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Development of High Throughput Screening Assays Using
Fluorescence Polarization: Nuclear Receptor-Ligand—Binding
and Kinase /Phosphatase Assays

GREGORY J. PARKER, TONG LIN LAW, FRANCIS J. LENOCH, and RANDALL E. BOLGER

ABSTRACT

Fluorescence polarization (FP) has been used to develop high throughput screening (HTS) assays for nuclear re-
ceptor-ligand displacement and kinase inhibition. FP is a solution-based, homogeneous technique requiring no im-
mobilization or separation of reaction components. The FP-based estrogen receptor (ER) assay is based on the com-
petition of fluorescein-labeled estradiol and estrogen-like compounds for binding to ER. These studies determined
the K for this interaction to be 3 nM for ERa and 2 nM for ERB; ICs, values for 173-estradiol, tamoxifen, 4-OH-
tamoxifen, and diethylstibestrol were determined to be 5.6, 189, 26, and 3.5 nM, respectively. In a screen of 50 lead
compounds from a transcriptional activation screen, 21 compounds had ICs, values below 10 uM, with one hav-
ing an almost 100-fold higher affinity for ERB over ERa. These data show that an FP-based competitive binding
assay can be used to screen diverse compounds with a broad range of binding affinities for ERs. The FP-based pro-
tein-tyrosine kinase (PTK) assay uses fluorescein-labeled phosphopeptides bound to anti-phosphotyrosine antibod-
ies. Phosphopeptides generated by a kinase compete for this binding. In c-Src kinase reactions, polarization de-
creased with time as reaction products displaced the fluorescein-labeled phosphopeptide from the
anti-phosphotyrosine antibodies. The experimentally determined ICsy of AG 1478 was 400 pM, while Genistein did
not inhibit the epidermal growth factor receptor at similar concentrations. Like the FP-based PTK assay, the pro-
tein kinase C (PKC) assay utilizes competition. PKC isoforms had different turnover rates for the peptide substrate.
The ICs, for staurosporine was less than 10 nM for all PKC isoforms. Tyrosine phosphatase assays use direct bind-
ing rather than competition. Increasing concentrations of T-cell protein-tyrosine phosphatase (TC PTP) increased
the rate of dephosphorylation. This change in polarization was dependent on TC PTP and was inhibited by 50 uM
Na3VO,. The ICsq of Na3VO,4 was 4 nM for TC PTP. These data demonstrate that a FP-based assay can detect Ki-
nase and phosphatase activity. Homogeneous, fluorescent techniques such as FP are now methods of choice for
screening many types of drug targets. New HTS instrumentation and assay methods like these make FP a tech-
nology easily incorporated into HTS.

INTRODUCTION ciency of HTS, new screening methods must be faster,
cheaper, and more quantitative. Assays need to be miniatur-
THE TREMENDOUS CHALLENGE facing the high throughput ized to decrease reagent costs and consumption of compound
screening (HTS) scientist today is to screen more com- libraries. New assay formats must be homogeneous, requir-
pounds against more targets using more quantitative and ro- ing no separation of reaction components. Fluorescence
bust methods, without spending more money. Genomics ef- methods are rapidly becoming the primary detection format
forts have flooded drug discovery with potential new drug in HTS? because they now approach the sensitivity of ra-
targets.! New parallel combinatorial synthesis methods are dioactive methods and are amenable to homogeneous, minia-
providing more compounds that in turn must be screened for turized formats. This report focuses on fluorescence polar-
activity.2 The process for identifying new lead compounds ization (FP) and how this technique is being used to improve
has to become more efficient. In order to increase the effi- HTS assays today.

PanVera Corporation, Madison, WI.
*Patent pending, PanVera Corporation.
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Theory of fluorescence polarization

FP is used to study molecular interactions by monitoring
changes in the apparent size of fluorescently labeled or in-
herently fluorescent molecules.*® When a small fluorescent
molecule (tracer) is excited with plane-polarized light, the
emitted light is largely depolarized because the molecule ro-
tates rapidly in solution during the fluorescence lifetime (the
time between excitation and emission). However, if the tracer
is bound to a larger receptor, thereby increasing its effective
molecular volume, its rotation is slowed sufficiently to emit
light in the same plane in which it was excited. The bound
and free states of the tracer each have an intrinsic FP value,
a high value for the bound state and a low value for the free
state. The measured polarization is a weighted average of the
two values, thus providing a direct measure of the fraction of
tracer bound to receptor. An increase in molecular volume re-
sulting from receptor-ligand,” DNA-protein,?? or peptide-pro-
tein!® binding or a decrease in molecular volume resulting
from dissociation or enzymatic degradation!!-12 can be fol-
lowed by FP.

FP enables the researcher to view molecular binding events
in solution. It is a truly homogeneous technique in that no sep-
aration of bound and free species is necessary. Methods re-
quiring separation are not only more time consuming, but they
disturb the reaction equilibrium and therefore prevent accurate
qualification of binding. Other fluorescence techniques are ho-
mogeneous, such as fluorescence resonance energy transfer
(FRET) and homogeneous time-resolved fluorescence?
(HTRF®; Packard Instrument Company, Meriden, CT). How-
ever, these techniques require multiple labeling reactions in-
stead of one as in FP. Also, because the readout for FRET and
HTREF is fluorescence intensity, there is a higher probability for
artifacts from quenching and exogenous fluorescence. FP is a
ratiometric measurement and therefore less sensitive to these
sources of interference.

