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Abstract

The lipophilic polycyclic aromatic hydrocarbon (PAH) phenanthrene is relatively abundant in polluted air and water and can
access and accumulate in human tissue. Phenanthrene has been reported to interact with cardiac ion channels in several fish
species. This study was undertaken to investigate the ability of phenanthrene to interact with hkERG (human Ether-a-go-go-
Related Gene) encoded Kv11.1 K* channels, which play a central role in human ventricular repolarization. Pharmacological
inhibition of hERG can be proarrhythmic. Whole-cell patch clamp recordings of hERG current (I;zrg) were made from
HEK293 cells expressing wild-type (WT) and mutant hERG channels. WT I prg;, Was inhibited by phenanthrene with an
ICsy of 17.6 + 1.7 uM, whilst I; zrg a1 €Xhibited an ICy; of 1.8 +£0.3 uM. WT I, gr block showed marked voltage and time
dependence, indicative of dependence of inhibition on channel gating. The inhibitory effect of phenanthrene was markedly
impaired by the attenuated inactivation N588K mutation. Remarkably, mutations of S6 domain aromatic amino acids (Y652,
F656) in the canonical drug binding site did not impair the inhibitory action of phenanthrene; the Y652A mutation augmented
I grg block. In contrast, the F557L (S5) and M651A (S6) mutations impaired the ability of phenanthrene to inhibit I, gz, as
did the S624A mutation below the selectivity filter region. Computational docking using a cryo-EM derived hERG structure
supported the mutagenesis data. Thus, phenanthrene acts as an inhibitor of the hERG K* channel by directly interacting with
the channel, binding to a distinct site in the channel pore domain.
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Introduction

Humanity’s dependence on fossil fuels has led to the near-
ubiquitous pollution of the environment with petrochemicals.
Exposure to polluted air is associated with a range of adverse
cardiovascular events including heart attacks, strokes and
irregular heart rhythms, particularly in people already at risk
for these conditions [1]. The mechanisms of cardiotoxicity
are complex and can be attributed in part, to nanoparticles
containing polycyclic aromatic hydrocarbons (PAHs) that
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are produced during combustion of coal, petroleum, diesel,
tobacco and by cooking food [1]. The adverse health effects
of PAHs have long been recognized, but with a focus pri-
marily on carcinogenic compounds, such as benzo(a)pyrene
(BAP) [2] and other large molecular weight members (i.e.
4+rings) of the PAH family. In contrast, the noncarcino-
genic smaller PAHs have largely been ignored by the human
biomedicine community. These smaller 2- and 3-ring com-
pounds are several orders of magnitude more abundant than
the larger 4-ring + PAHs in the fossil fuel sources that feed
urban air pollution [3], but are not routinely measured in
air pollution; when they are, their ubiquity and abundance
are clear. Other than 2-ringed naphthalenes, phenanthrene
with 3-rings and its alkylated homologs make up the largest
fraction of the measured PAHs in virtually all fuel-related
sources. This includes fine particulate matter (e.g. PM, 5),
such as diesel exhaust particles and broadly collected urban
PM, 5 (e.g. [4, 5]). More importantly, phenanthrenes are
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volatile so are even more abundant in the vapor phase of
vehicle exhaust and urban air (e.g. [6, 7]).

Although the phenanthrenes (and other smaller PAHs)
have not been considered fully in the etiology of air pol-
lution-related cardiovascular disease in humans, for nearly
three decades they have been a major focus of the cardio-
toxicity syndrome that occurs in developing fish following
aquatic oil spills (reviewed in Ref. [8]). Oil spills, such as the
1989 Exxon Valdez tanker grounding and the 2010 Deep-
water Horizon wellhead blowout released large quantities of
PAHs directly into the marine environment, bringing global
attention to the cardiotoxic effects of PAHs for fish [1, 9,
10]. Exposure of zebrafish embryos to 3-ringed PAHs was
found to produce bradycardia and arrhythmia consistent with
atrioventricular block; the authors suggested Ether-a-go-go-
Related Gene (ERG) encoded K* channels as a potential
target that might mediate such effects [9]. Crude oil extracts
from the Deepwater Horizon disaster were then shown to
exert direct effects on the function of tuna cardiac myocytes:
they produced impairment of calcium cycling and action
potential prolongation, associated with inhibition of the
rapid delayed rectifier K* current (I, the ion current carried
by erg [11]). Subsequent work isolated the 3-ringed PAH
phenanthrene as the key moiety involved in these effects pro-
ducing a concentration-dependent ventricular action poten-
tial prolongation and inhibition of I, [12]. Phenanthrene
has subsequently been shown to increase sodium current and
reduce both calcium current and Iy, in ventricular myocytes
from rainbow trout [13], with ventricular action potential
prolongation and reductions in calcium current and I, with
phenanthrene also recently reported for brown trout cardio-
myocytes [14]. Furthermore, phenanthrene has recently been
reported to inhibit calcium current and Iy, in zebrafish car-
diomyocytes [15]. There is debate as to whether toxic effects
of pollutants on fish from crude oil may largely result from
membrane disruption rather than interaction with specific
receptors (e.g. [16]). Whilst the effects of phenanthrene on
specific cardiac ion channel currents may be consistent with
a direct rather than nonselective effect, definitive evidence
for this is currently lacking.

The reported effects of phenanthrene on fish Iy, are of
relevance to human cardiovascular health because I, is
known to be of key importance not only in animal model
species, but also to normal human ventricular repolarization
[17, 18]. Ik, channels are comprised of tetramers of pore-
forming Kv11.1 subunits encoded by hERG (human Ether-
a-go-go-Related Gene, alternative nomenclature KCNH2;
[19, 20]). Loss- and gain-of function mutations to ZERG,
respectively underlie forms of inherited long and short QT
syndromes (LQTS and SQTS, respectively) [19, 21]. Moreo-
ver, due to unique structural features, hERG channels are
highly susceptible to pharmacological blockade, leading to
a drug-induced form of LQTS, with its associated risk of
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dangerous ventricular arrhythmias [17, 18]. Phenanthrene is
relatively abundant in polluted air and water. It is lipophilic
and can access and accumulate in human tissue via skin and
mucus membranes [1]. Given the known susceptibility of
hERG to pharmacological blockade and the fact that fish I,
is inhibited by phenanthrene, it is reasonable to expect that
hERG itself may be susceptible to phenanthrene inhibition.
Furthermore, alignment of fish ERG and hERG sequences
reveals a high level of identity in regions of the channel that
constitute the canonical drug binding site (Fig. 1A and [1]).
It therefore seems likely that human Iy, /hERG also may be
susceptible to inhibition by phenanthrene. Accordingly, this
study was undertaken: (i) to determine the propensity or
otherwise of phenanthrene to inhibit ionic current (Igre)
carried by recombinant hERG channels; (ii) to explore the
underlying mechanism of any observed effect. Some of this
work has been published in meeting abstract form [22, 23].

