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Abstract

Both pharmacophore models of the human ether-a-go-go-related gene (hERG) channel blockers
and phospholipidosis (PLD) inducers contain a hydrophobic moiety and a hydrophilic motif /
positively charged center, so it is interesting to investigate the overlap between the ligand
chemical spaces of both targets. We have assayed over 4,000 non-redundant drug-like compounds
for both their hERG inhibitory activity and PLD inducing potential in a quantitative high
throughput screening (qHTS) format. Seventy-seven percent of PLD inducing compounds
identified from the screening were also found to be hERG channel blockers, and 96.9% of the
dually active compounds were positively charged. Among the 48 compounds that induced PLD
without inhibiting hERG channel, 24 compounds (50.0%) carried steroidal structures. According
to our results, hERG channel blockers and PLD inducers share a large chemical space. In addition,
a positively charged hERG channel blocker will most likely induce PLD, while a steroid PLD
inducer is less likely a hERG channel blocker.
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Drug-induced QT interval prolongation has demonstrated great impact on drug discovery,
and has resulted in several drugs withdrawn from the market.> QT prolongation, which can
potentially develop into the life-threatening ventricular tachyarrnythmia called Torsades de
Pointes, is frequently associated with mutations in or blockage of a potassium ion (K*)
channel — the human ether-a-go-go-related gene (hERG) encoded channel.2 3 The hERG
encoding proteins form pores on the surface of cell membranes that can open or close in
response to the membrane voltage.% ® Although a broad spectrum of structurally diverse
chemicals can block the hERG channel, many of them share some common pharmacophores
— a positively charged center plus one or two hydrophobic sites.® Interestingly, these hERG
pharmacophores resemble the structural requirements for compounds that can induce
phospholipidosis (PLD), another side effect that should be avoided in drug discovery.’

Phospholipids are important members of the lipid family. They are the major components of
all cell membranes, serving an extremely important function in the human bodies —
enclosing the cytoplasm and other contents in a cell. A phospholipid is composed of two
fatty acids, a glycerol unit, a phosphate group and a polar molecule such as choline. Like
many other lipids, phospholipids are amphiphilic — the phosphate group and polar head
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region of the molecule is hydrophilic, while the fatty acid tail is hydrophobic. When placed
in water, phospholipids will orient themselves into a bilayer in which the non-polar tail
region forms the inner layer of the bilayer, and the polar head region forms the outer layer
that interacts with the water.

Phospholipidosis (PLD) is a type of phospholipid storage disorder characterized by
excessive accumulation of intracellular phospholipids in a variety of tissue types, including
lung, liver, brain, kidney, heart, circulating lymphocytes, etc.” Many drugs can accumulate
in these tissues to a remarkable degree by forming complexes with the polar phospholipids
in the lysosome, giving rise to the so-called drug-induced PLD.8 Many PLD inducing drugs
share some common structural features — typically a hydrophobic region with one or more
aromatic rings and a hydrophilic side chain with one or more positively charged centers at
physiological pH.? These compounds are also known as cationic amphiphilic drugs
(CADs).8 In this study, we investigated the extent to which hERG blockers overlap with
PLD inducers using data generated from the primary qHTS of cell-based PLD and hERG
channel assays.

Compounds from two collections were included in this study — Sigma’s Library of
Pharmacologically Active Compounds (LOPAC:1280 compounds), and the National
Institutes of Health Chemical Genomics Center (NCGC) Pharmaceutical Collection (NPC:
2816 compounds) of approved and investigational drugs.1® The library was screened for the
induction of phospholipidosis in HepG2 cells, a human hepatocellular carcinoma, and the
inhibition of hERG channel that was expressed in U-2 OS cells, a human osteosarcoma cell
line. The details of the qHTS assays have been published elsewhere.11: 12

After the primary qHTS, a concentration-response curve (CRC) was generated for every
compound with concentrations ranging from 2.45 nM to 38 wM. Analysis of compound
CRC was performed as previously described.13 Concentration-response data for each
compound were fitted to a four-parameter Hill equation, yielding concentrations of half-
maximal activity (ACsg) and maximal response (efficacy) values. Compounds were
designated as Class 1-4 according to the type of CRC observed.13 Curve classes are
heuristic measures of data confidence, classifying concentration—responses on the basis of
efficacy, the number of data points observed above background activity, and the quality of
fit. Compounds with class 1.1, 1.2, 2.1 or 2.2 with > 50% efficacy were defined as active.
Compounds with class 4 curves were defined as inactive and compounds with other curve
classes were considered inconclusive. The compounds were processed through a Pipeline
Pilot!4 protocol to remove salts, redundant, and heavy metal containing compounds.
Originally, active, inconclusive and inactive compounds were assigned a score of 2, 1, and 0
respectively. An average score was computed for replicated compounds. The compound was
labeled active if the average score was above 1.5, or inactive if the score was below 0.5. The
compounds with a score between 0.5 and 1.5 were considered inconclusive and removed
from the dataset.

