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ABSTRACT

ATP depletion and ADP formation are generic detection methods used
for the identification of kinase and other ATP-utilizing enzyme inhibi-
tors in high-throughput screening campaigns. However, the most widely
used nucleotide detection approaches require high ATP consumption
rates or involve the use of coupling enzymes, which can complicate the
selection of lead compounds. As an alternative, we have developed the
Transcreener® (BellBrook Labs, Madison, WI) platform, which relies
on the direct immunodetection of nucleotides. Here we describe the
development of antibodies with >100-fold selectivity for ADP versus
ATP, which enable robust detection of initial velocity rates (Z' > 0.7
at 10% substrate consumption) at ATP concentrations ranging from
0.1 uM to 1,000 uM in a competitive fluorescence polarization (FP)
immunoassay. Competitive binding experiments indicate similar affini-
ties for other nucleotide diphosphates, including 2’-deoxy ADP, GDP,
and UDP. The antibody-tracer complex and the red-shifted, ratiometric

FP signal are stable for at least 24 h at room temperature, providing
suitable conditions for high-throughput screening. A method for calcu-
lating a kinase ATP X with this FP immunoassay is also presented.
The Transcreener ADP assay provides a simple, generic assay platform
for inhibitor screening and selectivity profiling that can be used for any
ADP-generating enzyme.

INTRODUCTION
rotein kinases are targeted by pharmaceutical companies for
a broad range of diseases and disorders, especially cancers.'?
Clinical success with small molecule kinase inhibitor drugs, most
notably imatinib mesylate, a BCR-ABL inhibitor used to treat
chronic myelogenous leukemia, has provided validation for the therapeu-
tic targeting of kinases,’ the most intensively screened target class.>*
Despite its increasing importance, kinase drug discovery has been
hampered by a lack of screening assays capable of rapidly accommo-
dating the diverse kinase superfamily. Nonradioactive, homogeneous
assays are preferable for HTS, and fluorescence and bioluminescence
are the most common readouts.>® Binding of tagged phosphopeptides
to antibody or immobilized metal ions”® and electrophoretic sepa-
ration of the negatively charged peptides® are popular HTS assays
for kinases, but regardless of the readout, they are not generic, i.e.,
reagent development is required for different subsets of kinases. The
time and money required to develop phosphopeptide-based assay
methods for kinases with novel recognition sequences delay the

ABBREVIATIONS: Ab1, antibody 1; Ab2, antibody 2; cAMP, adenosine 39,59-cyclic monophosphate; CK, common kinase; DmP, change in millipolarization; EC50 and ECBS,
antibody concentration at 50% and 85% of its saturation, respectively; FP, fluorescence polarization; HPLC, high-performance liquid chromatography; IC, , competitor

(inhibitor) concentration that results in a 50% reduction in signal; KD, dissociation constant; Km, Michaelis-Menten constant; LLD, lower limit of ADP detection; mP,

millipolarization; V., initial velocity.

initial"

56 ASSAY and Drug Development Technologies FEBRUARY 2009

DOI: 10.1089/adt.2008.175



screening of promising new targets. Moreover, there is a growing
interest in using native protein acceptor substrates for screening
because this approach allows for the identification of more diverse
inhibitor types. This approach has resulted in some of the most selec-
tive kinase inhibitors discovered to date.'®'> HTS with native protein
substrates is either not possible or restricted to varying degrees by
phosphopeptide-based detection methods.

As all kinase reactions include the conversion of ATP to ADP,
detection of either nucleotide is the only truly generic method to assay
kinase activity. Luciferase has been used to monitor ATP consump-
tion,">'* but this approach requires a high level of substrate turnover
to generate adequate signal to background ratios. Coupled enzyme
assays that generate a chromogenic or fluorescent product such as
NADH or resorufin have been employed to detect ADP produced in
kinase reactions,'>'® but these methods are prone to interference from
test compounds, especially because one of the coupling enzymes is
generally a glycolytic kinase.''® To overcome these and other tech-
nical hurdles encountered with group transfer enzyme targets, we
developed the Transcreener® (BellBrook Labs, Madison, WI) assay
platform, which relies on direct detection of the invariant product of
a group transfer reaction.’ ADP, which is produced by all members
of the kinase family, displaces a fluorescently labeled tracer in a
homogeneous, competitive fluorescence polarization (FP) immunoas-
say (Fig. 1). This platform thus accommodates any kinase and any
acceptor substrate. The two key Transcreener ADP assay components
are a selective monoclonal anti-ADP antibody and a high-affinity,
red-shifted fluorescent ADP tracer. Huss et al.?° first validated the
Transcreener technology as an HTS assay format using protein kinase
A and kemptide, reporting excellent correlations with values for
competitor (inhibitor) concentration that results in a 50% reduction in
signal (IC, ) determined using the traditional »*P-radioassays.