Materials and methods

Maintenance of mammalian cell lines and cell
transfection

As in previous studies (e.g. [24-26]), experiments were
performed on HEK293 cells stably expressing WT hERG
[27] or transiently transfected with hERG mutant cDNAs.
The hERG stable line was generously provided by Professor
Craig January [27]. HEK293 cells (ECACC, Porton Down,
UK) were transiently transfected with cDNA plasmids using
Lipofectamine 2000 (Invitrogen, Paisley, UK) according to
the manufacturer’s instructions. Expression plasmid encod-
ing CD8 was also added (in pIRES, donated by Dr I Bard,
University of Nantes, France) as a marker for successful
transfection. Cells were passaged using enzyme-free cell dis-
sociation solution (Millipore, Watford, UK) and plated onto
sterilized shards of glass coverslips in 40-mm petri dishes
containing a modification of Dulbecco minimum essential
medium with Glutamax-1 (DMEM; Invitrogen, Paisley,
UK). This was supplemented with 10% fetal bovine serum
(Gibco, Gloucester, UK), 50 pg/mL gentamycin (Invitro-
gen, Paisley, UK) and 400 pg/mL geneticin (G418, Invit-
rogen, Paisley, UK) for the WT hERG-expressing line. For
experiments utilizing cells transiently transfected with hERG
mutants, recordings were performed 24-72 h after transfec-
tion. Successfully transfected cells (positive to CD8) were
identified using Dynabeads® (Invitrogen, Paisley, UK) [25,
26]. The N588K, S624A, Y652A, M651A and F557L muta-
tions to hERG1a have all been used in prior studies from
our laboratory (e.g. [24-26, 28, 29]), as has hERG1a/1b
co-expression [25, 30]. Zebrafish ERG (zERG) was synthe-
sised and provided in pcDNA3.1 by Genscript (Leiden, The
Netherlands; NCBI Reference Sequence: NM_212837.1).
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Fig.1 A Sequence alignments of zERG and hERG showing very
high homology in the pore helix, S5 and S6 regions that contribute
to the canonical drug binding site and residues investigated here for
phenanthrene. The structural elements of the channel pore domain
are coloured to match the structural figure in Fig. 6a. B Upper traces
show Bi Control I;zpg, Bii I;prg during application of 10 uM phen-
anthrene (Phen), Biii Current during washout of Phen. I, zp was elic-
ited by a voltage protocol shown as lower traces, comprised of a 2 s
depolarizing pulse to+20 mV, followed by repolarization to —40 mV.

The F656V mutation was made to hERG1a as described
in Ref. [31]. F656T was made using QuikChange (Agilent)
mutagenesis using conditions described in Ref. [31] and the
following primer sequences:

Log [Phenanthrene] (mol/L)

C Time course of Ijgrq inhibition: plots of Igrg tails in control, dur-
ing phenanthrene application and washout. D Concentration response
relation for phenanthrene inhibition of I . Six different concentra-
tions between 1 uM and 100 pM were tested (1 pM, 5 uM, 10 uM,
30 uM, 50 uM and 100 uM). At least 5 replicates per concentration
were obtained. The data were fitted with Eq. 2. Phenanthrene inhib-
ited I, gpg carried by the hERG1a isoform with a half-maximal inhibi-
tory concentration (ICs,) of 17.6+1.7 uM and Hill coefficient of
0.94+0.09

forward-5'-GTATGCTAGCATCACCGGCAACGT
GTCG-3’

reverse-5'-CGACACGTTGCCGGTGATGCTAGC
ATAC-3’
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Experiments were performed on hERG1a current (I zrg1,)
except for the data in Fig. 2B, C, which were conducted
using co-expressed hERG1a and 1b channels (I, zrg4/15) and
Supplementary Fig. 2 which shows data from zZERG (Ippg)-

Electrophysiological recording

Recordings were made as described previously [25, 26].
In brief, electrophysiological recordings were made using
an Axopatch 200B amplifier (Molecular Devices) with a
CV-4/100 headstage and data acquisition via a Digidata
1320 interface (Molecular Devices). Glass shards with

plated HEK293 cells were placed in the recording cham-
ber of an inverted microscope (Nikon Diaphot, USA). The
extracellular superfusate was a standard Tyrode’s solution
containing (in mM): 140 NaCl, 4 KCl, 2.0 CaCl,, 1 MgCl,,
10 glucose and 5 HEPES (titrated to pH 7.4 with NaOH)
[24-26]. Patch pipettes (AM systems Inc, USA) had resist-
ances of 2—4 MQ and were filled with a solution contain-
ing (in mM): 130 KCI, 1 MgCl,, 5 EGTA, 5 MgATP and
10 HEPES (titrated to pH 7.2 with KOH) [24-26]. Series
resistance was typically compensated by 60-80%. Currents
were filtered at 1-5 kHz depending on the voltage proto-
col used and were digitized at 10 kHz. Except for online
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Fig.2 A Bar charts comparing deactivation parameters for I, ppg
(hERG1a) tails elicited on repolarization to —40 mV from+20 mV
in Control (black) and 10 pM phenanthrene (grey). Biexponential
fitting yielded fast and slow deactivation time constants (t; and T
respectively), plotted in Ai and Aii. Aiii shows that the proportion
of fast deactivating current increased in phenanthrene. Significance
is denoted by asterisks **p <0.01; *p <0.05 (n=5). Bar charts show
mean+SEM values, with individual experimental values in control
and phenanthrene superimposed as filled circles and squares respec-
tively. B: Bi shows representative traces of hERG1a/1b g elicited
by the standard protocol shown in Fig. 1 in the absence and presence
of 10 uM phenanthrene. Bii shows concentration response data for 5
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Control Phenanthrene

Control Phenanthrene

phenanthrene concentrations (1 uM, 5 uM, 10 uM, 30 pM; 100 pM;
n=at least 5 at each concentration). The data were fitted with Eq. 2,
yielding a half-maximal inhibitory concentration (ICs;) 1.8+0.3 uM
and Hill coefficient of 0.80+0.09. C Bar charts showing deactiva-
tion parameters for I;zrg (hERG1a/1b) tails elicited on repolarization
to -40 mV from+20 mV in Control (black) and 1 uM phenanthrene
(grey). Biexponential fitting yielded fast and slow deactivation time
constants (t; and T, respectively), plotted in Ci and Cii. Ciii shows
that the proportion of fast deactivating current increased in the pres-
ence of phenanthrene (¥p <0.05 n=6). Bar charts show mean+SEM
values, with individual experimental values in control and phenan-
threne superimposed as filled circles and squares respectively
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Supplementary Fig. 3A, all measurements were made at
room temperature (21 + 1 °C) and run-down correction was
not performed. Room temperature was employed to facilitate
accurate evaluation of phenanthrene effects because in pilot
experiments at 37 °C, stability of phenanthrene-containing
superfusate appeared variable. It also facilitated compari-
son of phenanthrene blocking potency between human and
zebrafish ERG data in this study and with prior recordings
from fish myocytes conducted at room temperature [11-13].

