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ABSTRACT

Compound effects on cloned human Ether-a-go-go related gene (hERG)
potassium channels have been used to assess the potential cardiac
safety liabilities of drug development candidate compounds. In addition
to radioactive ligand displacement tests, two other common approaches
are surrogate ion-based flux assays and electrophysiological recordings.
The former has much higher throughput, whereas the latter measures
directly the effects on ionic currents. Careful characterization in earlier
reports has been performed to compare the relative effectiveness of
these approaches for known hERG blockers, which often yielded good
overall correlation. However, cases were reported showing significant
and reproducible differences in potency and/or sensitivity by the two
methods. This raises a question concerning the rationale and criteria on
which an assay should be selected for evaluating unknown compounds.
To provide a general basis for considering assays to profile large com-
pound libraries for hERG activity, we have conducted parallel flux and
electrophysiological analyses of 2,000 diverse compounds, representa-
tive of the 300,000 compound collection of NIH Molecular Library Small
Molecular Repository (MLSMR). Our results indicate that at the con-
ventional testing concentration 1.0uM, the overlap between the two
assays ranges from 329% to 50% depending on the hit selection criteria.
There was a noticeable rate of false negatives by the thallium-based
assay relative to electrophysiological recording, which may be greatly
reduced under modified comparative conditions. As these statistical
results identify a preferred method for cardiac safety profiling of un-
known compounds, they suggest an efficient method combining flux and
electrophysiological assays to rapidly profile hERG liabilities of large
collection of naive compounds.

INTRODUCTION

on channels form a large class of integral membrane proteins.

Their malfunction is causal to a variety of human diseases and

they represent a class of attractive drug targets.' As a group,

they have not been exploited as efficiently as some other target
classes, such as proteases and G-protein-coupled receptors.> > High-
throughput screening (HTS) campaigns designed to identify active
compounds for ion channel targets are of great interest, but have
met considerable technical challenges.®” This limitation is primarily
due to the inherent technical challenges associated with measuring
electrical currents derived from ion channel activity in HTS formats.
Currents passing through ion channels are often small and tran-
sient and require special conditions to activate, all of which can pose
challenges for HTS implementation. In recent years, the rapid prog-
ress in developing functional assays and instrumentation has enabled
HTS campaigns on an expanding variety of channel types.®?

Ion channels are functionally diverse and exhibit a variety of
properties critical for their physiological roles, most prominently
their ability to allow selective permeation of ions. The major classes
of channels can be defined based on ion permeation of potassium,
sodium, calcium, chloride, or a mixture of these ions. lonic selectivity
is a key determinant of physiological function and an important
factor in HTS assays’ design and performance. Functional cell-based
assays tend to yield a more physiological readout than some non-
functional biochemical assays and are thus increasingly used in HTS
ion channel assays.’ The two major types of nonelectrophysiological
functional assays implemented using current technologies are based
on detecting either the change of concentration of the permeated ions
(or their surrogates) or the consequence of the concentration change.
The former is usually carried out by taking advantage of fluorescent
dyes that selectively bind to the targeted ions.?'*'! The latter is often
based on the membrane potential changes following ion fluxes.'*"?
Using surrogate ionic fluxes, several large HTS campaigns have been
recently described in published reports'®'> and in a public database
(PubChem AIDs 1456, 1511, 1672, 1918, 2156, and 2239). Examples
of HTS campaigns using direct measurement of ionic current have
been less commonly reported.'®

ABBREVIATIONS: CHO, Chinese hamster ovary; DMSO, dimethyl sulfoxide; hERG, human Ether-a-go-go related gene; HTS, high-throughput screening; MLSMR, Molecular

Library Small Molecular Repository; SD, standard deviation.

DOI: 10.1089/adt.2010.0339

© MARY ANN LIEBERT, INC. ® VOL.8 NO. 6 e DECEMBER 2010 ASSAY and Drug Development Technologies 743




ZOU ET AL.

Voltage-gated potassium channels are an important class of drug
targets.'” Modulators of these channels have been reported,'”"'® some
of which were identified via HTS compound screens using flux-based
assays.'?"*! The primary approach has involved the use of surrogate
ions such as rubidium (Rb™") or thallium (T1*), which may be detected
by atomic absorption spectrometry?*** or fluorescent dyes.®'®!!
With the advent of automated patch-clamps,®**~%7 it is now possible
to consider whether the more direct measurements of channel elec-
trophysiological activity obtained from the automated patch-clamp
justifies its higher implementation cost in high-throughput screens. It
is therefore important to obtain more specific and quantitative in-
formation to assess the cost and benefit comparatives between assays
employing electrophysiological methods versus surrogate ion flux
measurements.

