positive. This result suggests the possibility
that the result of this compound in the SPA method may also have been a false positive. Of
the 25 positives from the LUM screen, we tested 19 positives and confirmed 12 positives.
The overall confirmation rate was 63%. The confirmation rate was comparable between the
9 LUM positives that were positive in both sets (67%) and the 10 LUM positives that were
positive only in one set (60%).

In contrast to the reported, comparable IC50 values obtained from equivalent luminescent
and phosphorylation radiometric assays30 suggesting similarity in assay sensitivity, our
results provided a different picture in that the former assay actually displayed a higher level
of sensitivity than the latter one. One possible scenario that accounts for this discrepancy
may stem from the difference in reaction conditions between the two assays. Specifically,
ATP concentration was 103 times higher in the luminescence assay for ADP production
(equivalent to our LUM method) than in the radiometric assay for phosphorylation
(equivalent to our SPA method).30 In terms of signal detection mechanisms, the SPA
method relies on direct measurement of phosphate incorporation into the substrate and is
dependent upon the proximity between imaging beads and [33P]-phosphate incorporated into
the Cdc7-Dbf4 kinase. The LUM method, by contrast, measures ADP production in a
proximity independent manner. The very feature of the proportionality between the signal
and the amount of ADP renders the signal being amplified into a wide spectrum of dynamic
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ranges, hence giving rise to the higher level of sensitivity of the LUM method compared to
the SPA method.

Independency of the LUM method upon proximity may also be an advantage over non-
radiometric based platforms such as DELFIA, TR-FRET, and AlphaScreen all of which
depend on proximity. Another advantage of the LUM method is that it is equipped with a
broader range of ATP concentration levels (up to 1 mM17) in comparison to radiometric and
non-radiometric platforms. Even the ATP consumption assay platform using the same firefly
luciferase16 requires high levels of enzyme concentration at high levels of ATP consumption
for a robust assay window to detect decrease of the signal. In contrast, the LUM method
detects the signal increase and therefore has big dynamic range at lower enzyme
concentration and ATP conversion level. The luminescence-based assay in general is
susceptible to false positive results produced by luciferase inhibitors which widely exist in
the combinatorial library.18,31 The LUM method uses luciferase from firefly Photuris
pennsylvanica which is less susceptible than a generic luciferese from firefly Photinus
pyralis.18,31 The LUM method is also susceptible to false positives which inhibit luciferase
detection and the components of ATP regeneration, and false negatives which inhibit ATP
depletion. However, our study provides lines of supporting evidence that a methodically
designed confirmation assay can eliminate such false results and identify the compounds
with true activity against the target.

CONCLUSION
We report the comparison of performance between the SPA method and the LUM method in
the pilot screen for Cdc7-Dbf4 kinase inhibitors. Our results show that the choice of
detection can be a strong impact on hit identification even when the assay is conducted
under high quality and similar conditions. Ideally, the assay development scientist should
test a set of samples in several detection technologies under the identical reaction conditions
and select the one that shows the highest assay quality. We also show the advantages of the
LUM method against the SPA method with respect to high assay sensitivity and
performance. Together with the recent report of miniaturization of this method in the 1536-
well plate format,31 our report opens the door to an adaptation of this method to HTS of
large chemical libraries.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

SPA scintillation proximity assay

ELISA enzyme-linked immunosorbent assay
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DELFIA dissociation enhanced lanthanide fluorescence immunoassay

