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ABSTRACT

Activation of G, protein-coupled receptors can be monitored by
measuring the increase in intracellular calcium with fluorescent
dyes. Recent advances in fluorescent kinetic plate readers and lig-
uid-handling technology have made it possible to follow these tran-
sient changes in intracellular calcium in a 1,536-well plate format
for high-throughput screening (HTS). Here, we have applied the
latest generation of fluorescence kinetic plate readers to multiplex
the agonist and antagonist screens of a G protein-coupled receptor
(GPCR). This multiplexed assay format provides an efficient and
cost-effective method for HTS of G,-coupled GPCR targets.

INTRODUCTION

uanosine triphosphate-binding protein (G-protein)-

coupled receptors (GPCRs) are the largest family of mem-

brane-signaling proteins and are important targets for

drug development.! Over 30% of marketed drugs mediate
their actions through GPCRs.? Various small-molecule modulators
of GPCRs have been found to have wide therapeutic applications,
including agonists, antagonists, inverse agonists, and allosteric
modulators.’*> GPCRs mainly signal through the G,; G-protein/
cAMP and G, G-protein/calcium pathways to regulate a variety of
cellular functions. For the G -activated GPCRs, binding of an ago-
nist results in an increase in intracellular calcium. In resting cells,

the cytosolic calcium concentration is much lower (~100-200 nM)
than that in the extracellular environment (~2 mM). When the
cells are excited by the activation of GPCRs, the concentration of
intracellular calcium can rapidly increase to ~100 pM. The low
basal intracellular calcium level and the rapid increase of cytosolic
calcium upon receptor activation enable the use of fluorescent cal-
cium dyes to measure transient changes of cytosolic calcium con-
centration. Because the calcium response is rapid and transient,
hardware that supports kinetic measurements is needed.

Fura-2, a calcium dye, is excited at different wavelengths
depending on whether it is bound to calcium, and has a common
emission wavelength of 510 nm. In the presence of calcium, peak
Fura-2 excitation is 340 nm, while in the absence of calcium it is
380 nm.%” The ratio of fluorescence emissions from excitations
at 340 and 380 nm is used to quantify the increase in cytosolic
calcium concentration. Fluo-3 and Fluo-4 are calcium dyes with
a single excitation wavelength, and only fluoresce when calcium
ions are bound to the dyes with an excitation peak at 480 nm and
emission peak at 525 nm. Calcium dyes are commonly used in
acetoxymethyl ester form, which facilitates the dyes crossing the
cell membrane. Once inside a cell, intracellular esterases hydro-
lyze the esters, effectively trapping the calcium dye inside the
cell.®1% Remaining extracellular, dye needs to be washed away
before agonist stimulation and any kinetic measurements in order
to reduce the signal background. Recently, homogeneous calcium
assay kits have become available that eliminate the cell wash
step, simplifying the assay protocol. In the homogeneous cal-
cium assay, a cell membrane-impermeable fluorescent quencher
is added to the assay solution that suppresses fluorescent signal
from extracellular calcium dye without affecting the intracellular
fluorescence signal when the assay plate is detected in the bottom
reading mode.!'-3

In the past 10 to 15 years, instruments for the kinetic mea-
surement of calcium fluorescence intensity have evolved from
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initial cuvette-based detectors to plate-based readers including
Fluorescent Imaging Plate Reader (FLIPR)'*!* and Functional Drug
Screening System (FDSS). The excitation light source in these
kinetic fluorescent plate readers has progressed from laser to more
durable and broad spectrum lights such as light-emitting diode
(LED) and xenon lamp arrays. The well density of assay plates
has also increased from 96- to 384- and even 1,536-well format,
which has greatly increased the screening throughput and at the
same time reduced screening costs. However, the 1,536-well plate
format calcium assay using the previous versions of instruments
is not optimal due to the limitations in liquid-handling systems
and tip wash stations.'® Recently, a new version of FDSS instru-
ment has become available with an expanded liquid-handling
system for 1,536-well plates and a more sensitive CCD camera
for luminescence. We have applied this new fluorescence kinetic
plate reader to the high-throughput screening (HTS) of GPCRs and
ion channel assays in 1,536-well plate format. We report here a
multiplex calcium assay for identification of GPCR agonists and
antagonists. This assay should markedly improve the screening
efficiency and expand the assay design options of calcium-based
assays for GPCRs using the fluorescence kinetic plate reader.

MATERIALS AND METHODS
Materials

Theneuropeptide S (NPS) peptide wassynthesized by BiomerTech
(Pleasanton, CA). The 1,536-well tissue culture-treated, clear-
bottom black plates were purchased from Kalypsys (San Diego,
CA). The no-wash PBX calcium assay kit was purchased from BD
Biosciences (Rockville, MD). A Chinese hamster ovary (CHO) cell
line expressing the murine M, muscarinic acetylcholine receptor
(CHO-M,, catalog # M1WT3) was obtained from American Type
Culture Collection (ATCC, Manassas, VA).