Assay development using fluorescence polarization

FP is best suited to observe the binding of small fluorescent
molecules (<10 kDa) to larger proteins. The smaller the fluo-
rescent molecule, the larger the dynamic range of the assay.
Fluorescent labeling of peptides and DNA oligos is straight-
forward and can even be performed during synthesis. Labeling
other small molecules is sometimes more involved, often re-
quiring multiple attempts using a range of chemistries at mul-
tiple sites on the molecule. FP differs from other binding assay
formats in that it detects the fraction bound of the small, fluo-
rescent molecule (tracer) instead of the large molecule (recep-
tor). Thus it requires saturating the tracer with receptor instead
of the inverse approach used in most binding experiments. For
this reason, FP requires large amounts of relatively pure pro-
tein. Two assay formats that have been particularly well suited
to FP are receptor-ligand-binding assays and enzyme assays
where the product can be quantified by competitive im-
munoassay. This article describes the development of two such
assays: a ligand displacement assay for estrogen receptors
(ERs) a and B, and competitive immunoassays for protein-ty-
rosine kinases (PTKs) and protein kinase C (PKC) family mem-
bers.

PARKER ET AL.

Ligand displacement assays for estrogen receptors

Estrogen receptors (ERa and ERp) are transcription factors
that regulate the expression of genes involved in tissue growth
and differentiation in diverse target tissues, including repro-
ductive, skeletal, cardiovascular, and mammary tissue.!3-16 Es-
trogen acts by binding to ER, resulting in the transcriptional
control of a variety of genes in target cells. Pharmacologists
are looking for new estrogens and antiestrogens to treat a host
of disorders such as breast cancer, Alzheimer’s disease, car-
diovascular disease, osteoporosis, type II diabetes, and urinary
incontinence.!”

Historically, estrogen activity has been assessed using in vivo
assays, including whole animal!® or cell-based assays such as
proliferation in a breast carcinoma cell line!® and induction of
reporter gene expression from an estrogen-response element
transfected into yeast or mammalian cells.2® These require ex-
tensive manipulations of animals or live cells and response
times of several hours to days. The time and extensive labor
required for the in vivo method preclude their use in HTS.

In contrast, molecular ligand-binding assays are faster, more
precise, and less labor intensive than in vivo assays because
they are performed in vitro with isolated components. Molec-
ular assays are not limited by toxicity or cell permeability of
the test compounds, factors that limit the type of compounds
and concentrations that can be tested in a cell-based assay. To
develop ligand-binding assays more suited to a HTS format, in-
vestigators have begun using various types of FlashPlate™
(NEN® Life Science Products, Boston, MA) or scintillation
proximity assays (SPA, Amersham Pharmacia Biotech AB,
Uppsala, Sweden). Receptor and the scintillant are bound to a
solid phase to ensure that only the receptor-bound labeled es-
trogen, and not the excess free ligand, is close enough to ex-
cite the scintillant.?! These approaches require no separation of
bound and free ligand, but still rely on the use of radioisotopes
and immobilization of the receptor, which could cause disad-
vantageous conformational changes. These shortcomings pre-
vent the widespread adaptation of current ligand-binding assays
to HTS formats.

The FP-based ER assay is a homogeneous, fluorescent assay
requiring no immobilization and is well suited for HTS. Fluo-
rescein-labeled estradiol and estrogen-like compounds compete
for binding to the estrogen receptor. When there are no com-
peting compounds present, the fluorescein-labeled estradiol will
be bound by the estrogen receptor, resulting in a high FP value.
However, in the presence of estrogen-like competitors, the flu-
orescein-labeled estradiol is displaced from the estrogen re-
ceptor, resulting in a decreased FP value. Because the observed
FP value is a weighted average of the FP values of the indi-
vidual bound and free tracer and therefore is a direct measure
of the fraction bound, polarization may be plotted against the
logarithm of the compound concentration to determine the ICsq
for the compound under the assay conditions tested. Figure 1
illustrates these principles.

Protein-tyrosine kinases assays

PTKs catalyze the transfer of a high-energy phosphoryl
group from ATP to the hydroxyl group of a tyrosine, whereas
tyrosine phosphatases cleave the phosphate from phosphotyro-
sine. Phosphorylation appears to be the “master” biochemical
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FIG. 1.

reaction in signal transduction, and it has been estimated that
at least one third of the proteins in the average mammalian cell
are phosphorylated.?? The regulated and reversible phosphory-
lation of tyrosines is critical to the normal regulation of many
biological mechanisms, including cell growth, proliferation,
differentiation, motility, transcription, synaptic function, and
metabolism.?2-24

There have been more than 95 PTKSs and 55 tyrosine phos-
phatase genes found in humans.?? Defects in these signal trans-
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In the ER competitor assays, an ER-ES2 complex is added to a test compound. Estrogen competitors displace ES2 from the
ER-ES2 complex, causing ES2 to tumble rapidly during its 4-ns fluorescence lifetime, resulting in a reduced FP value. Noncompetitors
will not displace the ES2 from the ER-ES2 complex, so the FP value remains high. The shift in polarization in the presence of test com-
pounds is used to determine the relative affinity of test compounds for ERa or ERB.