TR-FRET time-resolved fluorescence resonance energy transfer

FP fluorescence polarization

LUM luminescence detection of ADP production

Avg average

SE standard error
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Figure 1. Pilot screen by the Cdc7-Dbf4 kinase assay with the SPA method
(A). Control selection. 5 ng of Cdc7-Dbf4 heterodimer were incubated in a volume of 10 μL
for 2 hr at room temperature with 25 μM [γ-33P]-ATP (5 μCi/nmol) in the presence of 1%
DMSO (v/v), 10 μM Staurosporine in 1% DMSO (v/v), or 45 mM EDTA in 1% DMSO (v/
v) in a 384-well microtiter plate. HIS TAG PS Imaging beads were dispensed, and the plate
was sealed and incubated for 1 hr. After a centrifugation for 30 sec at 3,000 rpm, the
radiometric signal was detected with the LEADseeker. The results are the average ±
standard error (Avg ± SE) of 10 data points (n=10). (B). Control assessment. Three 384-well
micro-titer plates contained 1% DMSO (v/v) as the “no inhibition” control and three 384-
well micro-titer plates contained 45 mM EDTA in 1% DMSO (v/v) as the “inhibition”
control. The radiometric signal of 1,152 data points is presented as a box plot. (C). Statistics
of the no inhibition control and the inhibition control with 1,152 data points. (D). Pilot
screen of a collection of 2,879 compounds. Screen was conducted in duplicate, with 18
assay plates. Chart of the Z′ factor of each assay plate is presented. The Z′ factor was
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calculated with the average and standard deviation of the radiometric signal of 16 wells of
the no inhibition control and the inhibition control. The results of 9 assay plates of Set 1 (□)
and 9 assay plates of Set 2 (■) are shown. Dotted line shows the average of the Z′ factor of
the 18 assay plates (0.76). (E). Scatter plot analysis of the pilot screen data correlating the
percent inhibition of the duplicate data. X- and Y-axis shows the percent inhibition of each
compound in Set 1 and 2, respectively. Tannic acid and Gentian violet showed the inhibition
of higher than 30% (dotted lines) in both data sets and were selected as positives (●).
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Figure 2. Evaluation of ADP processing step of the LUM method
(A). Scheme of the LUM method to detect ADP produced in Cdc7-Dbf4 kinase reaction.
This assay consists of a two step process: ADP production and ADP processing. In ADP
production, ATP (○) is incubated with Cdc7-Dbf4 heterodimer (Cdc7-Dbf4 kinase reaction)
and hydrolyzed to ADP (●) and inorganic phosphate (not shown). ADP processing consists
of the following 3 steps: ATP depletion, the depletion of the remaining ATP; ATP
regeneration, the conversion of the nascent ADP to ATP; luciferase reaction, ATP-
dependent monooxygenation of luciferin by luciferase. ATP depletion is conducted by
incubation with ADP-Glo Reagent, and ATP regeneration and luciferase reaction are
conducted in a single step by incubation with Kinase Detection Reagent. The luminescence
signal is proportional to ADP produced in the Cdc7-Dbf4 kinase reaction. (B). ADP
standard curve. 12 mixtures of ADP and ATP with a total nucleotide concentration of 12.5
μM and ADP of the indicated concentration were prepared. Each mixture was incubated
with ADP-Glo Reagent and Kinase Detection Reagent, and the luminescence signal was
detected with the LEADseeker. The results are the Avg ± SE of 14 data points (n=14), and
curve of the average was fitted by the single 3-parameter equation of SigmaPlot. (C).
Magnified results in the range of 0–1.25 μM ADP indicated with dotted lines in Panel (B).
(D). EDTA effects on ADP processing. 42 ADP/ATP/EDTA mixtures of a total nucleotide
concentration of 12.5 μM with 7 ADP concentrations and 6 EDTA concentrations were
dispensed in a volume of 6 μL in a 384-well micro-titer plate. After incubation with 6 μL of
ADP-Glo Reagent, 3 μL of the dialysis buffer and 15 μL of Kinase Detection Reagent were
dispensed, and after an incubation, the luminescence signal was detected with the
LEADseeker. The results are the Avg ± SE of 4 data points (n=4). (E). EDTA effects on
ATP regeneration and luciferase reaction. 6 μL of the 7 ADP/ATP mixtures with a total
nucleotide concentration of 12.5 μM were incubated with 6 μL of ADP-Glo Reagent, and
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received 3 μL of the 6 EDTA dilutions of 0, 10, 20, 40, 60 and 90 mM in matrix. The
mixtures were incubated with 15 μL of Kinase Detection Reagent for ATP regeneration and
luciferase reaction and the luminescence signal was detected with the LEADseeker. The
results are the Avg ± SE of 4 data points (n=4). Note that X-axis corresponds to the x-axis of
the graph in panel (D) and does not show the final concentration in the reaction mixtures for
ATP depletion and luciferase reaction. See Materials and Methods for details. (F). Scheme
of the EDTA effects on ADP production and ADP processing. EDTA at 45 mM in the Cdc7-
Dbf4 kinase reaction inhibits ADP production, ATP depletion, and luciferase reaction. See
text for details.
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Figure 3. Pilot screen by Cdc7-Dbf4 kinase assay with the LUM method
(A). Control assessment. Three 384-well plates contained 1% DMSO (v/v) and 5 ng Cdc7-
Dbf4 heterodimer as the “no inhibition” control, and three 384-well plates contained 1%
