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Innovations in detection technologies have allowed

us to develop a novel assay in 1536-well plate format
and assess the advantages of screen miniaturization
compared with conventional high-throughput com-
pound screening in 96- or 384-well plates. An HCV RNA
polymerase assay has been miniaturized in 1536-well
plates by using a new detection technology known as
LEADseeker homogeneous imaging system. It uses a
2102°C cooled charge-coupled device (CCD) camera
and newly designed scintillation proximity micropar-
ticles. The miniaturized assay used europium-doped
streptavidin-coated yttrium oxide (YOx) or polysty-
ene (PS) microspheres to capture biotin-labeled
3H]RNA product transcripts. Beads in proximity to
he radioisotope convert the emitted b2 particles into
hotons having wavelengths in the red region of the
isible spectrum, optimal for detection by the CCD
amera. Because the camera collects light from all
ells of the plate simultaneously, 1536-well plates are

maged as rapidly as 384-well plates, on the order of 10
in per plate. The assay has a signal to background of

pproximately 20-fold, satisfactory for high-through-
ut robotics screening. The enzyme kinetics and po-
ency of a known inhibitor were similar to those ob-
ained from the conventional assay using scintillation
roximity assay (SPA) beads and a scintillation plate
ounter. Furthermore, the newly developed mi-
robeads (emitting at 610 to 620 nm) are less prone to
uenching effects caused by yellow-colored com-
ounds, than conventional SPA beads or scintillation
uid (emitting at 400 to 480 nm region). Thus, the
EADseeker imaging system is a useful new tool for
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iniaturization of assays for high-throughput screen-
ng. © 2001 Academic Press
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Recent advances in human genomics and combina-
torial chemistry technologies are predicted to provide
new opportunities for lead identification in an increas-
ing number of therapeutic areas (1–3). A major chal-
lenge to our ability to capitalize on these break-
throughs in a timely manner is reagent availability,
which can be solved by emerging miniaturization tech-
nologies. Screen miniaturization, as defined by an abil-
ity to perform assays in less then 10 ml volume and
with high speed, is contingent on appropriate pipetting
devices (4), the availability of a variety of higher den-
sity well microtiter plates, as well as ultrasensitive,
versatile, and fast detection systems. This last point
will be the focus of this report.

In the past 5 years, the development of fluorescence
resonance energy transfer (FRET)2 and SPA-based
screening technologies enabled the move toward non-
separation screening assay formats (5, 6), amenable to
screen miniaturization. Although FRET-based assays
have been adopted in many assay types, the radioiso-
tope-based SPA remains at present a popular choice for

2 Abbreviations used: CCD, charge-coupled device; YOx, yttrium
oxide; PS, polystyrene; SPA, scintillation proximity assay; FRET,
fluorescence resonance energy transfer; HCV, hepatitis C virus;

PVT, poly(vinyl toluene).
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assay miniaturization, due to its high sensitivity and
broad applicability.

Traditionally, radioactivity has been detected by
photomultiplier tube-based scintillation counting, a
process having high sensitivity and signal:background
ratio, two critical parameters for quality screening as-
says. A limiting factor, however, has been the sample
counting time. Due to the low number of photons emit-
ted in a short time interval, each sample is usually
counted for 1 min to obtain reliable results. Therefore,
when using a plate counter with 12-photomultiplier
tubes such as the commercially available TopCount
(Packard) or MicroBeta (Wallac), the plate counting
time is 10 min (1 min/well) for a 96-well plate, or up to
40 min for a 384-well plate. Another disadvantage of
the photomultiplier tube-based scintillation counting
is that the sensitivity of detection is proportionally
decreased as the assay volume is reduced, which pre-
cludes a significant reduction in reagent consumption
without a loss in signal. Therefore, screen miniaturiza-
tion is difficult in the scintillation counting environ-
ment using the existing technology, which is also lim-
ited to 96- and 384-well plates.

LEADseeker, a CCD-based detection system (7, 8),
emerged recently as a sensitive and rapid instrument
for measuring radioisotope activity in a field format
and thus capable of handling plate formats having 96-,
384-, or 1536-wells/plate. The CCD chip is cooled to
2102°C to greatly reduce dark current noise arising

FIG. 1. Schematic diagram of an RNA polymerase assay. The new
detected by either counting with a PMT-based or CCD camera-base
from thermal fluctuations at higher temperatures,
while software algorithms correct for cosmic events
that can create “false” signals. A specially designed
telecentric Borealis lens eliminates the parallax effect
or “shadowing” that occurs when imaging the periph-
eral wells of microtiter plates using standard lenses.
Because the CCD chip is most sensitive to light in the
red region of the spectrum, newly designed micro-
spheres based on europium-doped PS or YOx having an
emission peak at 615 nm allow the development of
non-separation SPAs using LEADseeker.