Cell Culture

All cell culture reagents were purchased from Invitrogen
(Carlsbad, CA) unless noted otherwise below. Chinese hamster
ovary (CHO, Criscetulus griseus) cells were maintained in F12
Kaighn's media supplemented with 10% fetal bovine serum (FBS),
100 units/mL penicillin, and 100 pg/mL streptomycin at 37°C, 5%
CO, in a humidified atmosphere. For the frozen cell preparation,
5 million cells in 60 mL of media were seeded in each Nunclon
triple layer flask (Nalge Nunc International, Rochester, NY) and
were cultured for 3 to 4 days to reach 90%-95% confluence. The
cells were then detached by incubation with 15 mL 0.25% tryp-
sin at 37°C for 3 min and centrifuged at 1,000 rpm to remove the
trypsin solution. The resulting cell pellet was resuspended in the
cell freezing media containing 10% dimethyl sulfoxide (DMSO;
Invitrogen, Carlsbad, CA) at a density of 4 X 107 cells/mL. One
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triple layer flask (500 cm?) yielded approximately 4-5 X 107 cells.
Aliquots of cells with 0.5-1 mL per vial were put in a Cryo 1°C
freezing container (Nalgene Nunc) and slowly frozen down over-
night in a —80°C freezer at 1°C/min. The frozen cells were then
transferred to a —140°C freezer for storage until use.

Instruments for Liquid Handling

Cells and dye-loading buffer were dispensed into 1,536-well
plates by either a solenoid valve-based dispenser BioRAPTR FRD
(Beckman, Fullerton, CA) or a Multidrop Combi dispenser (Thermo
Fisher Scientific Inc., Waltham, MA). The control compounds were
serially diluted in DMSO in 384-well plates manually and then
reformatted into 1,536-well plates at 7 uL/well using Cybi-well dis-
pensing station (Cybio, Inc., Woburn, MA). The 20 nL pins mounted
on the 1,536-well pin tool head in FDSS7000 for compound trans-
ferring were purchased from V&P Scientifics (San Diego, CA). The
final DMSO concentration in the assay plate is under 0.5% in the
1,536-well plate assay with the use of the 20 nL pins.

The 1,536-Well Tip Pipette Head Calibration

The 1 pM fluorescein (Sigma, St. Louis, MO) was used to deter-
mine the accuracy and precision of the 1,536-well tip pipette
head. The 1,536-well tip pipette head was used on the FDSS7000
to transfer 1 to 4 pL of 1 pM fluorescein from a reservoir to 4 uL/
well PBS in a 1,536-well assay plate. For each volume, the trans-
ferring test was repeated twice. A curve of relative fluorescence
units (RFU) vs. volumes of fluorescein (uL) was constructed from
these data, and a linear regression was obtained (RFU = 419 X
[volume of fluorescein, pL] + 48.8, R? = 0.9986). To determine
the precision of the tip transfer, the average, standard deviation,
and coefficient of variance of all well RFU data were calculated
for each assay plate. Fidelity of the tip transfer was also evaluated
by calculating the average, standard deviation, and coefficient of
variance of 2 different assay plates.

GPCR Calcium Assay

On the day before the assay, frozen cells were resuspended
in fresh media and seeded at 3 uL/well with 1,500 cells in black,
tissue culture-treated, clear-bottom 1,536-well plates. Cells were
cultured overnight at 37°C with 5% CO,. The calcium dye was
prepared according to the manufacturer’s instruction with 2 mM
probenecid and loaded into cells at 3 pL/well. The assay plates were
incubated at 37°C for 1 h followed by 20 min incubation at room
temperature. Assay plates were then placed onto the FDSS7000
kinetic fluorescence plate reader for measuring the changes of
intracellular free calcium in response to the GPCR activation. The
basal fluorescence signal was recorded for 10 s at 1 Hz followed



by an addition of 20 nL of compounds by pin tool and 210 s con-
tinuously recording at 1 Hz. Two microliters of agonist prepared
in HBSS buffer supplemented with 0.1% BSA was added and the
antagonist response of compounds was recorded for 140 s. The
CCD binning was set to 2 X 2.

HTRF cAMP Assay

The HTRF cAMP immunoassay kit was obtained from Cisbio
(Bedford, MA) and the experiment was carried out according to
the manufacturer’s instruction.

Radioactive Ligand-Binding Assay
The radioactive ligand-binding assay was performed as previ-
ously described."”