The generic properties of the Transcreener platform enable pre-
viously intractable ATP-utilizing drug targets to be screened as
well. For example, inhibitor identification for acetyl-coenzyme A
carboxylases, which play a key role in fatty acid biosynthesis and
oxidation, was difficult because the existing complex radioactive
assays, including chromatic purification of malonyl-coenzyme A,*!
were not easily adapted to HTS. By monitoring ADP production
using the Transcreener ADP Assay, Liu et al.** successfully identi-
fied several inhibitors from a>500,000 compound library.

In this report we present a detailed characterization of the key
components of the Transcreener ADP assay, the antibody and tracer,
and demonstrate how to obtain the maximal assay signal, especially at
high ATP:ADP ratios typically found in kinase reactions. We examine
the robustness of the assay at low ATP conversion (mimicking initial
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FIG. 1. Schematic of the Transcreener ADP assay principle. ADP pro-
duced during transfer of phosphate to acceptor substrate is detected
using a competitive FP immunoassay. Unlike antibody-bound tracer
(high mP), displaced tracer (low mP) spins rapidly in solution, resulting
in a lower proportion of emitted polarized light. Because ADP detection
relies on detection of the invariant reaction product, the same detec-
tion reagents can be used for any kinase and any substrate or any
ADP-producing enzyme.

velocity [V, .| conditions) and investigate signal stability over time.
We also demonstrate its use for kinetic analysis by determining the

Michaelis-Menten constant (K ) for ATP with a target kinase.

MATERIALS AND METHODS
Materials

The monoclonal ADP antibodies and Transcreener ADP assay
were developed at BellBrook Labs. Alexa Fluor®633 succinimidyl
ester was purchased from Invitrogen (Carlsbad, CA) and conjugated
to ADP. The GenPlus compound library was from MicroSource
(Gaylordsville, CT) and was supplemented with the BIOMOL
(Plymouth Meeting, PA) kinase inhibitor library and other kinase
inhibitors from EMD Chemicals Inc., an affiliate of Merck KGaA
(Darmstadt, Germany). ATP was purchased from Bioline (London,
UK) as a component of the NTP Set (catalog number Bio-39052)
(Vendor 1) or from Sigma (St. Louis, MO) (catalog number A7699)
(Vendor 2). Other nucleotides and basic buffer components were
purchased from Sigma or Fisher Scientific (Hampton, NH). The
kinase and kinase substrate were supplied by Schering-Plough
Research Institute (Oss, The Netherlands).

Standard Plate and Instrumentation Settings

Assays were performed in black Corning® (Corning, NY) 384-well
flat-bottom microplates (catalog number 3654) or black Corning
384-well round-bottom low-volume polystyrene non-binding sur-
face microplates (catalog number 3676). Mixing after additions was
performed by orbital shaking for 1 min. Unless otherwise noted,
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20-ul assays were equilibrated for 1 h at room temperature before
the plate was read on the instrument.

FP measurements utilizing the ADP-Alexa Fluor633 tracer were
performed on a Tecan (Durham, NC) Safire”™ plate reader using 635 nm
excitation (light-emitting diode) and 670 nm emission (20 nm band-
width) settings. The free tracer reference was set to 20 millipolarization
(mP) units, and the buffer (with or without antibody) was used as the
buffer blank for both the sample and free tracer reference wells.

High-Performance Liquid Chromatography (HPLC)
Nucleotide purity was assessed by HPLC.? Aqueous solutions of
ADP and ATP (100 pumol) were injected onto a Dionex (Sunnyvale,
CA) Carbopac™ PA-1, 4- X 250-mm column equilibrated with 200
mM sodium acetate in 1 mM NaOH. The nucleotides were then
eluted by varying the sodium acetate concentration in 1 mM NaOH:
200-550 mM sodium acetate for 10 min, 550 mM sodium acetate
for 15 min, 550-800 mM sodium acetate for 10 min, and 800-1,000
mM sodium acetate for 5 min. The flow rate was 1 ml/min. Retention
times for ADP of 20.3 min and ATP of 37.2 min were measured.

Assay Development

The antibody-tracer pair used for FP assay development was
identified by performing antibody equilibrium binding curves and
nucleotide competition binding assays with the ADP-Alexa Fluor633
tracer. Antibodies were titrated twofold in conditions typical of
a quenched kinase reaction, i.e., 50 mM HEPES (pH 7.5), 0.01%
Brij®-35 (trademark of Akzo Nobel [Amsterdam, The Netherlands]), 1
mM EGTA, 2 mM MgClZ, 0.5% dimethyl sulfoxide, 200 mM NaCl, 10
mM EDTA, and 2 nM ADP-Alexa Fluor633 tracer. Antibodies that
bound the tracer with reasonable affinity (dissociation constant [KD]
<1 uM) and demonstrated >100 mP shift were then tested for ADP
selectivity using competitive binding assays with ADP and ATP in the
same final buffer conditions. Twofold serial dilutions of nucleotide
(n = 2) were performed in 20 ul of the above equilibrium binding
buffer containing antibody at the antibody concentration at 85%
of its saturation (EC,,). The EC,, is calculated by using the antibody
concentration at 50% of its saturation (ECBO] and Hill slope values,
calculated from fitting the equilibrium binding data to a variable
slope sigmoidal dose-response curve (GraphPad Prism, GraphPad
Software, San Diego, CA), using the following equation:

EC,, = ([85/(100 — 85)]'/Millsor) x EC,

Antibodies demonstrating high affinity for ADP (IC,) <1 uM) and
great selectivity for ADP versus ATP (>50-fold) were used for further FP
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assay development. Because nucleotide contaminants can compromise
the selectivity of the antibody-tracer pair and subsequently the assay
performance, assay components were prepared with quality reagents and
purified water. Additional competition binding assays were performed
with other nucleotide diphosphates (GDP, UDP, and CDP) and adenosine
derivatives (2"-deoxy-ADP, AMP, adenosine 3",5"-cyclic monophosphate
[cAMP], adenosine, and p-ribose) to assess cross-reactivity.