Promiscuous block of the cardiac potassium channel encoded by
human Ether-a-go-go related gene (hERG) is a major cause of cardiac
toxicity by a variety of clinical drugs. Both flux assay and electro-
physiological approaches have been applied to determine the po-
tential cardiac toxicity risk of the developing compounds.'®?® We
therefore used hERG as the testing channel and performed compar-
ative analyses of TI"-based flux assays and electrophysiological
recording of a voltage-gated potassium channel. Our experiments
employed a validation set (~ 2,000 compounds) representative of the
NIH Molecular Library Small Molecular Repository (MLSMR), which
consists of more than 300,000 compounds and has been used in all
screens of the molecular library initiative (http://mli.nih.gov/mli/).
Therefore, the reported experiments favor a screening collection of
diverse compounds instead of a drug-like collection. The hERG TI*
assay was optimized to identify inhibitors (PubChem AID 1511). The
electrophysiological assay used population-based recording methods
and was designed to allow identification of both inhibitors and po-
tentiators. The described assay conditions are comparable to what has
been reported by others, as judged by ICs, values.'"*® The resultant
hits from these screens under different selective criteria were ana-
lyzed and compared to assess these two assays. This approach differs
from previously published analyses of hERG assays in which com-
parison of ICsq values of mostly known hERG blockers was performed
to identify the preferred approach for safety evaluation and com-
pound optimization. The present study employs a statistical approach
to compare different HTS assays to quickly assess the effectiveness of
assays to be employed for evaluation of hERG liabilities of large sets
of compounds.

MATERIALS AND METHODS
Cell Culture

A stable cell line expressing hERG was previously generated using
Chinese hamster ovary cells. These cells were routinely cultured in
complete Dulbecco’s modified Eagle’s medium/nutrient mixture F-12
medium (Mediatech, Herndon, VA) supplemented with 10% fetal
bovine serum (Gemini, Calabasas, CA), 2 mM L-glutamine (Invitro-
gen, Carlsbad, CA), and 500 pug/mL G418 (Invitrogen). They were
cultured at 37°C under 5% CO,. Cells were maintained and passaged
till 80% confluence was reached.
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Compound Selection and Handling

The validation set of the MLSMR library, including 1,999 test
compounds of various structures, was selected for the flux and
electrophysiological assays. To determine whether the MLSMR val-
idation set defines a more structurally representative subset of the
larger MLSMR library than other possible small-molecule validation
sets, we computed the number of structural neighbors in the entire
MLSMR library for each compound in (1) the MLSMR validation set
of 1,999 compounds (Biofocus DPI, San Francisco, CA) and (2) the
Library of Pharmacologically Active Compounds (LOPAC) collection
of 1,280 compounds (Sigma, St. Louis, MO), as well as the number of
total unique structural neighbors in the MLSMR library for each set.
We also performed these calculations for 100 random samples of
MLSMR library subsets of size 1,000, 2,000, 3,000, 4,000, and 5,000
compounds. Finally, we performed a greedy optimization to estimate
the subset with the maximal number of unique structural neighbors
for a given compound subset size. This greedy approach used the
standard algorithm for problems such as vertex cover: iterative se-
lection of the compound with the greatest number of neighbors that
are not neighbors of previously selected compounds. For these cal-
culations, we computed ECFP_4 circular fingerprints hashed to bi-
nary strings of length 1,024 for each compound using Pipeline Pilot
6.1.5.0 Student Edition (Accelrys, San Diego, CA). Circular finger-
prints measure structural patterns present in radial bond neighbor-
hoods surrounding each nonhydrogen atom in a small molecule and
have been previously demonstrated to contain high information
content relative to other 2D structural descriptors.’®—>? Because these
descriptors sample an immense feature space of possible atom bond
neighborhoods, they are hashed into binary strings of length suitable
for computation. For each compound set, we removed fragments,
standardized both coordinates and charges using Pipeline Pilot, and
removed duplicate compound records (as determined by comparison
of canonical SMILES strings computed in Pipeline Pilot). For each
compound in the MLSMR validation set, LOPAC collection, and the
whole library, we computed the Tanimoto coefficient with every
compound in the MLSMR library:

.. ANB
T(,j) = m
where A and B are the number of “on” bits in compounds i and j.
Thus, each compound receives a score between 1 and O representing
its similarity to a compound in the MLSMR library. Collections of
compounds in the MLSMR library were judged similar to compounds
in the validation set or LOPAC collection if their Tanimoto coefficient
was greater than 0.3 or 0.7 compared with the target. The 0.3
threshold value has been previously observed as being the lowest
score to correlate with the degree of structural similarity at which
similar biological activity of small molecules may be expected.**>*
The 0.7 threshold value has been commonly used because it gives
much higher confidence in correlating structural similarity. Theo-
retically, a Tanimoto coefficient of 1 should represent structurally
identical compounds. However, because of the hashing step neces-
sary to calculate binary fingerprints, we have observed in practice that



sometimes nonidentical compounds may be assigned a Tanimoto
coefficient of 1. Therefore, we set an upper limit on similarity between
compounds in the validation set and LOPAC compared with the
MLSMR library to be 1. To remove any comparisons of compounds to
themselves, we subtracted 1 from the number of nearest neighbors for
each compound in the validation set, and 1 from the number of
nearest neighbors for those LOPAC compounds present in the MLSMR
library (498/1,264 compounds). Random MLSMR subset selection and
the greedy optimization algorithm were performed using in-house
programs written in C++-. Statistical analysis on the final datasets was
performed with MATLAB (Mathworks, Natick, MA).