Data Analysis and Statistics of Assay Data

Time-course fluorescence responses for the calcium assay
were expressed in terms of fluorescent change over background.
For both agonist (1-220 s) and antagonist (221-400 s) phases, the
maximal fluorescent response was exported into 2 text files using
the instrument’s software data export utility. Concentration-
response curves were fitted and EC,,/IC;,s were calculated with
the GraphPad Prism® software (GraphPad, San Diego, CA). The
primary screening data was analyzed using software developed
internally in NIH Chemical Genomics Center.'
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RESULTS
The Kinetic Fluorescence Plate Reader

Multiple liquid dispensing heads. FDSS7000 is a newly improved
version of the fluorescence kinetic plate reader (FDSS series). It is
designed for assays with high well density and complicated proto-
cols (Fig. 1). The most significant improvement in this version of
instrument lies in the liquid-handling system. It is equipped with a
moving head unit (Fig. 1B), which can pick up the desired head with
tips or pin tool and add agonists or compound solution to the assay
plate during the kinetic measurement. Moreover, the moving head
unit can quickly wash the tips or pin tool and can also automatically
switch between 2 different dispenser heads during one experiment,
which enables this new plate kinetic reader for multiple tasks in
compound screening experiments. In addition to the 96-well and
384-well tip heads, a new 1,536-tip pipette head with changeable
plastic tips is available for 1-5 pL dispensing capacity as well as a
1,536-well pin tool head for 20 nL. compound transfer. Two pipette
heads such as a pin tool head and a tip-pipetting head can be placed
in the stations and used for 1,536- or 384-well plate experiments
(Fig. 1C). Two boxes of pipette tips can be placed on stations adja-
cent to the pipette head parking station, and can be automatically
loaded and unloaded during the experiment (Fig. 1C).

Precision test of 1,536-well pipette. We have performed a pre-
cision test on the 1,536-tip pipetting head, which can transfer
1-5 pL solution from reagent reservoir to assay plate (Fig. 2).
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Fig. 1. (A) A picture of the Functional Drug Screening System (FDSS) 7000 system. (B) Inside view of the main station of FDSS700o0.

(C) Layout of the main station.
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Fig. 2. (A) A close-up picture of the 1,536-tip pipette head. (B) A picture of the disposable tip for the 1,536-tip pipette head. (C) Relative fluo-
rescence units (RFU) vs. volumes of fluorescein (uL) transferred by the 1,536-tip pipette head. (D) Trituation and plate mixing reversed the
left shift of compound dose response caused by poor equilibration of pin tool transferring in calcium assay. Error bars represent standard
error of n = 4 values.

Fluorescein solution was transferred at various volumes to deter-
mine the accuracy and variability in transfer volumes within the
same plate and between plates. A curve of relative fluorescence
units (RFU) vs. volumes of fluorescein (pL) was constructed (Fig.
2(), and a linear regression was obtained (RFU = 419 X [volume

of fluorescein, ul] + 48.8) with very good fit (R> = 0.9986). The
results showed that within a plate, percent coefficient of variance
(CV) ranged from 4% to 6% for this 1,536-well plate pipette head.
For the dispensing variation between plates, the CV was <2% for
various dispensing volumes tested (Table 1), indicating that this

Table 1. Precision of Reagent Transfer Using a 1,536-well Pipette Head

Plate Number

Mean of Plate 1 and

Volume (pL) In Each Plate Plate 2 0oCV Between Plates
: Mean (RFU) 461.1 458.6 4599 0.27
CV (%) 4.64 4.78
. Mean (RFU) 896.4 893.4 894.9 0.17
CV (%) 4.83 5.89
3 Mean (RFU) 1,320 1,309 1,315 0.42
CV (%) 5.25 5.29
. Mean (RFU) 1,690 1,744 1,717 1.57
CV (%) 4.73 5.01

Abbreviation: CV, coefficient of variance.
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1,536-well pipette head was consistent and reliable for dispensing
small volume of liquid.

Compound transfer by 1,536-well pin tool head. It was previ-
ously reported that compound solutions transferred by pin tool
were mixed incompletely with assay solutions.'® Once compound
solutions (usually in DMSO) are transferred to assay plates, the
high concentration compound solutions (usually 200-fold or more
concentrated) often sink quickly from the pins through the assay
buffer in wells to the bottom of the assay plate. These dense com-
pound solutions can form a local high concentration zone on cells
that usually adhere to the bottom of assay plates. The concentra-
tion-activity curves of these compounds can be shifted to left
(5- to 8-fold more “potent”) due to the local high concentration
of compounds on cells and this phenomena is more dominant in
1,536-well plate because of the narrow size of wells in that type of
plates. To solve this problem, this instrument provides pin tritu-
ation and plate mixing functions to facilitate the rapid mixing of
the transferred compound solution with the aqueous solution in
wells. We then tested the effect of these 2 functions vs. the potency
of carbachol in a 1,536-well format calcium assay (Fig. 2D). The
addition of pin trituation or plate mixing to the pin-transferring
protocol shifted the concentration-response curve and brought
the potency values of carbachol closer to these reported previ-
ously in the 96- and 384-well plate assays (ref. '°; http://tools.
invitrogen.com/content/sfs/brochures/583.pdf).