duction pathways can result in a number of human diseases, in-
cluding cancer.?2?* For example, in the case of the epidermal
growth factor (EGF) receptor, overexpression and mutation
have been associated with some of the most incurable cancers,
including glial and pancreatic tumors.26-27 The development of
anticancer agents based on the inhibition of EGF binding to the
receptor, however, has had limited success.2? Efforts to screen
for new tyrosine kinase inhibitors have been hindered by the
lack of robust, high throughput tyrosine kinase assays.
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FIG. 2. This figure captures the general theme of the FP-based competitive immunoassay for PTK activity. In the top reaction, the
addition of a tyrosine kinase and ATP leads to the phosphorylation (P) of the peptide substrate on a tyrosine residue (Y). After the re-
action is quenched, the PTK Detection Mix, which has a high polarization and contains an anti-pY Ab (Antibody) bound to a fluores-
cein-labeled (F) phosphopeptide tracer, is added and the system reaches equilibrium. In the detection phase of the experiment, the tracer
is displaced from the anti-pY Ab by kinase reaction products, causing the tracer to tumble rapidly during its 4 ns fluorescence lifetime,
resulting in a low FP signal. When no kinase reaction products are present, the tracer-antibody complex remains intact, with no change
in the high FP value.
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Current tyrosine kinase assay formats include ELISA- and
radioimmunoassay-based methods. These methods require im-
mobilization of reaction components on plates, as well as mul-
tiple separation and washing steps, making them difficult to im-
plement in HTS. Although radioactive methods are very
sensitive, they create significant radioactive waste. Newer ho-
mogeneous methods now in use include SPA?° and HTRF.3?
SPA is a radioactive technique requiring immobilization, and
HTREF requires labeling and characterizing multiple assay com-
ponents.

The FP-based PTK assay is a homogeneous, fluorescent as-
say requiring no immobilization that is well suited for HTS. A
fluorescein-labeled phosphopeptide (tracer) and any unlabeled
phosphopeptides generated during a kinase reaction compete
for binding to anti-phosphotyrosine antibodies (anti-pY Ab).
When there are no kinase reaction products present, the tracer
will be bound by the anti-pY Ab, resulting in a high FP value.
However, after a PTK reaction has occurred, reaction products
displace the tracer from the anti-pY Ab, resulting in a decreased
FP value. The observed FP value is a weighted average of the
FP values of the individual bound and free tracer and therefore
is a direct measure of the fraction bound. If sufficient com-
petitor phosphopeptide is generated during the PTK reaction,
the tracer will be totally displaced from the anti-pY Ab and the
emitted light will be totally depolarized. Thus the change in FP
value is directly related to the amount of the PTK activity. These
principles are diagrammed in Figure 2. Measurements can be
made in real time, allowing the observed enzymatic activity to
be monitored both kinetically or in an endpoint assay format.

The general principles described here can also be applied to
a tyrosine phosphatase assay, which, like the kinase assay, can
be monitored as either a kinetic or an endpoint assay. Phos-
phatase assays are slightly different from the competition-based
PTK assays described earlier in that reaction progress is mon-
itored using direct binding rather than competition. Because the
tracer is dephosphorylated by a phosphatase, it can no longer
be bound by the anti-pY Ab, increasing the free fraction and
decreasing the polarization of the sample.

Protein kinase C assay

The phosphorylation of serine and threonine residues in
proteins by PKC family members is critical to the normal reg-
ulation of many biological mechanisms, including the modula-
tion of membrane structure, receptor desensitization, transcrip-
tional control, cell growth and differentiation, and the mediation
of immune response. PKCs also play a role in memory, learn-
ing, other long-term functions, and various pathological
processes.3!=33 A number of studies have suggested that inap-
propriate activation of PKCs can contribute to cancer, inflam-
mation, viral infection, immune and central nervous system dis-
orders, cardiovascular malfunction, vascular complications of
diabetes, and insulin resistance.3* Therefore, identifying PKC
inhibitors is essential to developing new therapies for these dis-
eases.

Like the FP-based PTK assay, the principle behind the PKC
assay is competition. Fluorescein-labeled phosphopeptide trac-
ers and any unlabeled phosphopeptide products generated dur-
ing a PKC reaction will compete with each other for binding
to anti-phosphoserine antibodies. In a reaction mixture con-

PARKER ET AL.

taining no phosphopeptide products, a significant portion of the
fluorescent tracer will be bound by the antibody, resulting in a
high polarization value. However, in a reaction mixture con-
taining phosphopeptide products, some of the tracer will be dis-
placed from the antibody and the emission signal will become
depolarized. Therefore, the change in polarization is directly
related to the amount of PKC activity in a reaction.

MATERIALS AND METHODS

FP-based ligand displacement assay for ERa and ERf

The results of direct binding studies of a fluorescent estra-
diol to ERe or ERB using the FP method are presented in Fig-
ure 3. The assay consists of recombinant, human ERa or ERB
(PanVera Corporation, Madison, WI), and a fluorescein-labeled
estradiol, Fluormone™ ES2 (PanVera Corporation). Using a
96-well plate (DYNEX, Chantilly, VA) and Estrogen Screen-
ing Buffer (PanVera Corporation) as the diluent, a constant
amount of ES2 was titrated with increasing concentrations of
ERa or ERB. The FP value was measured at each receptor con-
centration on a Polarion instrument (TECAN, Research Trian-
gle Park, NC) using 483-nM excitation and 536-nM emission
filters. These data were then used to determine the equilibrium
binding constants.