The validation compounds from BioFocus Discovery Partners
International (Biofocus DPI) were dissolved in dimethyl sulfoxide
(DMSO) with a concentration of 5mM in 384-well polystyrene
plates. All compounds are of >90% purity, as determined by liquid
chromatography-mass spectrometry. They were diluted to the test
concentration on the day of the experiments. The test compounds were
examined at 1 and 10uM in TI*-based flux assays and at 1pM for
electrophysiological assays. The control compound, dofetilide (N-[4-[2-
[2-[4-(methanesulfonamido)phenoxylethyl-methylamino]ethyl]phenyl]
methane sulfonamide) (Fisher Scientific, Pittsburg, PA) was dissolved
in DMSO at a concentration of 20 mM.

TI"-Based Fluorescence Assay

Activity of potassium channels was monitored by the influx of a
surrogate ion, TI", for potassium. TI" influx was detected through
the use of a Tl*-sensitive fluorescent dye, FluxOR™ (Invitrogen).
Cells were seeded at 6,500 cells per well into BD Biocoat poly-Dn-
lysine-coated 384-well plates using a Multidrop (Thermo Scientific,
Hudson, NH) and incubated overnight at 37°C under 5% CO,. The
Tl -based fluorescence assay protocol (see Appendix) was adapted
from the manufacturer’s recommended protocol. Briefly, medium
was removed; cells were incubated with 1x FluxOR solution, 25 pL/
well, for 90 min at room temperature in the dark; the 1x FluxOR
solution was replaced by assay buffer (Hanks balanced salt solution
containing 5.8 mM potassium; Catalog No. 14065; Invitrogen), 20 uL/
well; 7.5 test compounds and controls in assay buffer were then
added to cells, 4 pL/well; 20 min later, cell plates were loaded to Ha-
mamatsu FDSS 6000 kinetic imaging plate reader (Hamamatsu Pho-
tonics, Hamamatsu, Japan); after establishing fluorescence baseline by
1 Hz scanning for 10s, the hERG channels were activated by addition
of 6 pL/well stimulus buffer containing 25 mM K,S0, and 7 mM T1,S0,
to the assay buffer, giving a final potassium concentration of 15.8 mM
and final TI™ concentration of 2.8 mM; and fluorescence measurement
was continued at 1 Hz for another 110s. To evaluate the robustness of
the HTS TI*-based fluorescence assays, dofetilide at 1 pM was applied
as positive control, whereas assay buffer was employed as negative
control. Both the positive and negative controls were prepared with
either 0.02% (v/v) or 0.2% (v/v) DMSO, corresponding to 1 and 10 pM
test concentrations, respectively. The fluorescence ratio, F(max-min)/
F, (AF/F,), was calculated for each well using the entire 120 s detection
window and then normalized to the positive and negative control
wells. Compared with the negative controls, if a compound caused
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signal decrease by more than three times the standard deviation (SD) in
fluorescence ratio, it was classified an inhibitor.

Automated Patch-Clamp Assays with ITonWorks

Automated patch-clamp experiments were performed using the
population patch-clamp mode of automated voltage clamp recording
with ITonWorks Quattro™ (Molecular Devices Corporation, Sunny-
vale, CA). Briefly, compound effects on the hERG channel were tested
at 1 uM with a two-step voltage protocol. The Chinese hamster ovary
cells stably expressing hERG channels were dislodged from flasks and
dispensed into a 384-well population patch-clamp mode plate. After
dispensing, seal resistance of cells was measured for each well and
cells were perforated by incubation with 100 pg/mL amphotericin B
(Sigma). Activity of hERG was then measured with the recording
protocol as follows: cells were held at —70 mV, stepped down to
—80mV for 100ms to estimate leak currents, and depolarized to
—30mV for 100ms to estimate non-hERG currents. Then, hERG
currents were evoked by two voltage pulses with a 20 mV difference
at the depolarization steps. During the first pulse, cells were depo-
larized to +20 mV for 2 s and hyperpolarized to —30 mV for 2 s. Prior
to the second pulse, cells were held at —70mV for 3s. Then cells
were depolarized to +40mV for 2s followed by a hyperpolariza-
tion to —30 mV for 2 s. This series of pulses was applied to cells before
and following a 3-min incubation of cells with 1 uM test compounds
or assay buffer. Positive (1M dofetilide) and negative controls
(external buffer with 0.02% [v/v] DMSO) were applied within each
plate to evaluate the data quality. Only cells with a tail current am-
plitude bigger than 0.2 nA, a seal resistance >30MOhms, and seal
resistance drop rate lower than 25% were included for data analysis.
The peak amplitudes of tail currents before and after compound
treatment were measured. Compound effects were assessed by the
percentage change in the hERG tail current. The percentage changes
were calculated by dividing the difference between pre- and post-
compound hERG tail currents by the respective pre-compound tail
current in the same well and normalized to positive and negative
controls in the same plate. Compared with the negative controls, if a
compound decreased the hERG tail current by >3 SD, it was classified
as an inhibitor.