The ADP assay is a one-step, mix-and-read endpoint assay. An
equal volume of ADP detection mixture, consisting of the antibody,
tracer, and components that stop the enzyme reaction and aid in the
stabilization of the FP signal, was added to a 10-ul enzyme reac-
tion and equilibrated for 1 h prior to reading the 384-well plate. To
assess optimum assay performance, two ADP detection buffers were
evaluated in the preparation of the ADP detection mixture: Buffer 1
consisted of 50 mM HEPES (pH 7.5), 400 mM NaCl, 20 mM EDTA,
and 0.02% Brij-35, and Buffer 2 consisted of 25 mM HEPES (pH
7.5), 40 mM EDTA, and 0.02% Brij-35.

To identify the maximum FP assay window (change in mP [AmP])
and ideal assay sensitivity, the EC,, antibody concentration was
determined in the presence of ATP. Antibody titrations were per-
formed in 10 ul of ADP Detection Buffer 1 containing 4 nM tracer
followed by addition of an equal volume of common kinase (CK)
buffer (50 mM HEPES [pH 7.5], 4 mM MgCl,, 1 mM EGTA, 0.01%
Brij-35, and 1% dimethyl sulfoxide) containing 1 mM dithiothreitol
and ATP (ranging from 10 to 500 uM). The antibody concentration
in the final 20 ul of mixture was determined by calculating the EC,,
from the ATP binding curve (0% ATP conversion).

ATP/ADP Standard Curves

Standard curves were prepared with various ATP/ADP samples
and the ADP detection mixture. To simulate an enzyme reaction,
standard samples contained decreasing concentrations of ATP and
proportionally increasing concentrations of ADP; the adenine con-
centration remained constant. Stock concentrations of 12 different
mixtures of ATP/ADP were generated for the 0.1 uM, 1 uM, 10 uM,
100 uM, and 1,000 uM ATP/ADP standard curves. Each ATP/ADP
standard was prepared in the CK buffer and dispensed into wells. An
equal volume of ADP Detection Mixture 1 (3-400 ug/ml antibody 1
[Ab1] in Buffer 1) or ADP Detection Mixture 2 (1-866 ug/ml anti-
body 2 [Ab2] in Buffer 2) was added to the wells. The ADP detection
mixture for a given initial ATP concentration was prepared in ADP
detection buffer containing 4 nM tracer and twice the EC,, antibody
concentrations. ADP concentrations reported in the standard curves
reflect the amount produced in the 10-ul enzyme reaction. The data
were plotted as AmP versus log [ADP] using four-parameter nonlin-



ear regression curve fitting: AmP = mP. 7' values

initial [ATP] - mPsamp]c'

were calculated using replicates of 24 for each standard point.?* The
lower limit of ADP detection (LLD) was determined by calculating
the concentration of ADP corresponding to 3 standard deviations of
the mean mP value for the 0% ATP conversion control (initial ATP
concentration) (n = 24).

K  Determination for ATP

Reaction V, . values were measured for a range of ATP concen-
trations. This was done by performing the kinase reaction in 10 ul
(2.5 pl of kinase, 2.5 yl of substrate, and 5 ul of ATP, all in CK buf-
fer) for a number of fixed time points (up to 45 min), with varying
ATP concentrations (up to 120 yM). Enzyme reactions were stopped
by adding 10 ul of the ADP Detection Mixture 1 (Ab1 in Buffer 1),
and the FP signal was read 1 h later. For each ATP concentration,
individual detection mixtures were prepared using the appropri-
ate EC,, Ab1 concentration. Using a standard curve for each ATP
concentration, AmP values were converted to the amount of ADP
produced. The K value was calculated using nonlinear Michaelis-
Menten curve-fitting (Graphpad Prism).