Displacement of bound ES2 by estrogen ligands. Four com-
pounds, 17B-estradiol, tamoxifen, its active metabolite 4-OH-
tamoxifen, and diethylstilbestrol (DES), were obtained and
tested for their ability to displace ES2 from an ERa- or ERB-

400
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c
2 250
©
L 200 Receptor Kp
s OERa 3nM
[«
a 150 AERB 2nM

10°
[ER] nM

101 102 103

FIG.3. A saturation-binding isotherm was generated in triplicate
for ERa and ERB binding to ES2. Both ERa and ERB were di-
luted in buffer (100 mM potassium phosphate [pH 7.4] containing
100 pg/ml bovine gamma globulin [BGG]) to a final volume of
100 pl on a 96-well plate. ES2 was then added to each well to a
final concentration of 1 nM. The plate was mixed and incubated
at room temperature for 2 h. The polarization (mP, mean * 1 stan-
dard deviation) was plotted against an increasing concentration of
ER and the equilibrium binding constant (K4) was calculated us-
ing nonlinear least squares analysis using Prism software. K4 val-
ues determined for ERa and ERB were 3 nM and 2 nM, respec-
tively.
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ES2 complex. Because the large receptor-ligand complex tum-
bles slowly and has a high FP value, increasing concentrations
of a competing ligand displace ES2 from ER. Free ES2 mole-
cules are then able to tumble more rapidly and therefore have
a low FP value. Because the measured polarization is the
weighted average of the bound and free ES2 molecules, it can
be directly used to calculate percent inhibition. All compounds
were prepared as a 10 mM stock in DMSO (PanVera Corpo-
ration). In triplicate, tamoxifen (Sigma Chemical Co., St. Louis,
MO), 4-OH-tamoxifen (Sigma), DES (Steraloids, Newport, RI),
and 17B-estradiol (Sigma) were serially diluted in bovine
gamma globulin/phosphate buffer (PanVera Corporation) on a
96-well plate (DYNEX). A mixture of either ERa or ERB (Pan-
Vera Corporation) and Fluormone™ ES2 (PanVera Corpora-
tion) was added to the diluted inhibitors. The final concentra-
tion of ES2 in all wells was 1 nM. For ERa experiments, the
final concentration of the receptor was 13 nM, while in ERf
experiments, the receptor was at a final concentration of 10 nM.
The plate was then incubated at room temperature for 2 h. The
polarization was measured on a TECAN Polarion using the rec-
ommended fluorescein filter set. The polarization (in millipo-
larization [mP]) was plotted against increasing concentrations
of the test compounds. ICsy values were calculated using
Prism® (GraphPad Software, Inc., San Diego, CA), a nonlin-
ear least squares curve-fitting program.

ER competitor assays for HTS. As a feasibility study (and
using techniques and reagents identical to those in the previ-
ous section), we tested 43 of our pharmaceutical collaborator’s
lead compounds from an ER-responsive gene reporter assay.
Each plate tested contained several controls, including 178-
estradiol and DES. Our aim was to identify compounds selec-
tive for either ERa or ERS.

Protein-tyrosine kinase assay

Reagent development for the FP-based PTK assay. The two
critical components in the FP PTK assay are a fluorescent phos-
phopeptide tracer and an anti-pY Ab. In general, the antibody
should bind the tracer with high affinity and exhibit a large shift
in polarization between the bound and free tracer. High-affin-
ity anti-pY antibodies enable use of lower concentrations in an
assay. This is critical for both assay sensitivity and cost con-
tainment, considering both the cost of commercially available
antibodies and the cost-per-well demands of HTS groups. Also,
the anti-pY Ab used must be able to bind to both the tracer and
phosphopeptide reaction products with similar affinity. For
these assays, the tracer was synthesized by Genosys (The
Woodlands, TX) and was optimized for maximum polarization
shift, which included changing the sequence and length of the
peptide, which was derived from a naturally occurring source.
Further modifications could have included altering the fluo-
rophore position or coupling chemistry. The goal was to max-
imize the dynamic range of the assay (polarization shift from
bound to free tracer) without sacrificing affinity.

Kinetic and endpoint PTK assays. The PTK kinase assay was
used to measure kinase activity of c-Src kinase (Signase, Hous-
ton, TX) in an endpoint mode. In a 96-well plate (DYNEX),
parallel kinase reactions were run at room temperature for a
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maximum of 10 min in a final volume of 40 ul under the fol-
lowing conditions: 50 mM HEPES (pH 7.4), 6 mM MgCl,, 0.1
ng/ul c-Src, 1.25 mM ATP, and 0.125 mg/ul poly(Glu, Tyr)
4:1 substrate (Sigma). Just after the addition of ATP to start
the reaction and every 2 min after that, 10 ul of 100 mM EDTA
was added to quench the reaction. After all of the reactions
were quenched, 50 ul of the PTK Detection Mix (PanVera Cor-
poration), which contains the F-phosphopeptide tracer-anti-pY
Ab complex, was added to each well and the reaction was in-
cubated for 5 min. The FP signal was then read at room tem-
perature on a TECAN Polarion. Twenty hours later the polar-
ization was read again to test the stability of a quenched PTK
assay after the addition of the tracer-anti-pY Ab complex.

The activity of c-Src (Signase) was also assayed in the ki-
netic mode of the FP instrument by measuring the polarization
signal in 1 min intervals over the duration of a 1-h experiment.
In a 96-well plate (DYNEX), five separate kinase reactions
were run at room temperature in a final volume of 100 ul. All
reactions contained 50 ul of the PTK Detection Mix. The first
three reactions contained either 1, 5, or 10 ng of c-Src (equal
to 0.01, 0.05, and 0.1 ng/ul, respectively) with the following
the reaction conditions: 50 mM HEPES (pH 7.4), 6 mM MgCl,,
1.25 mM ATP, and 0.125 mg/ul poly(Glu, Tyr) 4:1 substrate
(Sigma). Two control reactions were also run; one did not re-
ceive ATP, while the second did not receive the poly(Glu, Tyr)
4:1 substrate. ATP was added last to start each reaction.