The experiments described here were designed to
miniaturize the HCV RNA polymerase assay using a
SPA format for the detection of reaction products. Over
170 million people worldwide are currently infected by
hepatitis C virus (HCV). More than 50% of acute HCV
infections eventually develop into a chronic disease,
which may lead to liver cirrhosis and hepatocellular
carcinoma. Interferon-a is the most frequently used
therapeutic agent to treat HCV infection but less than
20% of patients respond to the therapy (9). New treat-
ments are clearly needed to combat the HCV infection.
The RNA-dependent RNA polymerase of HCV is an
attractive target for drug development since it plays a
critical role in the replication of the viral genome (10).

MATERIALS AND METHODS

Materials. HCV RNA polymerase (NS5B) was ex-
pressed in Escherichia coli and purified to .90% purity

ranscribed RNAs were captured on streptavidin-coupled beads and
stem.
ly t
(11). [3H]UTP, UTP, streptavidin-coupled poly(vinyl
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216 ZHENG ET AL.
toluene) SPA beads (PVT beads), streptavidin-coupled
yttrium oxide (YOx) and polystyrene (PS) imaging
beads were obtained from Amersham Pharmacia Bio-
tech. The assay buffer contained 10 mM KCl, 20 mM
Tris–HCl, pH 7.5, 2 mM MgCl2, 5 mM DTT and 0.01%
Triton X-100 (reagents purchased from Sigma). The 96-
and 384-well solid white plates were purchased from

FIG. 2. (a) Detection of HCV RNA polymerase product in 96-, 384-,
and 1536-well plates using the LEADseeker imager. Total signal and
background of the HCV RNA polymerase SPA assay were measured
with 30 nM enzyme and 1 mM [3H]UTP using yttrium oxide (YOx) or

olystyrene (PS) imaging beads and LEADseeker imager for detec-
ion. Each plate was counted for 10 min. The signal/background ratio
n the assay using YOx imaging beads was 28, 14, and 20 for 96-,
84-, and 1536-well plates, respectively. In the assay using PS im-
ging beads, the signal/background ratio was 26, 21, and 18 for 96-,
84-, and 1536-well plates, respectively. Open bars are total signal
nd closed bars are background. Each bar represents the average of
our measurements. Error bars are standard deviation. (b) Compar-
son of signal/background in 96- and 384-well plates using a Top-
ount plate reader. Total signal and background of the HCV RNA
olymerase SPA assay were determined with 30 nM enzyme and 1

mM [3H]UTP) using poly(vinyl toluene) (PVT) beads for product
capture and TopCount for signal detection. The counting time was 1
min per well. The signal/background ratio was 103-fold in the 96-well
plate assay and 46-fold in the 384-well plate assay. Open bars are
total signal and solid bars are background. Each bar represents the
average of eight measurements. Error bar is standard deviation.

FIG. 3. Concentration responses of the HCV RNA polymerase
(NS5B) determined by either PMT- or CCD-based detectors. (a) The
96-well (F) and 384-well (E) plates with PVT beads were counted by
a TopCount. (b) The 96-well (F), 384-well (E), and 1536-well plate (■)
with YOx beads were detected by LEADseeker imaging system. (c)
The 96-well (F), 384-well (E), and 1536-well plate (■) with PS beads
were detected by LEADseeker imaging system. The concentration of
30 nM enzyme was used in all other experiments. (d) Pseudocolor
images of the concentration response of the HCV RNA polymerase
acquired by the LEADseeker imaging system from the same plates of
which the data were described in b and c. Each point in the curves is
the mean of four measurements and the error bars are the standard

deviation.
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217MINIATURIZATION OF HEPATITIS C VIRUS RNA POLYMERASE ASSAY
Corning Costar. The 1536-well solid white plates hav-
ing a 12-ml volume capacity per well were obtained
from Greiner.