Reagent Equilibration and Signal Stability

Binding equilibration rates were determined for the 10 uM ATP/ADP
standard curve by adding the ADP Detection Mixture 2 to samples rep-
resenting different points in an enzyme reac-
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the ADP detection mixture before adding to nucleotide mixtures, Ab2
was combined with the tracer in Buffer 2, and the mixture was stored
for up to 21 days at -80°C, -20°C, 4°C, 25°C, and 37°C. Aliquots from
these samples were then added to freshly prepared ATP/ADP standards,
and the FP signal was measured after a 1-h equilibration. For the con-
trol sample (Day 0) Ab2 was combined with the tracer in Buffer 2 and
added immediately to the ATP/ADP standards.
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measured in the kinetic mode every 4 min
over a 60-min period at 30°C. FP signal sta-
bility for the 10 uM ATP/ADP standard curve
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FIG. 2. Impurities in the ATP reagent affected
the apparent selectivity of the ADP antibody.
(A) Competitive binding assays with ADP (O)
and two vendor sources (V1 [A]and V2 [H])
of ATP were performed with Ab1 in ADP De-
tection Mixture 1. The IC_ values were 0.190
mM for ADP, 9 mM for Aijvi, and 33 mM for
ATP, .. (B) HPLC chromatogram of ADP (—)

ATP
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FIG. 3. Increasing concentrations of ATP required an adjustment of
the EC,, antibody concentration. (A) Equilibrium binding curves for
ATP concentrations ranging from 10 to 500 uM ATP: 10 uM (A), 20
UM (@), 40 uM (H), 80 uM (+), 100 uM (@), 150 uM (A), 200 uM (),
300 uM (OJ), 400 uM (X), and 500 uM (O). The 20 ul total volume
consisted of 50 uM HEPES (pH 7.5), 0.01% Brij-35, 1 mM EGTA, 2 mM
MgCl,, 0.5% dimethyl sulfoxide, 200 mM NaCl, 10 mM EDTA, 0.5 mM
dithiothreitol, ATP, and Ab1. (B) Comparisons of initial ATP concentra-
tions in the standard mix with EC,, antibody concentrations from
equilibrium binding curves.
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Control Compound Screen

Compatibility of compounds in the GenPlus compound library
(960 compounds), BIOMOL Kinase Inhibitor Library (80 compounds),
and other known ATP-utilizing enzyme inhibitors (22 compounds)
was determined by incubating 10 M compound (in 1% dimethyl
sulfoxide) with 10 uM ATP or 9 uM ATP/1 uM ADP in the CK buf-
fer. An equal volume of the ADP detection mixture containing 15
ug/ml Ab2 in Buffer 2 was then added to each well. To represent 0%
and 100% ATP conversion, 10 uM ATP and 10 uM ADP were added
to the CK buffer, respectively (n = 16). Reagents were dispensed into
wells using the CyBi*-Well Pipettor from CyBio Ag (Jena, Germany).
All compounds were tested in triplicate.

RESULTS

The use of ADP immunodetection as a kinase assay method for
measuring V, . values requires detection of small amounts of ADP
in the presence of much higher concentrations of ATP. For this rea-
son a successful FP immunoassay must demonstrate high binding
sensitivity for ADP (<1 M) and high selectivity for ADP versus ATP
(>50-fold) while delivering a large change in polarization between
bound and unbound tracer (AmP > 100 units).

An anti-ADP antibody satisfying these criteria was demon-
strated in tracer equilibrium binding and nucleotide competition
experiments. The K for the tracer complexed with Ab1 was 2 nM
(data not shown), and the AmP between bound (mP = 245 units)
and unbound tracer (mP = 20 units) was 225 mP units (Fig. 2A).
Competition binding curves with ADP and ATP (Fig. 2A) indicated
ADP displaced the tracer from Ab1l with an IC,, value of 190 nM,
whereas ATP was approximately 50-fold (Vendor 1, IC, ) = 9 uM)
to 180-fold less effective (Vendor 2, IC, = 33 uM). This variability
in selectivity is due to the contamination of the ATP reagent with
ADP as shown in Fig. 2B. HPLC analysis of the ATP from Vendor 1
(95% purity) revealed three contaminating peaks (including ADP) in
addition to the main ATP peak. The ATP from Vendor 2 contained
less ADP, resulting in 99% purity.

As most kinases and other ATP-utilizing enzymes are screened
with the ATP concentration set at the K , it is important that the
assay method accommodates varied initial ATP concentrations. To
determine how much antibody was required to maintain the full
assay window, we examined the antibody-tracer equilibrium bind-
ing curves over a range of initial ATP concentrations (10-500 uM
ATP). As shown in Fig. 3A, increasing concentrations of the cross-
reacting ATP shifted the binding curves to the right, resulting in an
overall range of EC,, values between 1 ug/ml and 140 ug/ml anti-



body. A linear relationship between the initial ATP concentration
and the EC,, antibody concentration was observed (Fig. 3B).

The requirement for adjusting antibody as ATP is varied raised
the question of whether it would be possible to determine the K
for ATP with the Transcreener ADP assay. A practical method is
shown in Fig. 4 in which 10 successive endpoint assays were used
to measure enzyme V, . at each of 10 different ATP concentra-
tions ranging from 1 gM to 120 uM. Ten-point standard curves
representing conversion of ATP to ADP were constructed for each
initial ATP concentration and used to quantify ADP formation.
V., i Values were determined by fitting the time curve data in the
linear phase of the assay (Fig. 4A). A representative example of a
plot of V.. versus ATP concentration is shown in Fig. 4B. The
K, for this test kinase was determined to be 72 + 3.3 uM (standard
error of the mean). This Transcreener assay was used for screening
purposes and compound profiling. Data were compared to those
obtained with a more traditional enzyme-linked immunosorbent
assay-based phosphoprotein detection assay for the same kinase
and the same natural protein substrate. For instance, similar EC,,
values were found for the 50 most active compounds in this
project (J.J.H., unpublished data). The main difference between
the two methods is that the Transcreener is a homogeneous assay
format and can therefore easily be used in an automated minia-
turized fashion.