Trafficking assay

Evaluation of the effects of 3 and 30 uM phenanthrene on
hERG channel trafficking was performed using a LI-COR
based In-Cell/On-Cell Western assay, as described previ-
ously [32] (see online supplement for more details).

Phenanthrene

Phenanthrene was obtained from Merck (Sigma-Aldrich)
and dissolved in DMSO to give stock solutions of 20, 30
and 50 mM. Experimental solutions with phenanthrene con-
centrations shown in the Results contained a maximum of
0.1% DMSO.

Computational docking

Docking of phenanthrene to hERG was initially performed
using the cryo-EM derived structure for hERG [33] (PDB
code 5VA2), as described previously [26, 29, 34]. A model
closely related to the cryo-EM structure was obtained from
a short molecular dynamics (MD) simulation in which
the F656 side chain of one of the four hERG subunits was
found to reorient towards the pore—this subunit was then
replicated around all four pore subunits to produce a model
with all four F656 side chains facing the pore; this structure
was used for the docking data shown in Fig. 6. The phen-
anthrene structure was converted from SMILE representa-
tion (obtained from PubChem database) to a 3D structure,
hydrogens were added and the molecule energy minimised.

Phenanthrene was docked in the hERG structure and in the
related model using GOLD (GOLD version 5.6; Cambridge
Crystallographic Data Centre, Cambridge, UK). The central
pore cavity was initially chosen as a binding site where a radius
of 10 angstrom extended from the centre of the cavity and in a
level with a middle point between the canonical aromatic resi-
dues F656 and Y652. The side chains of these aromatic resi-
dues were set to be freely flexible during docking simulations.
Rotamer sampling was maximally set to 300,000 generations.
Dockings were scored by Goldscore and rescored by Chem-
score. Two hundred docking repeats were made in each case
and the low-energy-score poses were selected and inspected.
Phenanthrene was also docked within a side pocket under the

selectivity filter in the open pore F656-rotated hERG model.
This binding pocket was centred above the p-carbon of Y652
and encompassed a volume having a radius of 7 angstrom.
Within this selection, the side chains for the following residues
from subunit A of the tetrameric channel were permitted to
rotate freely: F557, L622, T623, S624, L650, M651, Y652,
1655. F656 side chains from adjacent subunits (A and B) of
the channel were also allowed to rotate freely. Similar setting
and parameters were used as above where also 200 docking
repeats for each drug were generated and low energy poses
identified. In all docking runs the maximal side chain rota-
mer sampling allowed in GOLD was used (free rotation of 10
selected residue side chain as well as sampling of Ser, Thr and
Tyr side chain hydroxyl rotamers to optimize hydrogen bond
interactions) with the specific set of flexible residues chosen
to match the specific binding location tested.

The results were presented using PyMOL Molecular
Graphics System, Version 2.0 Schrodinger, LLC.

Data presentation and analysis

The data are presented as mean + SEM of the number of
independent experiments indicated (7). Statistical compari-
sons were made using a Student’s ¢ test, one- or two-way
analysis of variance (ANOVA) followed by a Bonferroni
or Dunnett’s post test, as appropriate. P values < 0.05 were
considered to be statistically significant.

Fractional block of hERG current (I, zr) by the different
phenanthrene (Phen) concentrations studied was determined
using the equation:

Fractional block = 1 — (IhERG—Phen/ ThERG—Control) (1)

where “Fractional block™ refers to the degree of inhibition
of hERG current by a given concentration of phenanthrene.
L ErG-Phen A0d L1 ErG.contro TEPTESENE Current amplitudes in the
presence and absence of phenanthrene.

Concentration-response data were fitted by a standard
Hill equation of the form:

Fractional block = 1 / <1 + (ICSO/ [Phen])h) @)

where IC is [Phen] producing half-maximal inhibition of
the I, grg tail and £ is the Hill coefficient for the fit.

Half maximal activation voltages for I, zp were obtained
from current—voltage (I-V) relations from I, gz tails meas-
ured at —40 mV in the absence or presence of phenanthrene
following voltage commands to different test potentials,
using the following Boltzmann equation:

I:Imax/<1 +6Xp<<V0‘5 _Vm>/k>> (3)
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where I =1, zx tail amplitude following test potential V,,
Iax 1 the maximal Ij g tail observed during the protocol,
V.5 is the half maximal activation voltage of I, grg and k is
the slope factor describing I pp activation.
Voltage-dependent activation curves were constructed by
calculating activation variables at 2 mV intervals between
—80 mV and +40 mV. Values for V5 and k were derived
from experimental fits to I-V data using Eq. (3) were

inserted into the following equation:

Activation parameter = 1 / ( 1+ exp((VO‘5 - Vm) / k)) “)

where the ‘activation parameter’ at test potential V , lies
between 0 and 1 and V, 5 and k have the meanings described
above for Eq. 3.