Inhibition of EGF receptor by two compounds. By adding
unknown compounds to the kinase reaction, inhibitors or acti-
vators can be screened and ICsq values established. Inhibition
of the EGF receptor (PanVera Corporation) by two different
compounds was examined. Compound AG 1478 has a pub-
lished ICsp in the nanomolar range, while Genistein inhibits
EGF receptor at micromolar concentrations. Both compounds
were obtained from Calbiochem (San Diego, CA). In a black,
round-bottom, 96-well plate (DYNEX), EGF receptor (PanVera
Corporation) was preincubated with 2-fold serial dilutions of
the inhibitors for 5 min; ATP was then added to start the reac-
tions. Final conditions were 20 mM HEPES (pH 7.4), 5 mM
MgCl,, 2 mM MnCl,, 50 uM NazVOy,, 1 nM EGF receptor, 1
mM ATP, 1% DMSO, and 1 mg/ml poly(Glu, Tyr) 4:1 (Sigma)
substrate. The reaction was run for 2 h at room temperature and
quenched with 20 mM EDTA. An equal volume of the PTK
Detection Mix (PanVera Corporation) was added and the re-
action was incubated for 5 min. The results were read at room
temperature on a TECAN Polarion, and nonlinear regression
analysis was performed on a semi-log plot of the data to de-
termine the ICsq of each compound.

Protein-tyrosine phosphatase essay

The enzymatic activity of T-cell protein-tyrosine phos-
phatase (TC PTP) was measured in a dose-dependent manner
by incubating different concentrations of TC PTP (New Eng-
land Biolabs, Beverly, MA), from 0.05 U/ul to 0.0005 U/ul,
with 50 ul of the PTK Detection Mix (PanVera Corporation)
in a final volume of 100 ul. Two control assays were per-
formed: one did not receive TC PTP, while the other was sup-
plemented with 50 M Na3;VOy, (Sigma), a potent phosphatase
inhibitor.
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Inhibition of TC PTP by sodium vanadate. The ICsq values
for Na3VO,4 and TC PTP were determined in the following man-
ner. In a 96-well plate (DYNEX), Na;VO, (Sigma) was seri-
ally diluted 2-fold into 24 wells from a starting concentration
of 500 nM in a volume of 50 ul. TC PTP was then added to
each well so that the final concentration of the enzyme would
be 0.005 U/ul per assay. To start the reaction, 50 ul of the PTK
Detection Mix (PanVera Corporation) was added, and each re-
action was incubated for 15 min. At the end of the incubation,
10 ul of 550 uM NazVO, was added to quench all of the re-
actions, and the polarization for each sample was measured on
a TECAN Polarion. Nonlinear regression analysis of a semi-
log plot of the data was used to analyze these data.

Protein kinase C assay

Reagent development for the FP-based PKC assay. The PKC
assay requires two main reagents and four general steps. The
reagents are very similar to those of the PTK assay. A fluo-
rescein-labeled phosphoserine-containing peptide and an anti-
body that recognizes this phosphopeptide are required. For this
assay to work, the tracer must be competitively displaced from
the antibody by unlabeled phosphopeptides or phosphoproteins.

When performing the assay, the kinase, lipids, calcium, mag-
nesium, fluorescent tracer, peptide substrate, and potential PKC
inhibitor are combined. Next, ATP is added to start the reac-
tion. Following an incubation period, a quench/detection mix-
ture containing EDTA and anti-phosphoserine antibody is
added to stop the kinase reaction and initiate the competition
for antibody binding. Finally, polarization values are measured
to determine the extent of PKC activity in the reaction.

Measuring the enzymatic activity of seven PKC isoforms. Us-
ing this basic experimental procedure, a dilution series of seven
PKC isoforms (PanVera Corporation) were tested to determine
the amount of each isoform required to achieve the necessary
turnover in a 90-min reaction. The final amount of each PKC
isoform ranged from 10 pg to 20 ng per well. After a 5S-min in-
cubation with additional PKC reaction components, ATP was
added to initiate the reactions. Final reaction conditions (for a
50-ul total reaction volume) were 20 mM HEPES (pH 7.4), 10
mM MgCl,, 100 uM CaCl,, 0.1 mg/ml phosphatidylserine,
0.02 mg/ml diacylglycerol, 2 uM peptide substrate, 2X PKC
fluorescent phosphopeptide tracer, 50 uM sodium vanadate,
and 10 uM ATP.

After a 90-min incubation at room temperature, 50 ul of a
quench/detection mixture (containing 130 mM EDTA and anti-
phosphoserine antibodies) was added to each well to stop the
reaction and initiate the competition for antibody binding. Fol-
lowing an additional 30-min incubation at room temperature,
the FP of each well was measured on a TECAN Polarion.