Limitations in the assay sensitivity and ADP detection range led
us to explore new ADP antibodies in the hope of improving ADP
affinity and selectivity. Using the same immunogen, we recently
discovered an antibody (Ab2) that bound the ADP-Alexa Fluor633
tracer with affinity (K, = 0.9 nM) similar to Ab1. In competition
binding experiments Ab2 demonstrated 12-fold higher sensitivity
for ADP than Ab1 (IC, = 15 nM vs. 180 nM) but showed similar
selectivity for ADP versus ATP (93-fold vs. 130-fold) (Buffer 1,
Table 1). Removal of NaCl from the ADP detection buffer (Buffer
2) further enhanced the ADP sensitivity approximately twofold
(IC,, = 10 nM) with no change in selectivity (note that the NaCl
was included with Ab1 in ADP Detection Mixture 1 because it sta-
bilized the FP signal in the presence of ATP) (data not shown).

Competitive binding assays with other nucleotide diphosphates
revealed GDP (IC,, = 10 nM), 2’-deoxy-ADP (IC, = 20 nM), and
UDP (IC,) = 65 nM) competed with tracer with similar effects as
ADP (Table 2). CDP was the least effective nucleotide diphosphate
(IC,, = 200 nM). Relative to ATP, higher concentrations of AMP and
cAMP were required to displace the tracer (IC50 = 16,000 nM and
11,000 nM, respectively). p-Ribose, adenine, and adenosine did not
displace the tracer at the highest concentration tested (5 mM).
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ATP/ADP standard curves predict the response of the two
antibodies for measurement of enzyme activity over a range of
initial ATP concentrations (Fig. 5). The nucleotide concentra-
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FIG. 4. The ATP K_ for a target kinase was determined by measuring
V, i Values for a range of ATP concentrations using multiple standard
curves. (A) Kinase reactions were performed in 10 pl (2.5 pl of kinase,
2.5 pl of substrate, and 5 pl of ATP, all in CK buffer) for a number of
fixed time points (up to 45 min), with varying ATP concentrations (up
to 120 uM). Kinase reactions were stopped by adding 10 pl of the ADP
Detection Mixture 1 (containing two times the EC85 Ab1 concentra-
tions), and mP values were measured after a 1-h equilibration. Polar-
ization values were converted to the amount of ADP produced using
a standard curve for each ATP concentration: 1 uM ATP (l), 2 uM ATP
(A), 5 uM ATP (V), 10 uM ATP (#), 20 uM ATP (@), 40 uM ATP ([J),
60 UM ATP (A), 8o uM ATP (¥7), 100 uM ATP (), 120 p ATP (O). (B)
A representative Michaelis-Menten plot of the initial rates versus ATP
concentration; in replicate experiments, the K_value was determined
to be 72 6 3.3 uM (standard error of the mean).
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Table 1. ADP and ATP IC, Values for Ab1 and Ab2 in Different Buffers

Times Fold Improvement in Sensitivity
for Ab2 vs. Ab1

Competitor Buffer 1 Buffer 2 Buffer 1 Buffer 2 Buffer 1 Buffer 2 Buffer 2: Buffer 1
ATP 17,300 5,280 1,970 915 ¢ 6 19
ADP 180 40 15 10 12 4 18

Buffer 1 consists of 50 mM HEPES (pH 7.5), 400 mM NaCl, 20 mM EDTA, and 0.02% Brij-35. Buffer 2 consists of 25 mM HEPES (pH 7.5), 40 mM EDTA, and 0.02% Brij-35.

tions in the standard curves mimicked enzyme reactions: ATP
was decreased proportionately as ADP was added, keeping the
total nucleotide concentration constant. As with other com-
petitive binding assays, the change in signal is not linear with
product formation, instead producing a sigmoidal response with
the logarithm of product formation. These data show Ab2 was
able to detect 10% conversion of 0.1 yM ATP (AmP = 70 units),
whereas Ab1 was approximately 10-fold less sensitive. Significant
improvements in assay window at 10% ATP conversion were also
realized with Ab2 relative to Abl at 1 uM ATP (AmP = 145 mP
units vs. 70 mP units) and 10 uM ATP (AmP = 145 mP units vs.
126 mP units). Lower concentrations of ADP were detectable with
Ab2 versus Ab1 at both 0.1 uM and 1 yM ATP (Table 3), whereas

similar concentrations were detectable with both antibodies at
the higher ATP concentrations (>10 pM). Z’ values exceeded 0.7
at <10% ATP conversion for the entire range of starting ATP
concentrations, except at the lowest concentration with Ab1
(Table 3).