Tip wash modules with sonication bath. In order to sufficiently
clean tips during experiments, this instrument is equipped with
advanced tip wash/cleaning units. There are 4 modules including
3 tip wash modules and 1 tip-blotting module (Fig. 1C). Two tip
wash modules are equipped with sonication baths, which provide
efficient and rapid online tip washes during experiments. In our
experiments, one tip wash module is filled with 50% DMSO and
the other with H,0 to accommodate the needs for washing off
both hydrophobic and hydrophilic compounds. After washing,
the tips are blotted on filter paper in the tip-blotting module to
dry the tips and further remove potential compound residue. Both
plastic tips in the pipette head and metal pins in the pin tool head
are effectively cleaned with the combination of DMSO, water, and
sonication baths plus the tip blotting in this instrument within 2
min (data not shown).

Plate and reagent delivery system. There are 2 sets of plate
stackers in this instrument. One set is used for the assay plates
and the other for the compound source plates. Each stacker can
accommodate 28 standard 1,536-well plates (10 mm height).
Inside the instrument, there is a ligand plate station, in which
3 additional control compound plates or reagent modules can be
placed. An automated reagent feeding system is also available
for continuous addition of the agonist into the internal reagent

A MULTIPLEX CALCIUM ASSAY

module. Thus, this instrument has sufficient plate and reagent
supply systems for multiple-step assays performed continuously
in a batch screen mode with 28 plates.

Optical and detection system. The excitation light source of
4 linked 150 W xenon lamps provides 600 W continuous excita-
tion lights between 340 and 600 nm for the common fluorescence
dyes as well as newly emerging ones. The optical system has been
proved to be reliable, sufficient, and durable requiring minimal
maintenance. For assay plate detection, this new instrument can
have 2 CCD cameras, one for fluorescence assays and another
for luminescence assays. For luminescence detection, a 2D pho-
ton-counting camera is used for flash luminescence applications
such as the aequorin assay. High sensitivity in single photon
light level can be achieved through a fiber optic bundle and a 2D
photon-counting device that is connected to a real-time imaging
processor.

Additional features. Other features include plate shaking func-
tion that is useful for quickly mixing of the reagent or compound
added during the kinetic experiment with the well buffer of the
assay plate, and a fast plate loading/moving system integrated
with lid remover and barcode reader. This instrument can image
assay plates at 1 Hz and the screen throughput could reach ~10 to
20 plates per hour, suitable for both primary HTS and secondary
screening for compound follow-up experiments.

Other improvements to be considered. We have only tested this
instrument in stand-alone mode and have not used it to screen >28
plates at a time. It could be challenging to integrate the FDSS7000
with a robot for the fully automated compound library screening,
which requires continuous and error-free running. Though the
instrument has a sufficient liquid-handling system to add com-
pound and agonist during the kinetic experiments, the fluorescent
dye addition and incubation have to be performed outside before
the assay plates are delivered to the instrument. In addition, sev-
eral updates/changes may be considered for the FDSS7000 to make
screening more smooth and efficient. A vacuum tip dryer can be
added that dries the tips and pins more efficiently than the blot-
ting papers. Second, a solution refilling system with the 4°C chill-
ing capability is needed to provide continuous supply of reagents
to the agonist reservoir. Third, when plates are stacked without
lids water condensation frequently occurs on the bottom of assay
plates and interferes with plate reading. To solve this problem, a
small fan could be installed near the opening on instrument to
blow off the moisture from the bottom of plates.

Multiplexed Measurement of Agonist
and Antagonist Responses

Multiplex assay protocol. Both small-molecule GPCR agonists
and antagonists are useful as research tools as well as chemical
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starting points for drug development. Compound
(1) Cell Plating: screens for agonists and antagonists are commonly
— Seed the Cells in 1,536-well Plates (1,500 Cells, 3 uL/Well carried out in 2 separate experiments, doubling

— Incubate the Plates at 37°C for Overnight the numbers of cells, plates, reagents, and robotic
running time for the screen. Multiplexing of ago-
nist and antagonist screens using one assay plate

ﬂ in one screen can significantly reduce the cost of

primary screening. We have established a proto-

(2) Dye Loading: col for the multiplex screen of GPCR agonists and
— Add 3 pL/Well Dye Solution and Incubate for 60 min antagonists with the fluorescent calcium assay (Fig.