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DMSO (v/v) and the dialysis buffer that did not contain Cdc7-Dbf4 heterodimer as the “no
reaction” control. The luminescence signal of 1,152 data points is presented as a box plot.
(B). Statistics of the no inhibition control and the no reaction control with 1,152 data points.
(C). Pilot screen of a collection of 3,519 compounds. Screen was conducted in duplicate,
with 20 assay plates. The Z′ factor of each assay plate is presented. The Z′ factor was
calculated with the average and standard deviation of pixel density of the luminescence
signal of 16 wells of the no inhibition control and the no reaction control. The results of 10
assay plates of Set 1 (□) and 10 assay plates of Set 2 (■) are shown. Dotted line shows the
average of the Z′ factor of the 20 assay plates (0.61). (D). Scatter plot analysis of the pilot
screen data correlating the percent inhibition of the duplicate data. X- and Y-axis shows the
percent inhibition of each compound in Set 1 and 2, respectively. A total of 25 compounds
that showed the percent inhibition of higher than 30% threshold (dotted lines) in either both
Set 1 and Set 2 (●), in Set 1 (▲), or in Set 2 (▼) were selected as the positives. Tannic acid
and Gentian violet, the two positives in the previous screen with the SPA method (Figure
1E), are indicated with arrows. Tannic acid showed 46% and 52% inhibition in Set 1 and Set
2, respectively. Gentian violet showed 23% inhibition in both sets. (E). Scatter plot of the
averaged percent inhibition of 2,879 compounds between the SPA method and the LUM
method. The average of the duplicate data in each method is shown. Black circles (●)
indicate the 25 positives of the LUM method (Panel D) and the 2 positives of the SPA
method, Tannic acid and Gentian violet (Figure 1D). Gentian violet was positive only in the
SPA method, and Tannic acid was positive in both methods. Note that some of the positives
in the LUM method showed higher than 30% inhibition in one of the two data sets (▲ and
▼ in Panel D) and the averages of some of such compounds are lower than 30%. There is no
correlation between the 2 methods (r2=2E-7).
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Figure 4. Dose response of 6 confirmed Cdc7-Dbf4 kinase inhibitors
The results of ADP production (●), ADP processing (▲), and luminescence detection (■)
of the following 6 compounds in the LUM method are shown: (A). Iriginol hexaaceatate;
(B). Hematein; (C). Caffeic acid; (D). Myricetin; (E). Ferulic acid; (F). Quercetin. The
results of luminescence detection before each compound dilution was added are also shown
(□). The results of ADP production are the Avg ± SE of 2 data points (n=2), and the results
of ADP processing and luminescence detection are the Avg ± SE of 3 data points (n=3).
Dose response curve of the average was fitted by the logistic 4-parameter equation of
SigmaPlot. Solid lines show the curve fit of ADP production. The IC50 values of ADP
production of each compound are as follows: (A). Iriginol hexaaceatate, 1.01±0.04 μM; (B).
Hematein, 3.13±0.36 μM; (C). Caffeic acid, 6.19±0.42 μM; (D). Myricetin, 12.04±2.55
μM; (E). Ferulic acid, 13.19±3.90 μM; (F). Quercetin, 59.71±28.56 μM.
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Figure 5. Dose response of 6 confirmed Cdc7-Dbf4 kinase inhibitors that also inhibit ATP
depletion and 2 false positives that inhibit luminescence detection
The results of ADP production (●), ADP processing (▲), and luminescence detection (■)
of the following 8 compounds in the LUM method are shown: (A). Ellagic acid; (B).
Irigenol; (C). Epicatechin monogallate; (D). Epigallocatechin-3-monogallate; (E). Tannic
acid; (F). Theaflavin monogallates. (G). Gentian violet; (H). Pararosaniline pamoate. The
results of luminescence detection before each compound dilution was added are also shown
(□). The results of ADP production are the Avg ± SE of 2 data points (n=2), and the results
of ADP processing and luminescence detection are the Avg ± SE of 3 data points (n=3).
Dose response curve of the average was fitted by the logistic 4-parameter equation of
SigmaPlot. Solid line show the curve fit of ADP production. The IC50 values of ADP
production of Ellagic acid, Irigenol, Epicatechin monogallate, Epigallocatechin-3-
monogallate, Tannic acid, and Theaflavin monogallates are as follows: (A). Ellagic acid,
0.77±0.06 μM; (B). Irigenol, 1.15±0.07 μM; (C). Epicatechin monogallate, 33.66±7.55 μM;
(D). Epigallocatechin-3-monogallate, 38.64±24.93 μM; (E). Tannic acid, 0.77±0.24 μM;
(F). Theaflavin monogallates, 4.27±0.53 μM. The IC50 value of Ellagic acid is determined
with the data of the concentration of lower than 10 μM. Short dash lines show the curve fit
of luminescence detection of Tannic acid and Theaflavin monogallates. The IC50 values of
luminescence detection of these compounds are greater than 77 μM. The IC50 values of
ADP production, ADP processing, and luminescence detection of Gentian violet and
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Pararosaniline pamoate are as follows: (G). Gentian violet: 12.81±2.57 μM, 9.47±0.58 μM,
10.31±1.01 μM; (H). Pararosaniline pamoate: 14.94±4.66 μM, 9.04±0.82 μM, 11.64±1.89
μM.
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