Implementation of an assay in HTS typically requires stable
reagents during dispensing and sustained signal stability after
addition of quenching and detection reagents. To assess these
parameters we first determined the binding equilibrium rate for
the assay reagents by adding antibody-tracer complex to ATP/
ADP standards and measuring FP immediately and over time. As
shown in Fig. 6A all of the reactions reached 90% equilibrium in
<10 min and were fully equilibrated after 30 min. The FP signal

Table 2. Comparison of ADP Antibody IC, Values for Various Nucleotides and Nucleotide Derivatives

Competitor Ab1/Buffer 1 Ab2/Buffer 2 Fold Difference
ATP 17,300 915 19
ADP 180 10 18
GDP 150 10 15
2’-Deoxy-ADP 310 20 16
uDP 720 65 "
CDP 2,500 200 13
AMP 608,000 16,000 38
cAMP 266,000 11,000 24
Adenosine >900,000 >900,000 NA
Adenine >900,000 >900,000 NA
p-Ribose >900,000 >900,000 NA

NA, not applicable.
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was sustained for at least 24 h after addition of the Ab2-tracer
complex to the ATP/ADP standards (Fig. 6B). Assay performance
was not compromised by storing precombined Ab2 and tracer at
-80°C or -20°C for 21 days (the longest incubation time evaluated)
before use (Fig. 6C). In fact, storage of the Ab2-tracer complex at
4°C, 25°C, or 37°C for the same time period caused only a slight
downward shift of the 10 uM ATP/ADP standard curve; the assay
window at 10% ATP conversion decreased <15% as compared to
the Day O control (AmP = 129 units vs. 153 units).

To quantify potential fluorescent compound interference with
the Transcreener ADP assay, a collection of 1,062 compounds
from the GenPlus compound library, BIOMOL Kinase Inhibitor
Library, and other inhibitors were screened at a concentration
of 10 uM (in 1% dimethyl sulfoxide) in the presence of 1 yM
ADP plus 9 uM ATP in CK buffer (Fig. 7). A polarization shift
of 158 mP units was achieved relative to the 10 uM ATP control
wells (0% ATP conversion), resulting in a Z’ of 0.89 (n = 384).
Only three compounds (out of 1,062) fell outside the band of
3 standard deviations on either side of the mean. These com-
pounds were identified as lonidamin, palmitoyl-prL-carnitine, and
dirithromycin. A fourth compound, hypericin, did not register an
FP signal because its fluorescence intensity was sixfold higher
than the control wells. The intensity of dirithromycin, a bright-
blue compound, was more than twofold higher than the control
wells. To determine if these same compounds had an effect on
the antibody-tracer complex in the absence of ADP, a similar
control screen was performed at 10 uM ATP; lonidamin and
dirithromycin interfered with the antibody-tracer, but palmitoyl-
pL-carnitine did not. These results indicate that immunodetection
of ADP with the red-shifted Alexa Fluor633 tracer is very robust,
reducing the likelihood of false-positives.

UNIVERSAL ADP DETECTION ASSAY
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FIG. 5. ATP/ADP standard curves prepared with Ab1 and Ab2. To mimic
ADP generated during an enzyme reaction, standard curves for 0.1 yM,
1 uM, 10 puM, 100 uM, and 1,000 uM ATP were prepared by keeping
the adenine concentration constant: Ab1/0.1 yM ATP (@), Ab2/0.1 uM
ATP (0), Ab1/1 uM ATP (M), Ab2/1 uM ATP (1), Ab1/10 uM ATP (#),
Ab2/10 uM ATP (), Ab1/100 uM ATP (A), Ab2/100 uM ATP (A),
Ab1/1,000 uM ATP ('¥), and Ab2/1,000 uM ATP (y). Ab1 and Ab2 were
prepared in ADP Detection Buffer 1 and ADP Detection Buffer 2, re-
spectively. The EC,_ antibody concentration for both ADP antibodies
was used for each initial ATP concentration. Error bars represent stan-

dard deviations of the mean (n = 24). AmP=mP ., .~ MPo nor

DISCUSSION

In this report, we characterize the critical parameters for success-
ful enzyme assays based on immunodetection of ADP using FP. The
key reagents are an antibody that specifically recognizes ADP in the
presence of excess ATP and a red-shifted fluorescent ADP tracer.

Though antibodies to AMP and cAMP have been produced previ-
ously,”? to our knowledge this was the first example of an anti-
body to an ADP hapten. We show here that Ab1 has high binding

Table 3. LLD, ADP IC_; Values, and Percentage ATP Conversion to Achieve Z’ > 0.7 with Select ADP Antibodies

% ATP Conversion to Achieve Z' > 0.7

ATP (uM ) Ab1 Ab2 Ab1 Ab2 Ab1 Ab2
0.1 0.022 0.0009 0.09 0.02 >60 5
1 0.008 0.0032 0.15 0.05 7 3
10 0.026 0.0261 0.45 0.50 3 3
100 0.159 0.221 2.86 578 2 3
1,000 1.90 237 26.22 57.76 3 5

2Concentration of ATP in the 10 ml of standard mix.
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affinity to the ADP-Alexa Fluor633 tracer (K = 2 nM), demonstrat-
ing a maximal change in polarization between bound and unbound
tracer (AmP = 225 units), and had high selectivity for ADP versus
ATP (>100-fold), satisfying the initial requirements for a successful
ADP FP immunoassay. The ADP versus ATP selectivity was greater
than first reported (52-fold),’ which can be largely contributed to
the reduced levels of contaminating ADP in the ATP reagent (Fig.