Results
WT I, gc inhibition by phenanthrene

The sensitivity of I;gpg to inhibition by phenanthrene was
determined using the protocol shown in Fig. 1B. This was com-
prised of a 2 s depolarization from —80 mV to+20 mV, fol-
lowed by repolarization to —40 mV, at which the resurgent tail
current that is typical of hERG was observed. I} gr tail magni-
tude was measured relative to current elicited by a brief (50 ms)
pulse from —80 to —40 mV that preceded the 2 s voltage com-
mand. This protocol has been used in multiple prior studies
of I; grg pharmacology from our laboratory (e.g. [24-26, 35]).
Figure 1B shows exemplar records of I gr in control solution,
the presence of 10 pM phenanthrene and following washout,
whilst Fig. 1C shows a continuous plot of I, zr tail amplitude
during the experiment from which these example traces were
taken. Phenanthrene application led to a progressive decline
in I; prg amplitude, which was largely reversible on washout.
Six concentrations of phenanthrene, ranging from 1 to 100 uM,
were tested in similar experiments. Higher concentrations could
not be investigated due to issues with phenanthrene solubil-
ity and exposure of cells to higher levels of solvent. Fractional
inhibition of I gr; tails at each phenanthrene concentration was
ascertained using Eq. 1 and values from different experiments
at each concentration pooled to produce the concentration
response plot shown in Fig. 1D. These data were fitted with
Eq. 2, which yielded a half-maximal inhibitory concentration
(ICsp) of 17.6+1.7 uM and Hill slope of 0.94+0.09. At the
highest concentration tested (100 uM), the mean level of tail
current inhibition attained was 79.1 +£2.9% (n=>5). It is apparent
from the traces shown in Fig. 1B that in addition to reducing
I, rrg amplitude, phenanthrene altered the deactivation time
course of the I} g tail. This effect was quantified by stand-
ard biexponential fitting of deactivating I, pr tails at =40 mV
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following 2 s duration commands to+20 mV. As shown in
Fig. 2A, both fast and slow time constants of deactivation (t;
and t,) were significantly decreased in the presence of phen-
anthrene, whilst the proportion of deactivation described by t;
increased. These findings indicate that phenanthrene applica-
tion resulted in significant acceleration of I zr; deactivation.
Evaluation of the effects of chronic (24 h) treatment of 3 and
30 uM phenanthrene on hERG1a channel trafficking showed
no significant reduction in surface hERG protein expression
by either concentration (see online Supplementary Fig. 1). In
contrast, chronic treatment with 20 pM tamoxifen significantly
reduced the level of surface hERG channel expression as has
been previously reported [36] (online Supplementary Fig. 1). In
additional comparative experiments on zebrafish hERG (Sup-
plementary Fig. 2), phenanthrene inhibited I g5 with an ICs
of 8.77+0.93 uM (Hill co-efficient of 0.84 +0.09) and acceler-
ated L pp deactivation.

There is evidence that native mammalian I, channels are
comprised of hRERG1a together with the abbreviated hERG1b
isoform, which possesses a shorter and distinct N terminus
and which exhibits faster deactivation compared to hERG1a
[37-39]. Figure 2Bi shows the effect of 10 uM phenanthrene
on co-expressed hERG1a/1b current (Iygrgya1,)- This concen-
tration produced a marked reduction in I g,/ @amplitude.
In all, five phenanthrene concentrations (1-100 uM) were
tested against I ppgrap (Fig. 2Bii), yielding an ICy, value
of 1.8+0.3 uM (Hill coefficient 0.80 +0.09). At the highest
phenanthrene concentration tested (100 uM) I grgia1p tails
were inhibited by 96.7 +0.6% (n=6). Figure 2C shows the
effect of 1 uM phenanthrene on deactivation time constants
of Ijpraiaiy- Whilst, as expected, the rate of deactivation in
control solution was faster for I zrgramb than Iigrgia alone
(compare Fig. 2C with Fig. 2A), in contrast to the observed
effect on I, zr carried by hERG1a alone, phenanthrene appli-
cation did not lead to a significant reduction in either fast or
slow deactivation time constant for I, zrg.1p. although the
contribution of the fast component of deactivation was slightly
greater in the presence of phenanthrene.

Some I} pr inhibitors exhibit temperature dependence of
inhibitory potency (e.g. [40, 41]). Thus, additional experi-
ments were conducted in which the extent of hERG1a I ppg
tail inhibition by 10 uM phenanthrene was established at
37 °C and compared to that observed at room temperature.
The results for 8 such recordings are shown in Supplemental
Fig. 3A; although there was a trend towards increased I, zrg
block at the higher temperature this did not attain statistical
significance (p > 0.05).

Inhibition by phenanthrene of I, elicited
at different voltages

Voltage dependence of hERG inhibition was investigated
for hERG1a using the I-V protocol shown in Fig. 3Aj, ii.
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This protocol was similar to that used in Fig. 1, but incor-
porated progressively larger depolarizations (in 10 mV
increments) to test potentials between —30 and +60 mV.
Whilst both pulse and tail I, zzg with voltage commands
to more positive membrane potentials in the range tested
were reduced by phenanthrene (10 uM), at more nega-
tive voltages in the tested range, the current appeared to
increase in amplitude in the presence of phenanthrene.
Figure 3B, C shows normalized I-V relations for end-pulse
current (Fig. 3B) and tail current (Fig. 3C). As Fig. 3B
shows the end pulse I-V relation showed the bell-shaped
characteristic of I, grg in both control and phenanthrene
containing solutions. Superimposed on the same voltage
axes is a plot of fractional block of I,z at each voltage.
As is clearly illustrated, at potentials below +10 mV facili-
tation (negative plotted values, representing an increase in
current) of I, zp; was observed. This gave way to a progres-
sive increase in end pulse current block, up to~ +40 mV.
Normalized I zrq tails were plotted and fitted with Eq. 4
in Fig. 3C, along with a superimposed plot of fractional
inhibition (cf [25, 35, 42]). For all test potentials negative

Fig.3 A Representative I;grg Ai
traces (upper) are shown for Ai:
in control solution and Aii: in
10 uM phenanthrene. I} gr; was
elicited by a voltage protocol
(lower traces) that was com-
prised of 2 s command pulses
applied at 10 mV increments

3 Control

Current (nA)

to~0 mV, facilitation (a fractional increase) in I} grg tail
amplitude at -40 mV was seen, whilst fractional inhibi-
tion increased markedly up to~ +20 mV, then levelled
off at positive potentials. The normalized I, gpg tail I-V
relation exhibited a left-ward voltage shift in the pres-
ence of phenanthrene. In control solution the V, 5 value
obtained was 1.3+1.6 mV (k=7.2+0.2 mV, n=16),
whilst in 10 uM phenanthrene V5 was -8.9+1.5 mV
(P <0.001 vs Control; k unchanged 7.8 £ 0.3 mV, n=16).
Supplementary Fig. 3B shows an alternative display for-
mat: plots of I;pp tail current density. These illustrate the
increase in tail current density at negative voltages and
inhibition at more positive voltages in the tested range and
also show the leftward shifted activation in phenanthrene.
Thus, phenanthrene produced a~ 10 mV negative shift in
voltage-dependent activation associated with the facilita-
tion of I, zr at negative voltages. This phenomenon has
been observed previously for other hERG-blocking agents,
including azimilide [43], 4-aminopyridine [42] and sarizo-
tan [35]. Notably, the steep change in fractional inhibition
coincided with the steep portion of the voltage-dependent
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activation relation for I zr; (Fig. 3C) consistent with an
activation-dependent inhibitory mechanism.