Inhibition of PKC isoforms by staurosporine. Staurosporine
ICso values were determined for six PKC isoforms using the
amount of each isoform required for sufficient reaction
turnover. In a round-bottom, 96-well plate, PKC isoforms (15
ng PKCa, 300 ng PKCBI, 300 ng PKCBII, 17 ng PKCy, 117
ng PKC3, and 65 ng PKCe) were individually incubated with
serial dilutions of staurosporine (Calbiochem) for 5 min at room
temperature. ATP was then added to start the reactions. Final
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reaction conditions (for 50-ul total reaction volumes) were 20
mM HEPES (pH 7.4), 10 mM MgCl,, 100 uM CaCl,, 0.1
mg/ml phosphatidylserine, 0.02 mg/ml diacylglycerol, 2 uM
peptide substrate, 2X PKC fluorescent phosphopeptide tracer,
50 uM sodium vanadate, 0.02% NP40, and 10 uM ATP. Af-
ter a 90-min incubation at room temperature, 50 ul of a
quench/detection mixture (containing 130 mM EDTA and the
anti-phosphoserine antibody) was added to stop each reaction
and initiate the competition for antibody binding. Results were
measured on a TECAN Polarion, and nonlinear regression
analysis was performed on a semi-log plot of the data.

RESULTS

Estrogen receptor assays

The FP value was measured at each receptor concentration
and was used to calculate the equilibrium binding constants for
each receptor. Using the log of the receptor concentration and
polarization (mP), nonlinear regression analysis determined the
K4 to be 3 nM for ERa and 2 nM for ERB (Fig. 3).

ICso values for 17B-estradiol, tamoxifen, 4-OH-tamoxifen,
and DES, calculated using a nonlinear least squares curve-fit-

300 J
250 -
O J
g J
c J
2 200 A
8]
§ -
L {
150 4| Competitor IC50 (nM)
7|¢ Tamoxifen 189
1|= DES 3.5
7|o 4-OH-Tamoxifen 26
7|= Estradiol 5.6
100 -—r-rrrm||—1—1-rmn|—v-rﬂﬂm—v-rfmm—|-rrrmn—l-l'rmm
10-2 101 100 101 102 103 104

[Competitor] nM

FIG. 4. The affinities of a panel of known estrogen ligands for
ERpB were determined by their ability to displace the fluorescent
ligand ES2 from ERp using the FP-based competition assay. All
compounds were prepared as a 10 mM stock in DMSO. Tamox-
ifen, its active metabolite 4-OH-tamoxifen, DES, and 17B-estra-
diol were serially diluted in BGG/phosphate buffer on a 96-well
plate. A mixture of either ERa or ERB and ES2 was added to the
diluted inhibitors to a final concentration of 13 nM for ERa, 10
nM for ERB, and 1 nM for ES2, and incubated at room tempera-
ture for 2 h. The polarization was measured on a TECAN Polar-
ion using the recommended fluorescein filter set. The polarization
(mP) was plotted against the log of the test compound concentra-
tion with Prism software. The ICsq values were calculated using a
nonlinear least squares curve-fitting program.
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FIG. 5. Binding affinities of 43 lead compounds from an ER-responsive gene reporter assay and 7 controls were determined in a blind
study using the FP assay. All compounds were prepared as a 10 mM stock in DMSO. The compounds were then serially diluted in
BGG/phosphate buffer on a 96-well plate. A mixture of either ERa or ERS and ES2 was added to the diluted inhibitors to a final con-
centration of 13 nM or ERa, 10 nM for ERB, and 1 nM for ES2, and incubated at room temperature for 2 h; the polarization was then
measured on a TECAN Polarion. The polarization (mP) was plotted against the log of the compound concentration with Prism soft-
ware, and the ICsy values were calculated using a nonlinear least squares curve-fitting program. Of the original 50 compounds tested,
those with ICsq values lower than 10 uM, including estradiol and DES, are plotted here. Higher bars represent higher affinity binding.
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FIG. 6. The PTK activity of the tyrosine kinase c-Src was assayed
by measuring the change in FP signal over time in an endpoint ex-
periment. In a 96-well plate, parallel kinase reactions were run at
room temperature for a maximum of 10 min in a final volume of 40
!l under the following conditions: 50 mM HEPES (pH 7.4), 6 mM
MgCl,, 0.1 ng/ul c-Src, 1.25 mM ATP, and 0.125 mg/ul poly(Glu,
Tyr) 4:1 substrate. Just after the addition of ATP to start the reac-
tion and every 2 min after that, 10 ul of 100 mM EDTA was added
to quench the reaction. After all of the reactions were quenched, 50
ul of tracer: Ab complex, was added to each well and the reaction
was incubated for 5 min. The FP signal was then read at room tem-
perature on a TECAN Polarion. Twenty hours later, the polarization
was read again to test the stability of a quenched PTK assay after
the addition of the tracer—anti-pY Ab complex.
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Reaction Time (minutes)

m 1 ngc-Src
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v 10 ng c-Src
¢ no ATP

® no Substrate

FIG.7. The PTK activity of c-Src was also assayed in the kinetic
mode of the FP instrument by measuring the polarization signal in
1-min intervals over the duration of a 1-h experiment. In a 96-well
plate, five separate kinase reactions were run at room temperature
in a final volume of 100 ul. All reactions contained 50 ul of the
PTK Detection Mix. The first three reactions contained either 1, 5,
or 10 ng of c-Src (equal to 0.01, 0.05, and 0.1 ng/ul, respectively),
with the following reaction conditions: 50 mM HEPES (pH 7.4), 6
mM MgCl,, 1.25 mM ATP, and 0.125 mg/ul poly(Glu, Tyr) 4:1
substrate. Two control reactions were also run; one did not receive
ATP, while the second did not receive the poly(Glu, Tyr) 4:1 sub-
strate. ATP was added last to start each reaction.
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FIG. 8. In a black, round-bottom, 96-well plate, the EGF recep-

tor was preincubated with 2-fold serial dilutions of either AG 1478
or Genistein for 5 min. ATP was then added to start the reactions.
Final conditions were 20 mM HEPES (pH 7.4), 5 mM MgCl,, 2
mM MnCl,, 50 uM Na3VOy,, 1 nM EGF receptor, | mM ATP, 1%
DMSO, and 1 mg/ml poly(Glu, Tyr) 4:1 substrate. The reaction
was run for 2 h at room temperature and quenched with 20 mM
EDTA. An equal volume of the PTK Detection Mix was added
and the reaction was incubated for 5 min. The polarization of each
well was read on a TECAN Polarion, and nonlinear regression
analysis was performed on a semi-log plot of the data to determine
the ICsq of each compound.

ting program (GraphPad), were determined to be 5.6, 189, 26,
and 3.5 nM, respectively (Fig. 4).