3 and Table 2). In this assay format (Table 2), cells

ﬂ are seeded into 1,536-well plates 1 day before the

experiment at a density of 1,500 cells/well in 3 pL/
well. A no-wash calcium assay kit containing the
(3) Detection in FDSS7000: cell membrane-impermeable fluorescence quencher

is used and an equal volume of calcium dye mix-
ture is loaded to the assay plates followed by 1 h
¢ ¢ incubation at 37°C. The multiplex assay is initiated
inside the instrument with a 10 s baseline record-
ing (1 Hz) of the assay plate at an excitation of 480
nm and an emission of 525 nm. The internal 1,536-
well pin tool head delivers 20 nL/well DMSO com-
pound solution to the assay plate while the plate
is continuously read for 3.5 min at 1 Hz to record

Add Compound Add Agonist (EC,)

Record Record Agonist Record Antagonist
Background Response (210 s) Response (140 s)

Fig. 3. Schema of the multiplex G protein-coupled receptor (GPCR) assay protocol.
The final assay volumes were 6 pL for the agonist mode and 8 L for the antagonist ~ the agonist response of compounds. And then, an
mode. The total recording time was 6 min for one plate. ECy, amount of agonist is added (2 pL/well) using

the 1,536-well pipette head and the antagonist response of com-
pounds is recorded for another 140 s at 1 Hz (Fig. 3). The total
recording time for each plate is 6 min and the screen throughput
of this assay format is ~8 plates per hour including the plate
delivery time.
Table 2. Protocol of the Multiplexed Calcium Assay Multiplex assay of M, muscarinic acetylcholine receptor. A CHO
in 1,5636-well Format cell line stably expressing M, muscarinic acetylcholine receptor
was tested in this multiplex GPCR assay. Time-course calcium

Step Parameter Value Description
] Cells m 1,500 cells/well responses of pilocarpine, an M, agonist, and ipratropium, an M,
: antagonist, were shown in Figure 4. EC,, amount of carbachol
2 el el 37°C, 5% CO, was used to challenge the cells for the measurement of antago-
3 Reagent 3L No-wash calcium dye nist responses. After the experiments, the maxima of the ago-
4 Incubation 60 min 37°C, 5% CO, nist kinetic response and the antagonist kinetic response were
5 Tl 10 min Room temperature separately exported into text files and used for the concentration-
5 Detection R p— Read for 10 s in the FDSS7000 response curve fitting. As shown in Figure 4B, small-molecule
- - agonists may act as weak antagonist in the antagonist screen seg-
7 Compounds 20 nL ﬁdsfrejr::n?m toolin the ment of this multiplex assay. This is due to either GPCR desen-
. Detection Agonist response | Read for 3.5 min sitization where cells were not fully recovered from the agonist
response, or an antagonist effect of a weak/partial agonist in
o Reagent 2u A TR response to stimulation by the full agonist. The EC;, value of the
10 Diasiten rAer;E(?r?sr:eiSt Read for 140's ag.onist pilocarpir.le was 34 nM as.dete.rmined in agonist mode
(Fig. 5A). Ipratropium, a M, antagonist, displayed a concentration-
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Fig. 4. Calcium response kinetics of (A) dimethyl sulfoxide (DMSO), (B) a M, agonist pilocarpine, and (C) a M, antagonist ipratropium in the
multiplex GPCR assay. Fluorescence responses for the assay were expressed in terms of fluorescent change over background. Arrows mark
the time of compound addition (t = 10 s) and addition of 2 pL of carbachol, a M, agonist (t = 220 s). For (B) and (C), each fluorescent trace
represents the calcium response resulting from a dose of a single concentration of pilocarpine or ipratropium transferred to a single well.
The maxima of 2 different time periods (1—220 s and 221-360 s) of each trace were used dose-response curve construction for agonist and

antagonist responses, respectively.

dependent inhibition of the carbachol response in this calcium
assay with an IC,, value of 5.9 nM (Fig. 5B).

In order to determine whether the compound activities deter-
mined in this multiplex assay are similar to those measured in
traditional single-step assays where agonist and antagonist activ-
ities are measured in separate assay plates, we tested 5 muscarinic
acetylcholine antagonists in both multiplex assay and single-step
assay formats. We observed that the potencies of these compounds
determined by the multiplex assay followed the same rank-or-
der as those determined in the standard assay format (Table 3).
This indicated that the pharmacology of the antagonists was not
changed in this multiplex assay.

Multiplex screen of neuropeptide S receptor. The neuropeptide
S receptor (NPSR), previously known as GPR154, is a recently

de-orphanized GPCR.'®?° [ts endogenous ligand, neuropeptide
S (NPS), is a 20 amino acid peptide. The NPS receptor couples
to both G, and G, G-proteins resulting in the activation of both
intracellular calcium and cAMP signaling pathways. NPSR are
highly expressed in brain areas that have been implicated in mod-
ulation of arousal, stress, and anxiety. Central administration of
NPS in mice induces wakefulness and arousal, while at the same
time suppresses anxiety. Therefore, selective small-molecule ago-
nists and antagonists of NPS receptor are useful research tools
for further studies of in vivo functions of this receptor, as well as
being potential chemical leads for drug development.