Instruments. LEADseeker (Amersham Pharmacia
Biotech), a CCD-camera-based imaging system, was
used to determine the radioisotope signal from YOx

and PS beads in 96-, 384-, and 1536-well plates. Top-
count (Packard Instruments), a plate scintillation
counter equipped with 12 photo multiplier tubes
(PMTs), was used to count the radioisotope signal from
PVT SPA beads in 96- and 384-well plates. All liquid
dispensing in this study was performed manually us-
ing BioHit proline single channel electronic pipettors
(Vangard).

HCV polymerase assay. HCV RNA polymerase cat-
alyzes the incorporation of radiolabeled uridine
triphosphate into a primer-template substrate com-
posed of biotinylated-oligo(dT)16 hybridized to polyri-
boadenosine. After quenching the reaction by the ad-
dition of EDTA which chelates the required Mg21, the
product is captured onto streptavidin-coated SPA
beads.

The poly(A) template (300 bases) and oligo(dT)
primer (16 bases) were preannealed by incubation at
room temperature for 60 min at a 1:1 ratio. The assay
was performed essentially as described by Carroll et al.
(11). Briefly, as described in Fig. 1, 20 ml/well purified
HCV RNA polymerase (NS5B) and primer/template
mixture, 20 ml/well compound solution or assay buffer,
nd 20 ml/well [3H]UTP substrate were added to a

FIG. 4. Inhibition of HCV RNA polymerase activity by compound
A, a known inhibitor in the [3H]-SPA assay determined by TopCount
nd LEADseeker imaging system (the IC50 values are 1 to 3 mM
alculated from above curves). TopCount detection using PVT beads
n a 60-ml assay, IC50 5 1.1 mM (■) or 15 ml assay volume, IC50 5 2.4

mM (h). LEADseeker detection using YOx beads in a 15-ml assay,
IC50 5 2.2 mM (F) or 6 ml assay volume, IC50 5 1.1 mM (E). LEAD-
seeker detection using PS beads in a 15-ml assay, IC50 5 0.99 mM (})
or a 6-ml assay volume, IC50 5 2.4 mM ({). Each point in the curves
is the means of four measurements and the error bars are the
standard deviation.
96-well plate and incubated at 30°C for 60 min. The
final concentrations were 30 nM NS5B, 20 nM primer/
template and 1 mM [3H]UTP (0.35 mCi/well in 96-well
plate assay). The reaction was terminated by addition
of 30 ml/well 0.5 M EDTA with 0.2 mg streptavidin-
coupled PVT, YOx, or PS beads except in the experi-

ent for the enzyme–concentration curves where
.4-mg beads were added. The plate was counted for 1
in/well in a TopCount plate reader (10 min/plate for
96-well plate, or 40 min/plate for a 384-well plate) or

0 min/plate in a LEADseeker imaging system for any
ensity of plate.
The total assay volumes were proportionally reduced

rom 60 ml in 96-well plates to 15 and 6 ml for 384-well
and 1536-well plates, respectively. Therefore, the final
concentrations of all reagents including enzyme and
substrate remained constant regardless of assay vol-
ume. The radioactivity was 0.0875 and 0.035 mCi/well
or 384- and 1536-well plates, respectively. The
mount of streptavidin-coated beads was reduced to
.05 mg/well for a 384-well plate and to 0.02 mg/well
or 1536-well plate.

FIG. 5. Comparison of emission spectrum of PVT and YOx beads
ith the absorbance spectrum of compounds. (a) PVT beads emit
etween 400 to 480 nm (dashed line) while YOx beads emit at

610–620 nm (solid line). (b) Yellow-colored compounds: Compound 1
(■), compound 2 (h), and compound 4 (Œ) have similar absorbance
peaks from 400 to 500 nm. The match between the emission spec-
trum of the regular SPA beads with the absorbance spectrum of
yellow-colored compounds results in a color quench of the signal and
can produces false positive during screening. Compound A, a known
inhibitor (F), and compound 3 (E), both colorless, showed no signif-
icant absorbance from 400 to 750 nm. The data are the means of two

measurements.
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RESULTS AND DISCUSSION

Signal and background of the HCV RNA polymerase
assay detected by scintillation counting (PMT-based)
and by imaging technology (CCD camera-based) in 96-,
384-, and 1536-well plate formats. The total signal
and background of the HCV RNA polymerase assay
were determined using 30 nM enzyme, 20 nM primer/
template and 1 mM [3H]UTP (0.35, 0.875, and 0.035
mCi/well, respectively, for 96-, 384-, and 1536-well
plates). The assay volume was proportionally reduced
in higher density plate format (60, 15, and 6 ml for 96-,
84-, and 1536-well plates, respectively). The initial
nzyme reaction was the same for both the SPA and
EADseeker-based assay formats except for different
ypes of streptavidin-coupled beads used to capture the
iotin-linked product after termination of the enzyme
eaction.