Depolarization time and I, gp inhibition
by phenanthrene

The voltage dependence of I; g inhibition by phenanthrene
indicates gating dependence of channel inhibition by the
compound. To probe this further, we conducted experiments
in which the extent of I, zz inhibition by voltage commands
of different durations was established [42, 44, 45]. For
these experiments, activating pulses to +40 mV (a potential
observed to be at the top of the voltage-dependent activation
relations for control and phenanthrene) of different dura-
tions between 50 and 1100 ms were applied. These were
first applied in control superfusate, the cell under study was
then rested for 3—5 min whilst being superfused with 30 uM
phenanthrene and the protocol was reapplied. The extent of
I grg inhibition by the compound for the different duration
commands was then evaluated by assessing the extent of
tail current block. The left panel of Fig. 4A shows a family
of current traces in control solution (current—upper traces,
voltage protocol—lower traces), whilst the right panel of
Fig. 4A shows corresponding data in 30 uM phenanthrene.
The increase in tail current amplitude as pulse duration
increased (for both conditions) reflects the progressively
increased time periods for activation of I, grg. As these
example traces indicate, there was little inhibition of I zrg
following brief depolarizations, but inhibition increased with
command pulse duration. The mean fractional block data are
plotted against command pulse duration in Fig. 4B, showing
a clear time dependence of inhibition, with block increasing

A Control Phenanthrene
$12
€ 0.8 Ny
04
=]
() 0.0 _HH\ ‘M
T 40
Tg’ 0
« -40 Jl J
>° -80
500 1500 2500 500 1500 2500
Time (ms) Time (ms)

Fig.4 A Upper traces show representative I pr records elicited by
protocol shown as lower traces. Tail currents were elicited at —40 mV
following depolarizing pulses to+40 mV for differing time peri-
ods between 50 and 1100 ms. Left hand panel shows recordings in
control solution and right-hand panel contains recordings from the
same cell during exposure to 30 uM phenanthrene. B Plot of mean
fractional block of Ijgpg tail by 30 uM phenanthrene against com-
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markedly as the command pulse increased between 50 and
500 ms, levelling out at longer pulse durations in the range
tested. Thus, there was clear dependence of the response to
phenanthrene on the duration of the activating test command
(p <0.0001 one-way ANOVA; n=>5). A monoexponential fit
to the data in Fig. 4B yielded a time constant for develop-
ment of inhibition 7;,;;, of 130.2+ 15.4 ms. The increase in
tail current inhibition as command pulse duration lengthened
was associated with an apparent increase in rate of devel-
opment of I g activation at+40 mV, with T, values of
123.3+75.6 ms and 75.6 +9.8 ms, respectively, in control
and phenanthrene (p < 0.01). The results of this experiment
are consistent with a clear dependence of phenanthrene inhi-
bition of I, zrg on channel gating, with little or no inhibition
of closed channels evident from the plot in Fig. 4B.

Probing the mechanism of I g, inhibition
with mutagenesis

In order to investigate gating dependence of inhibition fur-
ther, experiments were conducted using the N588K atten-
uated-inactivation mutation. The N588 residue is located
in the external S5-Pore linker region of the channel; it has
utility for investigating inactivation dependence of hERG
inhibition [46, 47] as it perturbs inactivation gating without
directly modifying channel structure within regions of the
pore typically implicated in drug binding. Figure 5Ai shows
the effect of 30 uM phenanthrene on WT I g, illustrating
marked current inhibition by this concentration of the com-
pound. In contrast, only slight inhibition of N588K I, zrg
was observed (Fig. 5Aii, mean data in Fig. 5H). This indi-
cates that inactivation competency was required for optimal
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mand pulse duration (n=5). A monoexponential fit to these data
(from each experiment) gave an inhibition time constant (T;,,,) of
130.2+15.4 ms. A one-way ANOVA showed an overall significance
in the time dependence of inhibition (p <0.0001), with (Bonferroni)
post hoc testing showing that inhibition following pulses of up to
200 ms in duration was significantly different from all durations of
500 ms and longer (p <0.05 or less for all comparisons)
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Fig.5 Effect of hERG mutations on the inhibitory effect of phenan-
threne on I, prg.- A—G show representative tail current traces (upper)
for control Ijgrg (black) and during application of 30 uM Phen Ijgrg
(grey), elicited by same voltage protocol used for Fig. 1 (lower) as
described. Ai: wild type (WT), Aii: N588K, B S624A, C Y652A,
D F656V, E F656T, F F557L and G M651A. H Bar chart shows
extent of mean tail current block by 30 uM for WT, N588K, Y652A,
S624A, F656V, F656T, F557L and M651A I gr respectively. One
way ANOVA (F=61.2, p<0.0001). Significance for post hoc Bon-
ferroni comparisons of each mutant with WT is denoted by asterisks
**xEp <0.0001, ***p <0.001 (WT n=5, N588K n=7, Y652A n=6,
S624A n=5, F656V n=5, F656T n=>5, F557L n=7 and M651A
n=6). Bar charts show mean+SEM values, with individual experi-
mental values for each mutant superimposed as the different symbols
overlying the plotted bars

interaction between phenanthrene and its binding site on the
hERG channel. The S624 residue, located near the base of
the hERG channel selectivity filter, has been implicated in

I;krg inhibition by a number of compounds (e.g. [48, 49]).
Figure 5B shows effects of 30 uM phenanthrene on S624A
I erg- Pulse current appeared significantly augmented and
tail current amplitude unchanged by phenanthrene with the
S624A mutation (mean data are shown in Fig. SH). This
implicates the S624 residue, directly or indirectly, as being
important for phenanthrene binding to the hERG channel.
We proceeded to investigate the roles of two aromatic resi-
dues, Y652 and F656 in phenanthrene action. For virtually
all compounds that have been investigated in detail, interac-
tions with one or both of these residues are obligatory for
drug binding and channel inhibition [17, 50]. Remarkably,
the inhibitory effect of 30 uM phenanthrene on Y652A I, zrg
(Fig. 5C, mean data in Fig. SH) was significantly greater
than on WT I, zrg.- Supplemental Fig. 4A shows mean con-
centration-response data for Y652A Ijprg. which yielded
an ICs of 0.46+0.01 uM, Hill slope: 0.58 +0.11 (at the
highest phenanthrene concentration tested (30 uM) I grg
tails were inhibited by 98.7 +£2.6%; n="7). The F656V muta-
tion (Fig. 5D, mean data in Fig. SH) also did not impair the
inhibitory effect of phenanthrene, showing a trend towards
increased block, albeit that this was statistically insignifi-
cant. We also investigated effects of a second mutation
at F656:F656T. A small reduction in inhibition of F656T
Iigrg by 30 1M is shown in the exemplar traces shown in
Fig. 5E; however, mean pooled data (Fig. SH) show that
this effect was not statistically significantly different from
block of WT I, . Phenanthrene is therefore distinct from
most hERG-blocking drugs thus far studied in not requiring
aromatic residues at positions 652 and 656 for inhibition
to occur. Residue Y652 has previously been implicated in
voltage dependence of I;ppg inhibition (e.g. [51, 52]). In
this respect, it is notable that whilst the Y652A mutation
increased rather than decreased phenanthrene inhibition, it
largely abolished the voltage dependence of inhibition seen
for WT I, grg (Supplemental Fig. 4B).