NPS showed a concentration-dependent increase in intracel-
lular calcium release with an EC,, value of 3.3 nM in a CHO cell
line permanently expressing NPSR (NPSR-CHO cells) (Fig. 5C). A
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Fig. 5. (A) Dose response of pilocarpine in the multiplex assay of muscarinic M, receptor. Error bars represent standard error of n = 2 values.
(B) Dose response of ipratropium in the multiplex assay of muscarinic M, receptor. Error bars represent standard error of n = 2 values. (C) Dose
response of neuropeptide S (NPS) in the multiplex assay of neuropeptide S receptor (NPSR). Error bars represent standard error of n = 4 values.

DMSO plate was used to test the assay performance in this mul-
tiplex assay format. The results of 6-assay plates tested using the
DMSO plate in the NPSR-CHO cell line are summarized in Table
4 with one representative plate shown in Figure 6. The signal-to-
basal (S/B) ratios for agonist and antagonist modes were 2.5- and
2.1-folds, respectively. The Z' factors in the agonist and antago-
nist modes were 0.71 and 0.59, respectively. As typically observed,
the antagonist mode was noisier and less robust than the agonist
mode, which might be due to the additional agonist dispensing
step and the variable cell responses to the agonist at EC,, con-
centration. These results indicated that the embedded agonist and
antagonist multiplex assay is acceptable for HTS though the well-
to-well variation was larger in the antagonist mode.

Compound library screen for NPS receptor in the multiplex
assay format. To validate the multiplex assay for agonist and
antagonist discovery, a total of 37,888 compounds in 1,536-well
plate format were screened. This primary screen was run twice to
examine the reproducibility of the screening results. Both ago-
nist and antagonist screens were acceptable for HTS because of
the robust Z’ factors and %CV values (Table 5 and Fig. 7). The
0%CV values were 2%-3% for the agonist mode and 6%-7% for

Table 3. Comparison of Muscarinic Acetylcholine
Antagonists in the Multiplex Assay and the Single-step Assay

IC, (multiplex | IC,, (single-step

Unit: nM assay) assay)
Scopolamine hydrochloride 7.7 12.6
Propantheline bromide 6.09 1.2
L-Hyoscyamine 7.11 1.2
Atropine sulfate monohydrate 14.2 10.0
p,L-Trihexyphenidyl hydrochloride 15.7 25.1
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the antagonist mode in both screens. The average Z' factors were
greater than 0.7 in the 2 screens, for both agonist and antagonist
outputs. Using a cutoff of 60% activation or inhibition in agonist
and antagonist mode, respectively, the hit rates were 0.4% and
below (Table 5).

A gauge of assay reproducibility can be made by examining the
concordance of the results from the 2 screen runs, and the confir-
mation of those hits. The agonist screening results are generally
concordant, while the antagonist results appear to be less so (Fig.
8). Twenty nine of the agonist hits from the 46 hits in the first
run and 37 hits from the second run were concordant (both results
greater than 60% activation). However, none of these agonist hits
were later confirmed to be real NPS receptor agonists because they
were either the fluorescence compounds or nonspecific compounds.
In contrast, only 6 of the antagonist hits from the 124 hits in the
first run and 172 hits in the second run were concordant. However,

Table 4. Statistical Parameters of the DMSO Plate
Agonist? Antagonist®

Average signal-to-basal ratio 2,51 = 0.40 2.14 £ 0.36
Average Z' factor 071 £ 0.1 0.59 = 0.13
Average %CV 0.8 =04 73 %25

The means of averaged replicate values from 6 different assays were used for
statistical calculations. Error reported as standard deviation.

2For the agonist mode (0-220 s), signal and basal values were defined as the
maximum response fluorescence resulting from EC,,, and EC, concentrations of
NPS challenge, respectively.

*For the antagonist mode (221-360 s), signal and basal values were defined as
the maximum response fluorescence resulting from IC;, and IC,, concentrations
of a NPSR antagonist in the presence of an ECq, challenge of NPS.
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we were able to confirm the antagonist activity of 4 out of 6 of the
concordant hits in a confirmation run of the assay. The activity of
one such compound is shown in Figure 9. So while the total hit rate
for the antagonist screen was larger, many of the antagonist hits
are likely false positives and true antagonists can be easily resolved