A 250+
2254
N

2004

] k*—kg;_;_:_:;- 7
1754
1504 . 3%

2). For this reason care must be taken in preparing assay reagents
that are free of contaminating nucleotides and nucleotidases.

The Transcreener ADP assay was formatted similar to other FP
immunoassays: antibody is present at near saturating amounts, and
tracer is present at or below the K for the complex. The total polar-
ization shift and the detection range of the assay were determined
by the antibody EC,, concentration. This antibody concentration
provided a good compromise between sensitivity and maximal
polarization value; the use of subsaturating antibody allows more
sensitive detection but yields a submaximal initial polarization
value, whereas the use of a higher concentration of antibody
results in higher initial polarization but also decreases sensitivity
because more analyte is required to displace the tracer. To maintain
maximum assay window at elevated ATP concentrations, addi-
tional antibody was required to absorb the additional cross-reacting

& 1254 i 3
] 5% nucleotide (Fig. 3).

100'_ The >100-fold selectivity for ADP versus ATP attained with Ab1
75+ 10% and red-shifted tracer is sufficient to allow V. measurements
50_' over a broad range of starting ATP concentrations. To observe
25- 100% accurate inhibitor potencies, Vital conditions must be maintained,
-. i.e., substrates must not be consumed to the point that reaction
0 H A oA ™ - - s rate slows significantly, especially when using a single time
Time (minutes) point (incubation) data. These requirements need to be balanced

B 2501 C  250-

200+ 200-
o 1504 o 150
£ £ J
< 100- <1 100-
50+ 504
0- 0-
0.01 01 1 10 0.01 0.1 1 10
ADP (pM) ADP (uM)

FIG. 6. Stability of the FP signal and the ADP detection mixture over time. (A) Equilibration of FP signals for ATP/ADP standards representing
different percentages of ATP conversions (10 uM ATP/ADP standard curve). Plates were incubated at room temperature and read at 4-min
intervals for 1 h after addition of ADP Detection Mixture 2. Error bars represent standard deviations of the mean (n = 16). (B) Long-term
signal stability of the ATP/ADP standard samples. The 10 uM ATP/ADP standard curve was prepared with ADP Detection Mixture 2, and the
FP signal was recorded at o h (O), 1 h (@), 4 h (¥), 8 h (#), and 24 h (A). Error bars represent standard deviations of the mean (n = 24).
(O) 10 uM ATP/ADP standard curves prepared with stock ADP detection mixtures. ADP detection mixtures were prepared and stored for 21
days at the designated temperatures prior to adding to freshly prepared ATP/ADP standards: Day o control (#), -80°C (u), —20°C (A), 4°C
(¥), 25°C (©), and 37°C (O). The Day o control (standard curve) was prepared with fresh ADP Detection Mixture 2. Error bars represent

standard deviations of the mean (n = 4).
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with the need to generate a sufficient signal in the assay. Most
screeners set 10-30% substrate conversion as a practical limit."
Additionally, drug target screening is done over a wide range of
ATP concentrations—usually the K for a particular enzyme—in
order to normalize for the competitive effects of inhibitors that
bind at the ATP site.”” We demonstrated that by adjusting the Ab1
concentration, <10% ATP conversion could be detected at starting
ATP concentrations ranging from 1 yM to 1,000 uM with a Z’ of
greater than 0.7 (Fig. 5 and Table 3). Of the protein kinase K ATP
values reported in the literature, the vast majority fall between 2
uM and 300 uM,”” so the assay meets the kinetic constraints for
screening over the reported range of kinase ATP affinities. We
have also shown here that Transcreener technology is well suited
to measure V, . values to determine the K _for ATP (Fig. 4). Note
that to do so, it is necessary to determine the optimal antibody
concentration for each ATP concentration that is used in the K|
determination, and thus to perform a standard curve for each ATP
concentration (Fig. 5).

UNIVERSAL ADP DETECTION ASSAY

The discovery of a new antibody combined with modified
buffer conditions has substantially expanded the sensitivity and
utility of the Transcreener assay. Enzyme V.
be measured with starting ATP concentrations spanning four
logarithms (0.1-1,000 M ATP) because of the 18-fold improve-
ment in ADP sensitivity achieved with Ab2 (Fig. 5 and Table 2).
In addition, greater mP shifts can be obtained at lower percent-
age ATP conversions for 1 uM and 10 uM ATP when using Ab2
versus Ab1 (Fig. 5), resulting in higher quality assays (Z’ > 0.7)
(Table 3). This increased sensitivity is largely due to the inherent
antibody affinity for the tracer and ADP but is also partly due to
the absence of NaCl in the ADP detection buffer (Table 1). Unlike
Ab1, Ab2 did not require NaCl for signal stabilization in the
presence of ATP. An increase in ionic strength has been shown
to decrease the affinity of binding observed with other antibody-
antigen complexes, which is attributed to the presence of salt
bridges.’*> These results support further studies to improve ADP