After removal of inconclusive compounds, the remaining 2,734 of the 4,096 compounds
comprise the working dataset with assigned activities against both hERG channel and PLD
assays. There were 386 (14.1%) compounds showing hERG channel inhibition activity, 209
(7.6%) compounds exhibiting PLD inducing potential, and 161 (5.9%) compounds
demonstrating dual activity. More than three quarters (77.0%) of the PLD inducers were also
hERG inhibitors (Fig. 1a). Figure 2 depicts a typical hERG / PLD dual ligand, three
pharmacophore features of which, one cation and two hydrophobes, are common structural
features of hERG blockers. These features fit the general definition of CADs, which are
likely known PLD inducers.
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155 of the 161, or 96.3%, dual hERG/PLD ligands are positively charged molecules. The
percentage of positively charged molecules dropped to 65.8% (148 / 225) (p-value =
1.29x10711) for the compounds inhibiting hERG channel without inducing PLD. There were
only 25.0% (12 / 48) positively charged molecules that showed PLD activity but not active
against hERG channel (Fig. 1b). The results indicated that a positively charged hERG
blocker has a greater chance to induce PLD than a neutral compound, and a neutral or
negatively charged PLD inducer is less likely to inhibit hERG function.

None of 161 dual ligands carried a steroidal structure. However, among the 225 hERG-only
ligands, four, or 1.8%, are steroids, and all these four steroids are ketones (Fig. 3). These
four ketone steroids have ketone in one end and another hydrophilic group, such as ester, in
the other end of the molecule, therefore they are not amphiphilic. As a result, they did not
induce PLD. A significant enrichment (p-value = 2.67x10717) of steroids was observed in
the PLD-only ligands — 50% of the 48 PLD-only ligands have steroidal structures.

Steroids, derived from the same fused four-ring core skeleton (Fig. 4), are known to form
nonspecific interactions with phospholipids.1>-18 Actually, steroids are major lipid
constituents of many membranes of mammalian cells. The mechanism of PLD induction by
some steroids is not clear and needs further investigation. There were totally 133 steroids in
the dataset and 24 of which induced PLD (p-value = 1.26x1074). It is worth noting that there
were 10 steroids, where ring A is a phenyl ring, and none of them induced PLD. Among the
109 steroids that did not induce PLD, there was only one coupled to saccharides, while 7 of
24 PLD inducing steroids had saccharides attached to ring A through an ether bond.

Analysis of the 2,734 non-redundant drug-like molecules with conclusive PLD and hERG
channel activities resulted in the following observations (Fig. 5): 1. 386 (14.1%) compounds
were active in the hERG channel inhibition assay, 209 (7.6%) compounds exhibited PLD
inducing potential, and 161 (5.9%) compounds demonstrated dual activity; 2. 77.0% of PLD
positive compounds also blocked hERG channel; 3. 96.3% of hERG / PLD dual ligands
were found positively charged, while the percentage dropped to 65.8% and 25.0% for hERG
+/PLD-and hERG-/PLD+ compounds. In other words, a positively charged PLD inducer is
most likely a hERG blocker, while a positively charged hERG blocker may not induce PLD;
4. Half of 48 hERG-/PLD+ compounds were steroids, and 7 of them carrying saccharides;
while none of the dual ligands had steroidal structure and only four hRERG+/PLD-
compounds were ketone steroids; 5. None of the 10 steroids with a phenyl ring in ring A
showed activity in either assays. The observations unveiled a clear linkage between the
chemical space of hERG channel blockers and PLD inducers, and offered a general
guidelilr;e to avoid PLD activities in the projects where the hERG channel is the therapeutic
target.
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Figure 1.
Venn diagrams showing (a) the overlap between the hERG blockers and PLD inducers, and

(b) the percentages of positively charged molecules (colored in yellow) in hERG only, PLD
only and dual ligands.
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Figure 2.
The structure of the antipsychotic drug Promazine, both a hERG blocker and a PLD inducer,

and its pharmacophore features. F1 is cation, and F2 and F3 are aromatic.
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Figure 3.
The structures of four ketone steroids that block the hERG channel without inducing PLD.
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Figure4.
The fused four-ring core skeleton of steroids.
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Figureb.
The flow chart of hERG channel blockers and PLD inducers.
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