Residue F557 on the S5 helix of the hERG channel has
been identified as a determinant of I, inhibition and lies
adjacent to Y652 on the S6 helix [29, 50, 53, 54]. No inhibi-
tion of F557L I, prg Was observed with 3 concentrations of
phenanthrene (between 10 and 100 uM). Figure 5F shows
representative traces of effects of 30 uM phenanthrene on
F557L I;grg- No inhibition was evident, rather the pulse
and peak tail current were slightly larger in the presence of
phenanthrene than in control solution (mean data shown in
Fig. 5H). This observation implicates residue F557 as of
critical importance to phenanthrene inhibition of I, zzg. The
publication of a cryo-EM structure for hERG has shown the
presence of 4 hydrophobic pockets that surround the central
cavity of the channel, which may provide interaction site(s)
for drugs [33]. Lipophilic drug access to the channel pore
involving F557 and S6 residue M651 has recently been sug-
gested for the bradycardic agent ivabradine [54]. Figure 5G
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shows effects of the M651A mutation on Ijprg block by
30 uM phenanthrene. In contrast to WT I, prg M651A
was little affected by phenanthrene (mean data shown in
Fig. 5H), implicating this residue in the compound’s inhibi-
tory action.

Phenanthrene inhibition explored
through computational docking

Low energy score docking poses consistent with mutagen-
esis data were not obtained for phenanthrene bound into the
structure of hERG obtained from cryo electron microscopy
(cryo-EM). Phenanthrene was unable to make multiple
interactions with aromatic side chains when docked into the
canonical pore blocker site below the selectivity filter within
the K* permeation path (not shown). This results from the
absence of F656 side chain conformations in the cryo-EM
structure that project the side chains towards the pore and
the rigidity of the phenanthrene tri-aromatic ring structure
that limits its ability to conform to the arrangement of Y652
side chains within the pore. The rigidity of the structure also
limited identification of low energy score configurations for
phenanthrene binding within one of the hydrophobic pockets
below the pore helix in the cryo-EM structure. In addition,
the projection of the F656 side chains towards the S5 helix
in the cryo-EM structure limits the localisation of phenan-
threne in a configuration that allows interactions with the
side chains of F557 and M651.

Low energy poses were obtained for phenanthrene bound
within a side pocket of a hERG model obtained by very short

A B
N588K
turret \
[ r
PH [+
o S5
F557L 3
Bl . S624A
' +—VY652A
S5

M651A° /4 <— F656V/T
S6

Fig.6 A Low energy score pose for phenanthrene (yellow space fill-
ing representation) docked into the hERG pore. The hERG subunit
with docked phenanthrene shows the location within a single subunit
of the mutations described in the text; the structural elements are col-
oured to match the alignment in Fig. 1a. Purple spheres are K* ions in
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MD simulation in which an F656 side chain rotated away
from its configuration in the cryo-EM structure towards the
pore. A low energy score pose consistent with the mutagen-
esis data is shown in Fig. 6. Phenanthrene sits deep within a
hydrophobic pocket making aromatic stacking interactions
with F557 and hydrophobic interactions with M651. This
binding mode is facilitated by the rotation of the F656 side
chain out of this binding pocket.

Discussion

Potency of observed I, ¢y inhibition
and environmental relevance for human health

Phenanthrene has previously been reported to inhibit native
I, from bluefin tuna myocytes at room temperature by
nearly 60% at 5 uM and by over 80% at 25 uM [11]. 30 uM
phenanthrene inhibited rainbow trout myocyte I, by 79%
[13], whilst an ICs for inhibition of brown trout myocyte
I, of 7.2 uM has been reported [14]. Very recent work
has indicated that I, from zebrafish ventricular myocytes
is inhibited by phenanthrene with an ICs;, of 3.3 uM [15],
which is in fair agreement with the value of 8.7 uM obtained
in this study for Izz. We observed ICs, values for I car-
ried by hERG1a channels of 17.6 uM and for co-expressed
hERG1a/1b of 1.8 uM, which are broadly comparable to the
potency of phenanthrene against fish Iy,. It is notable that
for I, grg 1a/1b, which is thought to underlie native mam-
malian Iy, [37-39], the maximal level of observed I}z tail

3
PH
F619 0
N
~ | g'”é, s \pg"
1622 li/ $624

F557 % ¥ )¢ ves2

the 1 and 3 positions of the selectivity filter. B Close-up of a hydro-
phobic pocket containing docked phenanthrene (yellow sticks) in the
same pose as panel A. An aromatic pi-stacking interaction with the
F557 side chain and close interactions with the M651 side chain are
indicated with dotted lines
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inhibition (at 100 uM) was near complete (~97%). For I, zrg
carried by hERG1a alone, the maximal level of observed tail
current inhibition (at 100 uM) did not exceed 80%. Although
the result for I, grg1.16 (@and also that for Y652A on a hERG
la background) indicates that complete or near complete
channel inhibition by phenanthrene is possible, we cannot
entirely exclude the possibility that maximal possible attain-
able inhibition of WT hERGla I, gz may be < 100%. How-
ever, due to solubility concerns it was not possible to test
phenanthrene concentrations higher than 100 pM.