In Figure 5, only the 21 compounds with ICsy values below
10 uM are shown. Note that higher bars represent higher affin-
ity binding. As hoped, several of these lead compounds exhib-
ited receptor isozyme selectivity. For example, compound 7 has
an almost 100-fold higher affinity for ERB over ERa. Two con-
trols, estradiol (compound 18) and DES (compound 36) are also
shown. As expected, both of these compounds are high-affin-
ity competitors of both estrogen receptors.

Kinase assays

As shown in Figure 6, in an endpoint c-Src kinase reaction,
polarization decreases with time as products from the kinase
reaction (phosphopeptides) displace the tracer from the anti-pY
Ab. The polarization changed from an initial value of 250 mP
to approximately 100 mP over 10 min. The second set of data,
obtained 20 h after the addition of EDTA and the PTK Detec-
tion Mix, demonstrates the stability of the quenched kinase re-
actions and the PTK Detection Mix reagents.

In Figure 7, the kinetic c-Src experiment also shows that po-
larization decreases with time. These data were collected in real
time. The “no ATP” control reaction demonstrates that this re-
action, and the subsequent decrease in polarization, is phos-
phate donor dependent, as expected. The “no substrate” con-
trol, when compared to the “no ATP” control, indicates that
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autophosphorylation of c-Src and/or phosphorylation of the
anti-pY Ab do not contribute a detectable amount of competi-
tor phosphotyrosine in this assay.

As Figure 8 shows, the experimentally determined ICsy of
AG 1478, known to inhibit the EGF receptor at nanomolar con-
centrations, was 400 pM. Genistein, which is a much weaker
inhibitor of the EGF receptor, did not inhibit the EGF receptor
at the concentrations tested, as expected.

The results obtained in a kinetic tyrosine phosphatase ex-
periment when using TC PTP are shown in Figure 9. Increas-
ing concentrations of TC PTP result in an increased rate of de-
phosphorylation, which is indicated by a decrease in
polarization. This change in polarization was dependent on the
presence of TC PTP and could be completely inhibited by 50
[.LM Na3V04.

The ICsp of an unknown phosphatase inhibitor can also be
established with this assay, as illustrated in Figure 10. In this
experiment, the ICsy of the ubiquitous phosphatase inhibitor
Na3VO, was determined to be 4 nM for TC PTP.

Figure 11 shows that each PKC isoform has a different
turnover rate for this specific peptide substrate. In the control
experiment, which contained no ATP and therefore no PKC re-
action products, the polarization value was 225 mP (data not
shown). This value represented the maximum possible polar-
ization value for the assay. When various amounts of PKC iso-
forms were tested in the presence of ATP, the decrease in po-
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FIG. 9. The enzymatic activity of T-cell protein-tyrosine phos-
phatase (TC PTP) was measured in a dose-dependent manner by
incubating concentration of TC PTP. The TC PTP concentration
ranged from 0.05 to 0.0005 U/ul. Each well also contained 50 wl
of the PTK Detection Mix in a final volume of 100 ul. Two con-
trol assays were performed: one did not receive TC PTP, while the
other was supplemented with 50 M Na3;VOy, a potent phosphatase
inhibitor. In both cases, no dephosphorylation occurred and the po-
larization remained high throughout the experiment.
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FIG. 10. The ICsq value for Na3VO,4 and TC PTP was determined in the following manner. In a 96-well plate, Na;VO, was serially
diluted 2-fold into 24 wells from a starting concentration of 500 nM in a volume of 50 ul. TC PTP was then added to each well so that
the final concentration of the enzyme would be 0.005 U/ul per assay. To start the reaction, 50 ul of the PTK Detection Mix was added,
and each reaction was incubated for 15 min. At the end of the incubation, 10 ul of 550 uM Na;VO,4 was added to quench all of the

reactions, and the polarization for each sample was measured on a TECAN Polarion. Nonlinear regression analysis of a semi-log plot
of the data was used to determine an ICsq of approximately 4 nM.
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FIG. 11. Seven PKC isoforms were serially diluted in a 96-well plate. The final amount of each PKC ranged from 10 pg to 20 ng
per well. After a 5-min incubation with additional PKC reaction components, ATP was added to initiate the reactions. Final reaction
conditions (for a 50-ul total reaction volume) were 20 mM HEPES (pH 7.4), 10 mM MgCl,, 100 uM CaCl,, 0.1 mg/ml phos-
phatidylserine, 0.02 mg/ml diacylglycerol, 2 uM peptide substrate. 2X PKC fluorescent phosphopeptide tracer, 50 uM Na3;VO,, and
10 uM ATP. After a 90-min incubation at room temperature, 50 ul of quench/detection mixture (containing 130 mM EDTA and anti-
phosphoserine antibodies) was added to each well to stop the reaction and initiate the competition for antibody binding. Following an
additional 30-min incubation at room temperature, the FP of each well was measured on a TECAN Polarion.
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FIG. 12.