Whole-cell currents were measured in the following recording
buffers: 137 mM NaCl, 4 mM KCl, 1 mM MgCl,, 1.8 mM CaCl,, 10 mM
HEPES, and 10 mM glucose, pH 7.4 adjusted with NaOH (extracel-
lular solution); 40 mM KCI, 100 mM K-gluconate, 1 mM MgCl,, and
5mM HEPES, pH 7.2 adjusted with KOH (intracellular solution). The
voltages listed above were before correction for liquid junction po-
tential. An online correction of —20 mV was applied to correct for
junction potentials. The current signal was sampled at 0.625 kHz.

Data Analysis

The data from the TI"-based flux assay were analyzed by the
manufacturer’s software package (Hamamatsu Photonics) and the
automated patch-clamp experiments were analyzed in lonWorks
2.0.4.4 (Molecular Devices Corporation). Further calculations were
performed in Excel (Microsoft, CA). Linear correlation and graphic
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plots were carried out in Origin 7.0 (OriginLab Corporation, North-
ampton, MA) and Spotfire (TIBCO, Somerville, MA).

RESULTS
Selection of Test Compound Collection

To evaluate the extent of correlation between the TI*-based flux
assay and the population patch-based electrophysiological assay, we
selected a validation set of 1,999 compounds. This group of com-
pounds was assembled as a representation of the ~300,000 MLSMR
compound library (http://mlsmr.glpg.com/MLSMR_HomePage/). We
use this collection to help gauge how different assays may perform if
the entire MLSMR was to be tested.

To obtain a more quantitative assessment, we computed ECFP_4
circular fingerprints hashed to binary strings of length 1,024 for each
compound (see Materials and Methods section). The number of
neighbor compounds existing in the MLSMR library was higher for
most compounds in the validation set compared with the LOPAC
collection (Fig. 1A). The mean and standard error for the number of
structural neighbors for the individual compounds in each set was,
respectively, 829.5 *+ 27.8 (validation set) and 306.7 + 18.6 (LOPAC)
if a 0.3 Tanimoto coefficient threshold is applied (Fig. 1A). When
applying a 0.7 threshold, the value for LOPAC collection was close to
zero (data not shown), consistent with the notion that more com-
pounds in LOPAC are bioactive and unique relative to the validation
set. We compared this to random samples of 100 of subsets of size
1,000, 2,000, 3,000, 4,000, and 5,000 of the MLSMR collection, which
suggested that both the validation and LOPAC compound sets had
lower numbers of individual neighbors per compound than random
subsets of the library (Fig. 1A): the mean and standard error for the
number of neighbors per compound for the entire library is 1,618 £
31, suggesting that the values obtained for the random subsets
are representative of the statistics of the library as a whole. Because
compounds within a given collection may share the same neighbors,
we also compared the number of unique neighbors in the MLSMR
library for all compounds in the validation and LOPAC collections to
both 100 random samples of subsets of size 1,000, 2,000, 3,000, 4,000,
and 5,000 of the library, and a greedy optimization for maximum
coverage (Fig. 1B). The results follow a similar trend to the calcula-
tions for number of neighbors per individual compounds. It should be
noted that the validation set, although structurally more similar to the
MLSMR library than the LOPAC collection using either a 0.3 or 0.7
threshold, actually appears to cover less of the collection with its
structural neighbors than random MLSMR subsets (Fig. 1B). Because
the MLSMR library contains products of combinatorial chemistry (Fig.
1D, Diversity compounds), in which a single scaffold is extensively
augmented with diverse R groups, many compounds will have a large
number of structural neighbors that are analogs in their respective
combinatorial synthesis families. Conversely, subsets such as the
validation compounds, which are more biased toward known bioac-
tive compounds, may exclude such diversity compounds (Fig. 1D) and
thus have an overall smaller number of unique neighbors. However, a
recent study has suggested that the biologically active domain of
chemical space is better covered by a relatively small set of natural-
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product-like compounds than a larger set of combinatorial com-
pounds representing extensive structural diversity.® Thus, although
the validation set has an overall lesser number of unique neighbors in
the MLSMR library than random subsets, it represents a mixture of
diversity compounds and bioactives. Comparing only the LOPAC and
validation sets, the number of structural neighbors per compound in
the MLSMR library for the validation and LOPAC collections was
significantly different as assessed by a two-sample ¢-test (P=3.2603
e — 042) (Fig. 10). Our analysis provides a quantitative basis that the
validation set is, on a whole, more structurally representative of the
chemical space spanned by the entire MLSMR library than the LOPAC
collection. In addition, the results could allow us to examine whether
bioactives and diversity compounds within the validation set display
any collective difference.