Table 5. Statistical Parameters of the Multiplex GPCR Screening for

Agonists and Antagonists of NPSR
First Run

Agonist

Antagonist

Second Run

Agonist

Antagonist

Plates screened 29 29

Total wells 44,544 44,544

E:ezr;zounds 37,888 37,888

fgﬂiﬁﬁ;ﬂa' 8.25 uM 6.25 UM 8.25 uM 6.25 UM
Average Z' factor |0.81 = 0.04 0.78 = 0.09 0.76 = 0.08 0.73 = 0.19
%CV 25+ 1.7 6.8 =22 22+19 60=19

Hit cutoff 600% activation | 60% inhibition 60% activation | 60% inhibition
Hit number 46 124 37 172

Hit rate 0.1% 0.3% 0.1% 0.4%
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by running the assay in replication or in quantitative HTS (qHTS)
format?! (this is especially true given the low overall hit rate of the
assay). Thus, the number of true antagonists is likely smaller than
the number of hits from this compound set. The relatively lower
reproducibility for the antagonist mode is consistent with the pre-

vious finding that the antagonist mode has higher varia-
tion and noise than the agonist mode. The subgroup of data
points clustered along the X and Y axles in Figure 8B most
likely originate from random variation during the tip dis-
pense of the agonist to initiate an antagonist response and
contribute to the majority of antagonist hits that are not
concordant between different screen runs. Antagonist hits
were randomly distributed within and across plate sets, and
were consistent over time (which might otherwise indicate a
mechanical failure in the liquid dispenser).

Among the 6 hits from this antagonist primary screen-
ing, a top hit coincided with the best hit (Compound 1) in
an independent NPSR HTS campaign using a cAMP assay
(Fig. 9). Another high priority hit also shared structure
similarity with that from the cAMP screening. Both com-
pounds were tested in a ligand-binding assay, and both
were able to compete with radiolabeled NPS, suggesting
a direct interaction of the compounds with the receptor.
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Thus, despite a modest false positive rate, the multiplexed GPCR DISCUSSION

assay is able to identify true antagonists. These results indicate

that this multiplex assay in the 1,536-well plate format for GPCRs
is robust for HTS and is effective to identify both agonists and

antagonists from the compound library.

Fig. 7. Z' factor (A and B)
and % coefficient of vari-
ance (CV) (Cand D) distribu-
tion for the high-throughput
screening (HTS) screening
of NPSR.

A critical requirement for multiplexing agonist and antagonist
screens with the calcium assay is whether the reagent dispens-
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Fig. 8. Correlation analysis of the 2 runs of NPSR
screening with the multiplexed calcium assay.
(A) Correlation analysis of the agonist mode. (B)
Correlation analysis of the antagonist mode.
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Fig. 9. Dose responses of one hit compound identified from the screening of NPSR were examined in calcium assay (A), CAMP assay
(B), and radioactive ligand-binding assay (C). In A, B, and C, error bars represent standard error of n = 4, 4, and 2 values, respectively.

function in HTS mode. Previous versions of fluorescence kinetic
plate readers either had only one pipette head or lacked suffi-
cient tip wash modules to rapidly remove residual compound from
the pipette tips. The detection of agonist responses occurring in
few seconds to a few minutes requires addition of test compound
solution inside the instrument immediately after the baseline
recording. In addition, the final DMSO (the compound vehicle)
concentration in the assay plate usually must be <0.5% (v/v) to
avoid the adverse solvent effect. Thus, the amount of compound
solution added to the cells in the assay plates should be =200 nL
for 384-well plates containing 40 pL of total volume or =25 nL
for 1,536-well plates containing 5 pL of total volume. To handle
such small volumes of compound solution rapidly and in parallel,
the 384- or 1,536-well pin tool is clearly more appropriate than
pipette tips because it can quickly and accurately transfer a fixed
amount of compound solution (from 10 to 500 nL dependent on
the size of pins selected).?> After pin tool addition of compounds
and while the agonist response of compound is recording, a sec-
ond pipette head with exchangeable tips is mounted to the moving
head unit that then transfers the EC,, amount of agonist solu-
tion to the assay plate for the recording of antagonist response of
the compounds. Use of 2 pipette heads for separate dispensing of
compounds and agonist avoid the cross contamination of these 2
reagents in their source plates/reservoirs.

In order to quickly mix the compound DMSO solution with the
buffer in wells of the assay plate, the pin tool “trituation” (rapid
vertical movements within 1-5 mm distance adjustable by users)
is used in combination with the quick rotational movement of
the assay plate. For mixing the agonist solution with the buffer
in assay plate, a ratio of 1:4 to 1:2 agonist solution (eg, 1-3 pL/
well of agonist in a 1,536-well plate) has been used in combina-
tion with the rapid assay plate movement to facilitate mixing.