Data on plasma levels of PAHs in humans are sparse,
in part because convention focuses on other measures—
either PAH concentrations per given volume of air or uri-
nary metabolite concentrations. Plasma concentrations of
phenanthrene and/or other PAHs in the nM range have been
reported in the literature (e.g. [55, 56]). However, as has
been highlighted elsewhere, phenanthrene is highly lipo-
philic and so is likely to exhibit tissue accumulation [1].
This has been demonstrated for waterborne exposures of
developing fish embryos in which phenanthrene tissue lev-
els typically reach the low micromolar range (e.g. [57]) and
in similarly substantial accumulations of PAHs in avian tis-
sues [58]. Road pavers and coke plant workers show uri-
nary phenanthrol levels of ~35-686 ug/L (approximately
0.2-3.5 uM; [59]). Such data are suggestive of quite high
concentrations in subpopulations who, through occupational
risk, are exposed routinely to high levels of PAHs. Moreover,
a recent comparison of serum phenanthrene levels in Greek
citizens found increased levels in those with heart failure
(231 pg/L;~1.3 uM) compared to those without heart failure
(56.5 pg/L; 314 nM) [60]. Thus, it is likely to be those with
high PAH exposure and/or those with pre-existing cardio-
vascular morbidity who will be most susceptible to adverse
reactions to phenanthrene.

Evidence for a direct channel interaction

Phenanthrene has a simple structure of three fused benzene
rings and given its high lipophilicity [1], a natural question is
whether it exerts direct interactions with the hERG channel
or whether its inhibitory effect is secondary to accumula-
tion of phenanthrene in membrane lipid? Multiple lines of
evidence provided here support a direct interaction with the
channel. First, the lack of significant effect of phenanthrene
on hERG trafficking at 3 and 30 uM (Supplementary Fig. 1),
indicates that altered trafficking is unlikely to contribute an
additional inhibitory effect on the channel’s function during
chronic exposure. Second, the structurally related antima-
larial drug halofantrine (3-(dibutylamino)-1-[1,3-dichloro-6-
(trifluoromethyl)phenanthren-9-yl]propan-1-ol), which con-
tains a substituted phenanthrene, is known to inhibit I; grg in
an open state-dependent fashion, with sensitivity to mutation
of S6 helical aromatic residues [61, 62]. Third, in this study

phenanthrene inhibition of WT I, zz exhibited voltage- and
time dependence that demonstrate contingency on channel
gating for the compound to access its inhibitory binding site.
Fourth, the profound reduction in the I zp inhibitory effect
of phenanthrene on inactivation-impaired N588K channels
suggests a requirement for intact inactivation gating for opti-
mal access to the inhibitory binding site. Although I;grg
carried by hERG1a/1b (which showed enhanced sensitivity
to phenanthrene inhibition) has been reported to exhibit a
modest (+28 mV) positive shift in voltage dependence of
inactivation compared to WT hERG alone [39], the inactiva-
tion shift produced by the N588K mutation is much greater
(+60 to +90 mV; [28, 63]) and therefore more impactful on
I} grg €elicited by a command protocol to+20 mV, as used
here to evaluate I, zr inhibition. Our data suggest that the
profound disturbance of inactivation gating with this mutant
adversely affects channel conformation(s) favouring phen-
anthrene access/binding. Finally, the results of our mutagen-
esis experiments and docking simulations implicate specific
mutations as phenanthrene binding determinants. Thus, the
results of this study support a conclusion that phenanthrene
acts as a direct hERG channel inhibitor. To our knowledge,
the data from this study constitute the most detailed infor-
mation on the basis of phenanthrene inhibition of any ion
channel or electrogenic transporter.

Facilitation accompanying phenanthrene block
of Iy

Phenanthrene exhibited a positive voltage dependence
of WT I grg inhibition (the extent of observed inhibition
increased steeply over the range of voltage-dependent
activation of the channel), in common with a number of
gated-state dependent small molecule inhibitors of hERG
that we have studied previously (e.g. [24, 35, 42, 64, 65]).
An inverse voltage dependence of I, zr reduction is rarely
observed, for example with protons [66, 67] or with the toxin
inhibitor BeKm-1 that produces preferential closed channel
inhibition [68]. Interestingly, at some voltages in the tested
range, an apparent augmentation or ‘facilitation’ of I} ppg
by phenanthrene was observed. The issue of I, g facilita-
tion by several inhibitors has been investigated previously
by Kurachi and colleagues [69—71]. These authors attributed
I grg facilitation at low voltages by amiodarone, carvedilol,
nifekalant and quinidine to hyperpolarization of the voltage
dependence of I, zr activation [69]. Remarkably, the left-
ward shift in I} grg activation V, 5 by amiodarone, carve-
dilol, nifekalant and quinidine did not show concentration
dependence for any of these compounds [69]. Our experi-
ments have shown that phenanthrene also negatively shifts
WT I grg activation (Fig. 3). Although we did not evaluate
concentration dependence of the activation V) 5 shift for the
WT channel, it is notable that we found that Y652A I;prg
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did not exhibit current facilitation by phenanthrene at nega-
tive voltages. This corresponded with a lack of negatively
shifted activation with phenanthrene for the Y652A mutant
(supplemental Fig. 4). Thus, the observed facilitation of WT
I,er by phenanthrene at negative test potentials can reason-
ably be attributed to the leftward shift in voltage dependent
activation. A pharmacophore for hERG channel facilitation
by inhibitors has been proposed that is comprised of one
positively ionizable feature and 3 hydrophobic features [71].
Two of the facilitator molecules used in construction of this
pharmacophore were nortryptiline and imipramine, both of
which are comprised of 3 rings fused together with a side
chain [71]. Phenanthrene is chemically simpler than either
of these 3 ringed molecules, possessing 3 fused rings, but
lacking an ionizable feature/size chain. Our results there-
fore indicate, at least in the case of phenanthrene, that 3
hydrophobic features alone can suffice for Iz facilitation
to occur. It has been recently suggested that facilitation of
native I, by some hERG channel inhibitors may suppress
proarrhythmic early afterdepolarizations [70]. Whether or
not this might be the case for phenanthrene would require
direct study using ventricular myocytes from an appropri-
ate mammalian species. In zebrafish myocytes, however, the
combination of the compound’s ability to inhibit Iy, and to
accelerate deactivation led to a reduction in the native chan-
nel’s ability to generate protective outward Iy, transients in
response to premature stimulation late in repolarization/early
in diastole [15].

Phenanthrene inhibition of I, ;.—notable and unusual
features.