TI"-Based Assays

HTS campaigns including TI'" and other flux-based assays are often
performed using single concentrations of 1-20 uM. To gain additional
information concerning the dynamic window, we performed our
hERG assays at both 1 and 10 pM. An additional reason for including
1 uM drug concentration is that this concentration may be used to
evaluate hERG-caused cardiotoxicity.>®° The hERG TI™*-based assay
was performed in duplicate at both concentrations to evaluate fidelity
over a wider dynamic range and the results are plotted in Figure 2.
Figures 2A and 2B show linear regression plots of two repeats for 1
and 10 pM concentrations as indicated. The R? values were 0.974 and
0.972, respectively. This degree of convergence for data obtained at 1
and 10 pM suggests that this assay format may be used to identify
hERG inhibitors with ICs, values less than or equal to the test con-
centrations. The control measurements made on each test plate were
included in the data shown in Figure 2A and 2B. Analysis of variation
in the normalized buffer control values was used to calculate criteria
for hit identification as shown in Figure 2C, in which the dashed lines
represent =3 SD of the buffer control measurements and are plotted
along with values obtained for test compounds. With this threshold, a
total of 467 hits were identified at 1 uM test concentration and, as
expected, more compounds (1,111) were identified as hits at 10 uM.
Approximately 23% of compounds tested at 1 uM were active as in-
hibitors at the —3 SD level and 56% were active when tested at 10 pM
(Table 1). This result is consistent with existing reports by others that
the TI" assay is less sensitive than the electrophysiological assay.'"*
To assess the reliability of the hit selection process, we calculated the
fraction of hits identified at 1 uM that were also identified as hits at
10 uM, which indicate that 94% (440/467) of the 1 uM hits confirmed
at 10 uM. This suggests that this approach may be useful for large-
scale classification of chemotypes. This hit rate is significantly higher
than the expected rate of false positives expected for a normally
distributed population. It is consistent with the existing data that a
variety of chemotypes block hERG channels.*®*”

IonWorks-Based Electrophysiological Assay
Electrophysiological tests for hERG were carried out using the
population patch recording mode on lonWorks Quattro (see Materials
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Fig. 1. Structural diversity of the MLSMR library captured by smaller curated compound sets. (A) Mean of number of neighbors per
compound in the MLSMR library for compounds in the validation set (1,982 unique compounds as judged by canonical SMILES strings),
LOPAC collection (1,264 unique compounds), and random samples of 100 of subsets of size 1,000, 2,000, 3,000, 4,000, and 5,000 of the
MLSMR library, as judged by a Tanimoto coefficient of greater than 0.3 computed using 1,024-bit ECFP_4 fingerprints generated in Pipeline
Pilot (Scitegic, San Diego, CA). For the validation and LOPAC collections, error bars are standard error for number of neighbors per
compound; for random subsets, error bars represent a single SD of the mean number of neighbors per compound for each of the 100
samples of a given size. (B) Number of unique neighbors in MLSMR library for validation set, LOPAC, random subsets of the MLSMR library,
and a greedy optimization for maximum coverage. Error bars for a single SD of random subsets are too small to be visualized. (C) The mean
of the number of neighbors per compound in the validation and LOPAC sets are significantly different as assessed by a two-sample t-test
(P=3.2603 e —042). The triple asterisks indicate P < 0.001. Error bars represent the standard error of the two sets. (D) Composition of
MLSMR and validation set compounds. LOPAC, Library of Pharmacologically Active Compounds; MLSMR, Molecular Library Small Molecular
Repository; SD, standard deviation. Color images available online at www.liebertonline.com/adt.

and Methods section). The promiscuous inhibition of hERG channels representing an average of 86% success rate of electrophysiologi-
by a variety of chemical structures*®*® and the high hit rate for hERG cal recording per plate. Failure of some compounds in electrophys-
inhibitors observed in the TI™ assay favor the idea of focusing the iological tests may have resulted from specific chemical effects on
analyses of effects in the JTonWorks assay to data obtained at 1 uM cell health and seal quality. To explore this possibility, these com-
compound concentration. The duplicate tests of 1,999 compounds pounds were analyzed for unique chemical properties that might be
yielded 1,373 pairs of data points from two repeats of separate plates, common to failed compounds, such as molecular weight, solubility,
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Fig. 2. Linear correlation of dupli-

cates and signal distribution of

compounds from the validation col-
lection in flux assay. Compounds in
the validation collection were tested
in duplicate for hERG inhibition at 1
and 10 uM using a flux-based assay.
Channels were activated by addi-
tional 20mM K and 2.8 mM TI* in
external buffer. Changes in fluores-
cence ratio (AF/F,) at the end of
scanning (120s) were employed to
evaluate compound effects. Diag-
onal lines in panels A and B repre-
sent identical results. In both sets of
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206 experiments, duplicates exhibit high
correlation. R*> values were 0.974
and 0.972, respectively. Hit selection
was performed with the averaged
fluorescence ratio change of dupli-
cates. Four hundred sixty-seven and
1,111 compounds were identified as
hits at 1 and 10pM, respectively.
Solid lines in panels C and D repre-
sent averages of buffer controls;
dashed lines represent +3 SD of
buffer controls (SD=4.94% and
4.64% for 1 and 10 uM testing com-
pounds). For 1 and 10 uM, the aver-
aged Z factor is 0.80 + 0.04 and
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Compound Compound and the signal window is 0.48 + 0.06

and 0.61 £ 0.05, respectively. hERG,

and hydrophobicity (ClogP). We did not detect any convincing pat-
tern of shared properties for these failed compounds. Hence, the
fluctuation of data quality was likely caused primarily by batch-to-
batch cell variability, channel-dependent characteristics, and/or in-
strument stability.