In a round-bottom, 96-well plate, PKC isoforms (15 ng PKCa, 300 ng PKCBI, 300 ng PKCBII, 17 ng PKCYy, 117 ng PKC8,

and 65 ng PKCe) were individually incubated with serial dilutions of staurosporine for 5 min at room temperature. ATP was then added
to start the reactions. Final reaction conditions (for 50-ul total reaction volumes) 20 mM HEPES (pH 7.4), 10 mM MgCl,, 100 uM
CaCl,, 0.1 mg/ml phosphatidylserine, 0.02 mg/ml diacylglycerol, 2 uM peptide substrate, 2X PKC fluorescent phosphopeptide tracer,
50 uM Na3VOy, 0.02% NP40, and 10 uM ATP. After a 90-min incubation at room temperature, S0 ul of a quench/detection mixture
(containing 130 mM EDTA and the anti-phosphoserine antibody) was added to stop each reaction and initiate the competition for an-
tibody binding. Results were measured on a TECAN Polarion, and nonlinear regression analysis was performed on a semi-log plot of
the data. The ICs, values of staurosporine were shown to be less than 10 nM for all PKC isoforms tested.

larization was directly proportional to the amount of PKC pre-
sent in the reaction. Reactions containing the greatest amount
of each PKC isoform produced the most unlabeled phospho-
peptide products, which ultimately resulted in the lowest po-
larization values. The results show that 100 pg of most PKC
isoforms can complete 50%—70% of the reaction after a 90-min
incubation in the presence of ATP. From these data, it was es-
timated that 15 ng of PKCe«, 300 ng of PKCBI, 300 ng of
PKCBII, 17 ng of PKC?, 117 ng of PKC8, and 65 ng of PKCe
would give approximately equal amounts of enzymatic activ-
ity over a 90-min period under these reaction conditions.

The results in Figure 12 show that the ICsq of staurosporine
is less than 10 nM for all PKC isoforms tested, with PKC$6 be-
ing the most potentially inhibited. This correlates well with pub-
lished data reporting staurosporine ICsy values of 9 nM for
PKCa, PKCB, and PKC1.35 A staurosporine concentrations in-
creased, the polarization value of the reaction also increased,
indicating that PKC activity was being inhibited to a greater
extent. The lowest concentrations of staurosporine yielded low
polarization values, indicating that the PKC reaction was able
to proceed largely (or totally) uninhibited.

DISCUSSION

Estrogen receptor assays

The data show that an FP-based competitive binding assay
can be used to screen diverse compounds with a broad range
of binding affinities for ER, and that the assay provides a rank
ordering of binding affinity values similar to determinations

made with conventional assay methods. It should be noted that
these binding analyses were carried out under the conditions
recommended for HTS application, that is, a relatively high ES2
concentration to overcome potential background fluorescence
from test compounds. These conditions are optimal for quali-
tative identification of ligands in impure samples, but they do
not yield accurate affinity measurements for very-high-affinity
ligands; for this reason the binding affinities (ICsy) for DES
and 4-OH-tamoxifen are underestimated using the FP assay.
For analytical purposes, use of a lower ES2 concentration
(50-100 pM) in a more sensitive single-tube instrument is rec-
ommended.

This assay has proven to be fast, robust, and quantitative for
the determination of binding affinity for a wide range of es-
trogen ligands. The quantitative nature of the data and the abil-
ity to run assays for multiple receptors in parallel will signifi-
cantly aid the efforts to develop new ER-responsive drugs with
unique activities.

Kinase assays

These data demonstrate that an assay based on FP can be
used to detect PTK activity, PKC activity, and phosphatase ac-
tivity. These assays are simple, rapid, and inexpensive. The
screening of unknown kinases, the optimization of substrates,
and the testing of reaction conditions are all possible with this
assay. The phosphorylated peptide substrates for several tyro-
sine kinases—including the EGF receptor; insulin receptor; c-
Src, Fyn, Lck, and Lyn; and the general kinase substrate
poly(Glu, Tyr) 4:1—have been shown to displace the tracer
from the anti-pY Ab, while the PKC assay can detect the ac-
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tivity of at least seven different PKC isoforms. The principles
described here may also be broadly applied to any other mod-
ification of a peptide, small protein, or other molecule that
can be fluorescently labeled, that can be recognized by an an-
tibody, and that competes for binding with a nonfluorescent
molecule.

CONCLUSION

FP is now a method of choice for screening several types
of drug targets. The development of new HTS instrumenta-
tion and assay methods utilizing the advantages of FP has
made FP a technology easily incorporated into HTS. FP
should be considered for ligand displacement assays when
the ligand can be fluorescently labeled and the receptor is
fairly pure and abundant, or when enzyme reaction products
can be quantified by immunoassay. The ligand displacement
assay approach is being expanded to other nuclear receptors,
such as androgen and progesterone receptors. The same com-
petition immunoassay approach used in the PTK and PKC
assays is now being used to develop assays for additional ser-
ine/threonine kinases.

NOTE ADDED IN PROOF

Since this article was accepted for publication, we have been
able to detect the protein kinase activity of cAMP-dependent
protein kinase (PKA), calmodulin-dependent protein kinase
(CamKII), and glycogen synthase kinase-38 (GSK-38) with the
reagents, methods, and sensitivity similar to that described
herein for the PKC assays.
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