In experiments using PMT-compatible PVT beads
or capturing the 3H product, the total signal was pro-

portional to the assay volume. Approximately 22%
(61%) of the signal was observed for a 15-ml assay in a
384-well plate, compared to that in a 60-ml assay in a
96-well plate (Fig. 2b). However, the counting time
increased with the higher density plates from 10 min/
96-well plate to 40 min/384-well plate. Therefore, al-
though reducing reagent consumption by three-fold,
the 384-well format results in a fourfold increase in
counting time. This bottleneck, i.e., excessive counting
time in high-density well plate format, would be effec-
tively removed by using CCD camera-based instru-
ments that are not restricted by plate geometry and
that image an entire plate at once.

With the LEADseeker, we assessed signal ampli-
tude, as well as signal to noise ratios using YOx or PS
imaging beads, while varying the assay volume and the
plate density, from 96-, to 384-, to 1536-well plate
formats (Fig. 2a). The signal amplitude was twofold
higher using YOx beads than for PS beads, although
the assay background (noise) was also slightly higher.
The signal measured from 384-well plate assays hav-
ing 15-ml assay volumes was 56% (66.4%) and 61%
(63.1%) of that in 96-well plate assays, using YOx and
PS beads, respectively. In a 1536-well plate using YOx

beads and PS beads, the signal was 29% (63.8%) and
8% (63.9%), respectively, of that in a 96-well plate,
lthough the assay volume decreased 10-fold in the
536-well plate assay (6 ml assay volume). Therefore,

the signal detected by a CCD-based imaging system
did not proportionally decrease with a reduction in
ssay volume and total radiolabel as assays moved into
igher density plates. This improved light collection
haracteristic arises from the smaller surface-to-vol-
me ratio of a 1536-well plate which effectively concen-

rates light emission into a smaller area. This phenom- c
non has also been observed and explained elsewhere
7) which benefits assay miniaturization, permitting
he scaling down of assays, while maintaining suffi-

FIG. 6. Comparison of the inhibitory effect of compounds on the
HCV RNA polymerase activity determined using regular SPA beads
and LEADseeker beads with the absorbance of the compounds at 440
nm. (a) The EC50 value for absorbance at 440 nm was 8 mM for
ompound 4 (Œ) and 11 mM for compound 1 (■) and compound 2 (h).

Compound A, a known inhibitor (F), and compound 4 (E), both
colorless, showed no significant absorbance at 440 nm. (b) The IC50

value was 1.5 mM for compound A (F) and 10.2 mM for the colorless
compound 3 (Œ). Three yellow-colored compounds, compounds 1, 2,
and 4, were not active at concentrations up to 30 mM with detection
f product using LEADseeker beads. (c) The IC50 value was 1.6 mM

for compound A (F) and 6.1 mM for the colorless compound 3 (Œ) with
detection of product using the regular SPA beads. Three yellow-
colored compounds had IC50 values around 10.3 mM with detection of
product using the regular SPA beads. Each point in the curves is the
mean of four measurements and the error bars are the standard
deviation.
ient signal for detection.
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Concentration response of HCV RNA polymerase de-
termined by PMT-based scintillation counting and
CCD camera-based imaging in 96-, 384-, and 1536-well
plates. To further assess the suitability of the CCD
camera-based imaging technology for assaying the ac-
tivity of the HCV RNA polymerase, an enzyme concen-
tration–response experiment was performed in the
three types of microtiter plates. The enzyme concen-
tration–response curves were similar across the three
types of the plates, bead type, and detection methods
(Figs. 3a–3c). Substrate Km values remained the same
in these experiments as well (data not shown here).
Figure 3d shows the pseudocolor images acquired by
the LEADseeker imaging system from which the data
in Figs. 3b and 3c were derived. These results indicate
that the LEADseeker imaging assay format for the
HCV RNA polymerase assay produces results that are
comparable with those obtained using conventional
SPA format.