Good agreement between replicates in the IonWorks assay
was observed (R* = 0.872) with a slope of 1 (Fig. 3A), suggesting the
assay is sufficiently fit for reliable hit identification. Based on the
high correlation coefficient between replicate tests, the hit selec-
tion process was applied to the set of 1,927 compounds for which one
or two determinations were made. Application of a hit selection
criterion of —3 SD for inhibitors, same as was used for TI* assay,
has identified a total of 373 hits, yielding a 19% hit rate (Fig. 3B and
Table 1).

Correlation of Flux and Electrophysiological Data

The correlation between block of hERG tail currents in the elec-
trophysiological assay and block of TI* influx in the fluorescent
assay is plotted in Figure 4A for the 1,927 compounds for which both
data types exist. A moderate positive correlation was observed
(R* = 0.609), with a significant number of compounds falling outside
the predicted 95% confidence limits (dashed lines). Among the com-
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bined total of 638 hits identified by TI" and electrophysiological
assays as hits (larger than —3 SD of buffer) at 1 M test concentration,
only 202 compounds were picked up by both assays, yielding ~ 32%
overlap (Table 1). Because the electrophysiological method directly
measures ionic current, the false negatives identified by the TI* assay
are of concern. We retested some of these compounds individually
and confirmed their inhibitory effects. Figure 4B displays the struc-
ture of pyrilamine (CID 5284451) with potent inhibition of hERG
currents (Fig. 4D). In contrast, it failed to significantly block TI™ flux
in the fluorescent assay over the entire 120-s recording period at
1 uM (Fig. 4C). The ICso value of pyrilamine is 1.67 = 0.04 uM by
electrophysiological recording, but it is well above 10 uM in the TI*
assay (data not shown). Pyrilamine is a previously known hERG
blocker®® and has no detectable fluorescence that may cause inter-
ference to the TI"-based measurement.

Indeed, the degree of overlap between the assay results is a key
parameter to gauge the effectiveness of the TI"-based assay. To
evaluate whether there are shared properties among the compounds
positive in the TI'" assay but not detectable in the electrophysiological
assay, we analyzed their physical and chemical properties. There was
no detectable trend (Supplementary Figs. S1 and S2; Supplementary
Data are available online at www.liebertonline.com/adt). We further
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Table 1. Comparison of hERG Inhibitor Hit Rate Between Flux and Electrophysiological Assay Using Different

Selection Criteria

Hit Selection
Criteria

lonWorks
TI* (%) (%)

1uM Flux Assay vs. 1uM Electrophysiology Assay

TI* Positive,
lonWorks
Negative (%)

TI" Negative,
lonWorks
Positive (%) (%)

Overlapped

1SD 64.58 58.38 29.95 19.61 50.44
2 SD 41.02 33.58 40.91 25.11 33.97
3 SD 23.36 19.36 41.54 26.80 31.66
4 SD 14.41 11.94 41.03 26.15 32.82
5SD 10.26 8.41 40.66 2491 34.43
10 uM Flux Assay vs. 1 uM Electrophysiology Assay

1SD 86.59 58.38 38.76 5.77 55.47
2 SD 71.89 33.58 58.42 7.65 33.93
3SD 55.58 19.36 68.68 6.72 24.60
4 SD 41.17 11.94 73.71 5.94 20.34
5SD 31.82 8.41 75.64 4.36 20.00

SD, standard deviation; TI™, thallium.

analyzed the data by comparing hit overlaps using different hit se-
lection criteria for the two assays. Specifically, we examined how the
threshold of hit selection might reduce the number of false negatives.
We first plotted the percentage of hits by the electrophysiological
assay that is selected by the TI"-based assay. Using the data from 1 uM
concentration for both assays, 58%-71% of IonWorks hits were

identified using 1-5 SD selection criteria in the TI* assay (Fig. 5A).
When similar analyses were performed using the data from the
electrophysiological assay at 1 pM compared with data from the TI*-
based assay obtained at 10 uM, there is a noticeable improvement in
the percentage of lonWorks hits identified, ranging from 79% to 90%
coverage depending on hit selection criteria. However, the overlap of

Fig. 3. Linear correlation between

duplicates and signal distribution
of compounds in the lonWorks
electrophysiological assay. Com-
pounds were tested in duplicate at
1uM for hERG inhibition using an
automated  electrophysiological
assay. (A) The peak tail currents of
hERG were measured and repli-
cate values from two trials are
plotted; the diagonal line repre-
sents identical results. (B) The
average of two repeats was used
to evaluate compound effects.
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Three hundred eighty-seven com-
pounds were identified as hits.
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Solid line in panel B represents

the average of buffer controls;

dashed lines represent +3 SD of buffer controls. SD=9.97%. The averaged Z factor is 0.70 + 0.09, the signal-to-noise ratio is

14.08 + 2.73, and the signal window is 93.64% * 5.19%.
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Fig. 4. Correlation between the lonWorks electrophysiological- and flux- assays. The compound effects at 1 uM in the electrophysiological
assay were compared with those in the flux assay (A). R? is 0.609. Solid line in panel A plots a slope of 1; dashed lines represent 95%
prediction lines. Some compounds exhibited little effect on hERG in the flux assay but significantly inhibited the hERG activity in the lonWorks
electrophysiological assay. A representative compound, pyrilamine (solid dot in A), was shown in (B). Its fluorescence readout in the flux
assay and recording trace were shown with the negative control (buffer) and the positive control (dofetilide) in (C) and (D) as indicated. Color

images available online at www.liebertonline.com/adt.

hits between the two assays was not improved by comparing the
IonWorks data at 1 uM with the TI" data at 10 uM (Fig. 5B and Table I).