As these agonist and antagonist responses of GPCR ligands are
usually very rapid, both compound DMSO solution and EC,, ago-
nist stimulation solution must be added to all wells in an assay
plate simultaneously while the plate being read kinetically in the
instrument. Our results have demonstrated that the FDSS7000
instrument has sufficient fluidic systems and mixing functions to
accommodate the needs of multiple dispensing protocols, rapidly
switching pipette heads and rapid tip washing to limit compound
carryover.

The pipette tips on the 1,536-well head and the pins on the pin
tool head need to be washed and cleaned within 1 to 2 min after
each use for the continuous measurement. The choices of right
solvents for the tip/pin wash are important for eliminating the
compound carryover between plates. We found that one solution
wash (eg, either DMSO or water) was insufficient to remove the
residual compounds from tips and pins (data not shown). It can be
explained by the diversity of compounds in the collection—some
of them are lipophilic and others are hydrophilic. A combina-
tion of one DMSO bath and one water bath for wash with a brief
sonication is an effective method to remove residual compounds
on the tips or pins. A tip-blotting step in which the tips touch a
layer of filter paper in a module after the tip wash steps wipes
away the remaining liquid on the tips or pins. This cycle of tips
washes, tip blotting, and pipetting head change can be completed
within 2 min in this instrument and can be adjustably controlled
by the operation software. Thus, this improved liquid-handling
system in this kinetic plate reader enables the rapid and complex
protocols that are needed for sequential agonist and antagonist
screens in a single assay plate. However, we have observed the
high irreproducible hit rate from the antagonist screen, indicat-
ing the uneven dispensing of agonist by the 1,536-well pipettor
though the CV of dispensing may be still in the acceptable range
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of 5%-10%. Thus, the performance of this 1,536-well pipettor
should be further optimized and improved by the manufacturer.

In the miniaturized assay format, it is a challenge to rapidly
and completely mix the dispensed compound solution or ago-
nist solution with the existing solution in a assay plate during a
kinetic measurement because of the narrow and tall well dimen-
sion, ~2 (w) X 2 (L) X 8 (H) mm for a standard 1,536-well plate.
Gravity and diffusion are the main forces for the quick solu-
tion mixing in the 96-well plate assay but it takes longer time
for the solution to be mixed in the higher well density plates.??
The higher gravity of compound DMSO solution may cause the
compound sinking quickly to the bottom of plates resulting in a
transit higher local concentration near cells attached on the bot-
tom of assay plates.'® This high local concentration of compound
resulting from insufficient mixing may lead to inaccurate com-
pound activity. Or a concentration gradient of the added solution
may be formed due to insufficient mixing in the higher well den-
sity assay plates that affects the accuracy of compound activity.
In this new instrument, the combination of rapidly vertical pin
movement and assay plate shaking functions can create effective
and rapid mixing of the compound DMSO solution with the assay
plate buffer while the plate is continuously read and recorded.
We found that the local high concentration of compounds due to
insufficient mixing can be avoided by using these functions in
this instrument.

The main difference between GPCR agonist mode and antago-
nist mode in compound screens is the addition of an ECy, amount
of a known agonist prior to recording the antagonist response.
Thus, the antagonist response can be sequentially measured in the
same assay plate after the agonist response is read and recorded
by a rapidly addition of EC,, amount of a known agonist. A mul-
tiplex screen assay for GPCR agonist, potentiator, and antagonist
in 384-well plate format was reported using a previous version
FDSS6000 instrument.”* A dye removing step was required in
that assay for the reduction of fluorescent background that could
significantly decrease the screen throughput. Recent advances
in the liquid-handling system in this kinetic plate reader in
combination with the no-wash calcium dye contributed to the
development of this multiplex agonist and antagonist assay in
the 1,536-well plate format that simplifies the assay procedure,
increases the screen throughput, and thus should be suitable for
HTS. The fluorescence quenching dye in the no-wash calcium
dye kit helps to eliminate the cell wash step after dye loading
that enables an addition-only assay format for the calcium assay
without affecting the pharmacology of agonist and antagonist.
Our results from the validation tests using the muscarinic acetyl-
choline M, receptor transduced cell line also demonstrated that
the potencies of 5 known agonists and antagonists were similar
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in both the single mode and the sequential assay mode in the
1,536-well plate format.

In conclusion, the FDSS7000 fluorescence kinetic plate reader,
a new generation model, has been equipped with a new liquid-
handling system and sensitive optical detection train and can be
used for more complicated and automated assay protocols. The
multiple pipetting heads and tip washing modules are major
enhancements that greatly improve cleaning efficiency and trans-
fer times for pipette tips and pins as well as reducing the possibil-
ity of compound carryover. Our results also demonstrated that
this fluorescence plate reader can be used for sequential screens
of compounds for agonist and antagonist activities in a single
1,536-well assay plate. We believe that these characteristics will
allow the full automation of such protocols in qHTS format, a
future goal of the NCGC that should further improve the data
quality in the primary compound screen.
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