Comparison of the IC50 for an inhibitor of HCV RNA
polymerase determined in conventional SPA scintilla-
tion counting and CCD-imaging assay formats. Dur-
ing the high-throughput screening performed in our
laboratories using the SPA-based assay in the 96-well
format on a fully automated robotics platform (Robolab
with integrated TopCount), several classes of inhibi-
tors have been identified (not shown). Here we assess
the effect of compound A, a known inhibitor, on the
polymerase activity using the miniaturized assay con-
ditions established (Figs. 2 and 3). The IC50 of com-
pound A was determined in an experiment using 30
nM HCV RNA polymerase and 1 mM [3H]UTP as the
substrate. The results (Fig. 4) demonstrated that the
inhibition of RNA polymerase activity in the presence
of compound A was similar in 96-, 384-, and 1536-well
plates measured by either TopCount or LEADseeker
imaging system.

Reduced color quenching with YOx and PS beads
compared to conventional SPA beads. Color quench-
ing can be an issue in SPA using PMT-based scintilla-
tion counters. SPA beads emit light in the blue region
of the spectrum (400 to 480 nm) which is quenched by

TAB

Comparison of the Inhibitory Effect of Compound
SPA Beads and LEADseeker Beads with

Compound Compound color
EC50 (

absorbanc

Yellow 8
Yellow 11
Colorless Not a
Yellow 11

(known inhibitor) Colorless Not a
yellow and brown compounds which are common in L
most compound libraries. Figure 5 shows that this
effect of yellow-colored compounds did not occur with
YOx and PS beads used with imaging detection, due to
a shift in the photon emission region (610 to 620 nm)
for these beads. It is estimated that 5 to 15% of the
compounds in a collection have yellow, brown, or red
color. By contrast, blue-colored compounds, which
would affect the assay with LEADseeker beads, are
relatively rare in compound libraries. To determine if
CCD-imaging using YOx or PS beads would be less
prone to false positives resulting from yellow-colored
compounds, a group of five compounds including two
colorless compounds (a known inhibitor and a potential
“hit”) and three yellow-colored compounds was tested
in the HCV RNA polymerase assay. All five compounds
appeared active in the conventional SPA assay when
quench correction was not applied (Fig. 6c); however,
only the two colorless compounds, the known inhibitor
and compound 3, registered as active in the CCD-based
imaging assay (Fig. 6b). The putative inhibitory activ-
ity of the three yellow-colored compounds in the SPA
assay measured in a PMT-based instrument was
caused by color quenching because their concentration-
dependent absorbance at 440 nm (Fig. 6a) paralleled
the IC50 curve measured by a SPA assay (Fig. 6c and
Table 1). The lower susceptibility of YOx and PS beads
to color quenching would be advantageous to reducing
“false positives” during screening of large compound
collections.

CONCLUSIONS

Here we demonstrate the transferability of the HCV
RNA polymerase assay from a conventional SPA-based
assay in 96-well plate format to 1536-well plate format
using the LEADseeker imager. There are obvious advan-
tages to using a CCD-based detection system in a minia-
turized assay format: (1) a 15-fold reduction in data ac-
quisition time, (2) a 9-fold reduction in reagent usage, (3)
a signal:background ratio of approximately 20-fold, ac-
ceptable for HTS, (4) enzyme kinetics and potency of a
known inhibitor consistent with those determined in a
standard 96-well plate assay, (5) the use of YOx and PS

1

n the HCV RNA Polymerase Activity in Regular
e Absorbance of Compounds at 440 nm

) in
40 nm)

IC50 (mM) in
regular SPA beads

IC50 (mM) in
LEADseeker beads

10.4 Not active
10.3 Not active

ve 6.3 10.2
10.2 Not active

ve 1.6 1.5
LE

s o
th

mM
e (4

.1

.2
cti
.1
EADseeker beads to reduce the number of false posi-
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tives caused by the quenching effect of yellow-colored
compounds which would otherwise arise with conven-
tional SPA beads, and (6) a significant reduction in the
volume of radioactive waste for disposal.

To adapt this assay to a form suitable for HTS requires
more than an advanced detection methodology. Liquid
handling is a critical element in screen miniaturization
as is the dispensation of beads into 1536-well plates with
SPA-formatted assays. Due to the advantages of assay
miniaturization demonstrated in this report, it is worth-
while to invest time and effort in the development of
special instrumentation for reagent dispensing, in partic-
ular robotics-friendly instrumentation.
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