DISCUSSION

Using flux of surrogate ions to assess ion channel activity has
dramatically improved the throughput of cell-based assays for ion
channels. This approach is particularly useful when considering its
general applicability to an entire class of ion channels, for instance,
using TI* or Rb™ fluxes to assess potassium channel function. This
method for detecting ion channel activity can be coupled with var-
ious approaches for triggering or modulating channel activity so that
assays for channels with different modes of channel gating can be
established in high-throughput formats. An ongoing concern when
implementing high-throughput ion channel assays using surrogate
ion flux to track channel activity is the ability of an assay to reliably
monitor ion channel fluxes in a more physiological context. Elec-
trophysiological measurements of ion channel activity are often

750 ASSAY and Drug Development Technologies DECEMBER 2010

performed under restrictive or nonphysiological conditions, but are
still the most accessible current methods used to directly measure ion
channel activity under conditions that may generate relevant phar-
macological data.

The data in this report reveal 32% overlap between hits identified
by a TI"-based surrogate ion assay and those identified by automated
patch-clamp recordings using criteria that defined inhibitory hits as
signal values lower than —3 SD of the buffer control values on each
plate. Although it is recognized that the SD values for different assays
were different, the degree of hit overlap between the assays did not
improve as the criteria for hit selection was increased to larger than
—5 SD. Indeed, this modest level of overlap is surprising. A few
factors may contribute to this lower than expected level. First, it is
well known that the surrogate ions have considerably different per-
meabilities from that of physiologic ions. This has been proposed to
contribute to a right shift of ICs, values for known compounds in-
hibiting hERG potassium channels.”® In this case, using a higher
concentration of testing compounds may yield a better overlap of hits
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Fig. 5. Comparison of overlapped hits between the flux and electrophysiological assays. Hits in the flux- and electrophysiology-based
assays were selected by comparing compound signals with the average of buffer controls. (A) The percentage of lonWorks hits identified
by the Tl*-based flux assays is plotted in a histogram against different hit selection criteria for the TI* assay (1, 2, 3, 4, and 5 SDs) at 1 and
10 uM compound concentrations as indicated. (B) The hits distribution is plotted similarly as shown in Figure 4A except the data from 10 uM
testing compounds in the flux assay were used with R* =0.562. Tl*, thallium.

identified by two different assays. Analysis of the TI" assay hits
identified at 10 uM testing compound concentration (Table 1 and
Supplementary Fig. S3) revealed that, as expected, more hits were
identified at each selection criteria compared with 1 pM testing, and
fewer TI"-negative/lonWorks-positive compounds were identified.
However, this approach did not increase the overlap between the T1*
assay hits and the lonWorks hits because of large increases in the
numbers of TI"-positive/lonWorks-negative compounds.

Second, based on studies using known inhibitors of hERG potas-
sium channels, it is clear that different compounds display varying
degrees of right shift of potency, as large as 100-fold, in surrogate
ion-based flux assays.*® Therefore, the structural features of testing
compounds may differentially affect the inhibitory potency in each
assay. This factor may be especially more pronounced for hERG than
for other channels because hERG is inhibited by a variety of struc-
tural classes. Indeed, the Tl-based assay may be further optimized to
improve its correlation with electrophysiological recording. Under
our assay conditions, ICsq values of dofetilide and terfenadine, two
structurally distinct hERG inhibitors, have different degrees of af-
finity shift when tested in two assays. Based on the TI"-based assay,
their ICs, values are 35.3 + 1.3 and 1,256.6 = 77.1 nM. These values
are similar to those reported in literature, for example, 26 and
1,278 nM by Bridal et al.?° Both ours and the earlier reports have
shown different degrees of right-shift of dose-response curve de-
pending on the given compound tested. It is conceivable that further
optimization of the TI"-based flux assay could yield a better corre-
lation with electrophysiology, hence arguing for the need of channel-
specific assay optimization.

Third, many ion channels display distinct gating characteristics in
response to different physiological conditions. For hERG channels,

© MARY ANN LIEBERT, INC.

the rapid and precise voltage protocol applied by the automated
patch-clamp used to isolate tail currents has considerably higher
resolution that is unattainable by a change of extracellular ion con-
centration introduced via liquid handling, which is commonly used
for triggering channel opening in flux assays. As a result, the flux
assay, although target specific, may not replicate gating-specific
pharmacological effects measured in patch-clamp studies. Of course,
the degree of correlation between different assay formats may de-
pend on the target and the properties of active compounds sought by
the primary screen.