values can now

The FP immunoassay utilizing Ab1 has

been used to monitor protein and lipid kinase 300'_
activity and to demonstrate correct pharma- 2754
cology with known inhibitors. Huss et al.”® 250_'

reported excellent concordance in IC, | values

for protein kinase A inhibitors determined 2257

with the Transcreener assay and the tradition- 200+
al radioactive filter-binding assay. The assay 175.'
was also shown to be resistant to low-wave- o 150_‘
length fluorescent compound interference E 4
and has been subsequently used to validate 125'_
>14 protein and lipid kinases. Because the 1004
nucleotide immunoassay does not detect the 75_'
phosphorylated product, it can accommodate 1
any substrate, including peptides, proteins, 50-_
carbohydrates, and lipids. We recently evalu- 254
ated lipid substrate dispersal methods and the 0 ]

Lonidamin

Dirythromycin

Lonidamin

Palmitoyl-DL-Carnitine
L}

effect of chain lengths on the activity and
inhibition of phosphoinositide 3-kinase iso-
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Compound ID

forms.”® HTS campaigns with ATP-dependent
drug targets such as acetyl-coenzyme A
carboxylase,?” nucleotide-dependent phos-
phatases,” and an ATP group transferase®®
exhibited less compound interference with
the Transcreener platform than fluorescence
and absorbance-based assays that detect

inorganic phosphate. one plate (n = 16).

FIG. 7. Control compound screen for assessing assay interference. Test compounds at 10 uM
(1% dimethyl sulfoxide) were incubated with 10 mM ATP and a mixture of 1 uM ADP and 9 uM
ATP (to represent 10% ATP conversion) in the CK reaction buffer: 0% ATP conversion (@), 10%
ATP conversion (A), 0% ATP conversion control (Q), 10% ATP conversion control (A), and
100% ATP conversion control (u). An equal volume of ADP Detection Mixture 2 (20 mM HEPES
[pH 7.5, 40 mM EDTA, 0.02% Brij-35, 4 nM ADP-Alexa Fluoré33 tracer, and 15 yg/ml Ab2) was
then added to each well. The Z’ value for the 10% ATP conversion control was 0.89 (n = 384
from 24 plates). Compounds were tested in triplicate. Controls shown on the graph are from
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affinity and possibly ATP selectivity by optimizing the detection
buffer composition.

The nucleotide selectivity profiles of both antibodies, ADP = G
DP > UDP > CDP > ATP > AMP (Table 2), indicates that binding
appears to be localized to the diphosphate moiety. Addition of a
phosphate to ADP disrupts antibody binding less than removal of
phosphates. Adenine and p-ribose did not compete with the ADP
tracer. Additionally, the 2" hydroxyl group on ADP is not impor-
tant in binding as 2’-deoxy-ADP was recognized as well as ADP.
The application of this generic assay for dinucleotide detection
can be expanded to other XDP-producing drug targets, including
GTPases, but may be complicated with complex enzyme systems,
i.e., crude extracts.

Formatting an assay for the rigors of HTS requires stable
reagents, sustainable assay window over extended periods of
time, and low compound interference. We have found that once
the binding equilibrium has been established (~30 min), the FP
signal is stable in the plate for up to 24 h after addition of the
ADP detection mixture (Fig. 6A and B). The ADP detection mix-
ture can be stored for at least 3 weeks at <4°C without compro-
mising assay performance (Fig. 6C), which can further simplify
the assay design. Only four compounds out of 1,062 (0.4%) (>100
of which are known ATP-competitive inhibitors) were found to
interfere with ADP detection when the control compound screen
was performed in the presence of 1 uM ADP/9 uM ATP (Fig. 7).
This is consistent with the results of Liu et al.,> who reported
0.5% compound interference with the Transcreener assay when
a 500,000 compound library was screened with acetyl-coenzyme
A carboxylase at 100 uM ATP. Other studies have shown that
the use of red tracers for FP-based assays eliminates much
of the interference seen with green tracers.’>3* The improved
Transcreener ADP assay provides Z’ values >0.7 at low ATP con-
version (<10%) across a range of ATP concentrations (0.1-1,000
uM). This enables screening of virtually any ADP-producing
enzyme at or below the ATP K., under Viidial conditions, so
that accurate ATP-competitive inhibitor potencies are observed.
The increased sensitivity is especially useful for drug targets
possessing low catalytic activity or possessing ATP K values
of <1 uM. Performing inhibitor dose-dependency experiments
over four logarithms of initial ATP concentrations also allows
for the classification of noncompetitive inhibitors. This generic
ADP immunodetection assay should greatly accelerate efforts in
kinase drug discovery and to identify new inhibitors of other
known ADP-producing drug targets, i.e., the protein chaperone
heat shock protein 70, as well as GTPases.
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