The present study examines the correlations between compounds
inhibiting hERG channels in a fluorescent TI* influx assay and an
electrophysiological assay performed on an IonWorks 384-well au-
tomated patch-clamp instrument. A structurally diverse set of 1,999
compounds assembled from the NIH MLSMR library was used to ex-
amine these assays in an HTS format. The validation set contains both
diverse compounds and bioactives. With the —3 SD criteria, the hit rate
for non-“known bioactives” in the TI" assay is 23.3% at 1 uM and
54.9% at 10 uM. The hit rate for “known-bioactives” in the TI" assay is
23.4% at 1 uM and 56.9% at 10 uM. In the electrophysiology assay, the
hit rate for naive compounds is 20.4% and 17.2% for known bioac-
tives. Although the validation set does not perfectly represent the
MLSMR collection, its diversity compounds and known bioactives
show similar performance in the two assays. One may speculate that
the naive diversity compounds in MLSMR have uncharacterized bio-
activity against hERG. Additionally, because there are considerable
data obtained with the validation set available in PubChem, our results
may be further analyzed in the context of other assays and targets.

The purpose of these experiments is not to determine the preferred
or most reliable predictor of hERG liabilities for cardiac safety
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screening. That question has been addressed in a number of publi-
cations using ICso values calculated from small sets of compounds
typically with defined hERG-blocking properties (e.g., refs.'""?°). The
data presented here provide more relevant argument for the impor-
tance of electrophysiological assays using statistical data from a much
larger collection of naive compounds. The present experiments indi-
cate that the hERG TI* flux assay used in the present format can be
used to classify hERG-inhibitory properties of large sets of compounds.
A significant fraction (1/4) of the combined hit set was negative in the
flux assay and positive in the lonWorks assay when tested at 1 uM in
both assays. This fraction decreased to 1/10 when comparing the flux
assay results obtained at 10 uM with the IonWorks data at 1pM.
Therefore, a workflow utilizing a TI™ flux high-density assay at a
higher testing concentration followed by electrophysiological re-
cording to validate the active compounds may remain an effective
approach for rapid and efficient characterization of hERG inhibitory
properties of large sets of compounds. Alternative approaches with
lower numbers of false negatives and false positives may be preferable
for cardiac safety profiling of limited sets of compounds.
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APPENDIX

Thallium Assay Protocol

Step ‘ Parameter Description
1 Plate cells 50 pl/well 6,500 CHO-hERG cells BD Biocoat poly-D-lysine-coated 384-well plate, clear bottom for imaging
2 Incubation time 16-18h Cell growth 37°C and 5% CO,
3 FluxOR loading 25 plLfwell, Dye loading 1:1,000 FluxOR at ambient temperature in the dark
90 min
4 Assay buffer 20 pl/well Extra dye removal and 1% HBSS buffer

buffer replacement

5 Compounds and controls | 4 pl/well 1 or 10uM Stock concentration is 7.5 or 75 uM; positive control (1 uM dofetilide) wells 11-
P2 and A23-H24; negative control (assay buffer with 0.02% or 0.2% DMSO0)
wells 123-P24; blank controls (TI™ free) wells A1-H2, library compounds wells

A3-P22
6 Compound incubation 20 min Compound equilibrium | Ambient temperature in the dark
7 Channel stimulation 6 pL/well Channel activation Channels are activated by addition of 5x Cl™-free stimulus buffer containing

558mM Kt and 14mM TI™

8 Assay readout 520nm Fluorescence detection Hamamatsu FDSS 6000 kinetic imaging plate reader, excitation filter 480 nm,
emission filter 520 nm, detect at 1Hz for 120s

CHO, Chinese hamster ovary; DMSO, dimethy! sulfoxide; HBBS, Hanks balanced salt solution; hERG, human Ether-a-go-go related gene; TI*, thallium.
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lonWorks Assay Protocol

Step

Parameter

Description

1 Add external 3.5 plfwell Prime plate External buffer: 137 mM NaCl, 4 mM KCI, 1 mM MgCl,, 1.8 mM CaCl,, 10 mM HEPES, and
buffer 10 mM glucose, pH 7.4
2 Hole test 0to —10mV Test plate 0mV step to —10mV
3 Plate cells 3.5 plfwell 6,000 CHO-hERG cells Population patch-clamp mode plate, each well with 64 holes
4 Seal test —70 to —80mV Cell seal test —70mV step to —80mV for 160 ms
5 Incubation with | 100 pg/mL Membrane perforation Amphotericin B in internal buffer (40 mM KCI, 100 mM K-gluconate, 1 mM MgCl,, 5mM
amphotericin B HEPES, pH 7.2) and perforate for 70s
6 Detect currents | 125 Trace recording Cells held at —70 mV, stepped down to —80 mV for 100 ms, depolarized to —30 mV for
100 ms and to +20 mV for 2's, hyperpolarized to —30mV for 25, held at —70 mV for 3 s,
depolarized to +40mV for 2, and hyperpolarized to —30mV for 2s
7 Compounds and | 3.5 pl/well, 3min 1uM Stock concentration is 3 pM; positive control (1 uM dofetilide) columns 2 and 23;
controls negative control (external buffer with 0.02% DMSO) columns 1 and 24, library
compounds columns 3-22
8 Detect currents | 125 Trace recording Recording protocol is the same as step 6
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