The acceleration of WT I prg 1, and Lggg deactivation seen
here by phenanthrene is unusual, although it is in agreement
with recent observations on the effect of phenanthrene on
zebrafish native Iy [15]. Acceleration of I, zr; deactivation
precludes a “foot-in-door” inhibitory mechanism in which
a compound’s presence in the inner cavity slows closure of
the activation gate. The relationship between deactivation
acceleration by phenanthrene and the compound’s ability to
block the channel appears complex: both N588K and S624A
I grg> Which were largely resistant to phenanthrene inhibi-
tion, showed little or no effect of the compound on deacti-
vation parameters (Supplemental Fig. 5), consistent with a
link between current blocking and deactivation accelerating
actions. On the other hand, F557L current was augmented
not inhibited by phenanthrene and yet exhibited faster deac-
tivation than in control (Fig. 5 and online supplement text),
consistent with independence between current blocking and
deactivation accelerating actions. It is not straightforward
to unify these observations, though the F557L result indi-
cates that deactivation acceleration is not inextricably linked
to channel block by phenanthrene. There was, however, a
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strong correlation between the current’s deactivation rate
in control solution and the derived ICs, for phenanthrene
inhibition (shown by plotting ICs, against fast and slow
inactivation t for hERG1a, hERG1a/b and zERG; see Sup-
plemental Fig. 6). hERGI1D is identical to hERG1a except
for its abbreviated N terminus, which lacks the EAG domain
that is known to be important for slow deactivation (Supple-
mental Fig. 6 and [72]). The faster deactivation of I; ;rgia/1b
in control conditions was not further accelerated by phenan-
threne, suggesting that a full complement of intact N-termini
was not required for phenanthrene to inhibit hERG channels.
However, it seems likely that conformational changes associ-
ated with fast deactivation may be involved in optimising the
compound’s interaction with or access to binding residues
in the pore.

Perhaps the most surprising results of this study are those
pertaining to the likely interaction site through which phen-
anthrene inhibits I} grg. Virtually all compounds that have
been hitherto investigated have shown a strong dependence
on interactions with one or both of S6 Y652 and F656: muta-
tions of these residues typically reduce inhibitory potency
[18, 50]. Indeed, structurally related halofantrine conforms
to this observation [62]. In contrast, for phenanthrene,
mutations at F656 failed significantly to reduce I; g inhi-
bition and the Y652A mutation increased blocking potency.
Although Y652A has previously been associated with a
modest (+33 mV) positive shift in the voltage dependence
inactivation [73], the extent of I, gr inactivation at+20 mV
(the command voltage used in our standard I, g5 protocol)
was shown to be similar between WT and Y652A I, gr [73].
Consequently, differences between WT and Y652A inactiva-
tion would not have been a significant factor in experiments
investigating phenanthrene with this protocol. To our knowl-
edge there is only one prior report of a compound for which
Y652A increases inhibitory potency: capsaicin [74]. In that
study, the ICs, for capsaicin was four-fold lower for Y652A
than for WT Ijgpg and the F656A mutation did not alter
potency [74]. Obligatory determinants of capsaicin binding
were not identified [74]. There is little structural similarity
between capsaicin and phenanthrene and binding determi-
nants are unlikely to be similar for the two compounds. The
recent cryo-EM structure of hERG contains hydrophobic
pockets surrounding the central cavity that are large enough
to accommodate drug molecules [33]. F557 on the S5 helix
lies deep within the pockets and has been implicated in the
binding of a number of drugs [29, 35, 53, 75]. The recent
work has implicated both F557 and M561 in hERG block
by the bradycardic agent ivabradine, with mutation of M651
influencing state-dependent dynamics of aromatic residue
cassettes at the pore—lipid interface [75]. These observa-
tions are consistent with the recent identification with other
K* channels that hydrophobic pockets can provide inhibitor
binding sites away from the K* permeation path [76-78].
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Docking of phenanthrene identifies a site within the side
pockets that can accommodate phenanthrene in structures
in which the F656 side chain is rotated towards the pore. In
other words, the reconfiguration of F656 into a pore-facing
orientation creates space for phenanthrene to bind into a
site in which interactions with F557 and M651 side chains
are made (Fig. 6), consistent with our mutagenesis results
(Fig. 5). Recent simulations starting with the cryo-EM
structure have indicated that rotation of the F656 side chain
towards the pore occurs readily and is required for optimal
matching of computational analysis of drug binding with
experimental mutagenesis data [29, 75, 79, 80], although
in a recent bound structure for astemizole, direct interac-
tions of the drug with F656 made only a minor contribution
to overall binding [81]. Our results suggest that rotation of
F656 side chains towards the pore may be required both for
binding of some classical pore blockers (to maximise pore
blocker interactions with aromatic side chains within the
pore) and for inhibitors that bind deep within hERG pore
domain side pockets (to free space for inhibitor binding). In
any case, binding modes that accommodate phenanthrene
deep within a pocket on the S5-S6 interface (Fig. 6) are also
consistent with a minimal effect of F656 mutants on phenan-
threne block (Fig. 5), in contrast with a general requirement
for F656 as a binding determinant for positively charged
pore blockers [50]. The location of the binding site away
from the K* permeation path below the selectivity filter is
also consistent with the absence of effect of inward K* cur-
rent which can suffice to attenuate the effects of blockers that
bind within the K* permeation path [82, 83].

The enhancement of phenanthrene block in the Y652A
mutant is less readily explained by the docking analysis
although the absence of a requirement for Y652 interactions
is consistent with the location for phenanthrene identified
by docking guided by mutagenesis (Fig. 6). It is notable
that the voltage dependence of I} pr inhibition was mark-
edly altered by the Y652A mutation (supplemental Fig. 4),
with substantial inhibition reached by —30 mV and then not
further increasing. The voltage dependence of phenanthrene
block is thus likely to be associated with a voltage-dependent
reorientation of the Y652 side chain [29, 84], implicating
a change on the configuration of the Y652 side chain in
promoting block. One possibility is that voltage-dependent
reorientation of the Y652 side chain towards the bottom of
the selectivity filter in response to membrane depolarization
promotes hydrogen bonding between the tyrosine phenolic
hydroxyl group and the S624 side chain hydroxyl group, as
observed in previous docking to hERG homology models
[34] and this facilitates phenanthrene access to the bind-
ing pocket. Such an effect might explain the attenuation of
phenanthrene block in the S624A mutant.

The Hill coefficients for the concentration response
data for phenanthrene block of WT I, g (Figs. 1 and

2) are consistent with a lack of cooperativity which,
taken together with the small size of phenanthrene, sug-
gests that binding to a single hERG pore subunit is suf-
ficient for channel block to occur. Although hydrophobic
pocket binding has been identified for several K* channel
inhibitors [76—78], the mechanism by which this leads
to channel inhibition remains unclear. One possibility is
that inhibition involves perturbation of the selectivity fil-
ter. A curious observation is that some hERG activators
which act by attenuating inactivation also bind within
hERG pockets and so there may be subtle differences in
blocker and activator binding that affect structure around
the selectivity filter with opposite effects. Consistent with
this idea a recent study on hERG activators that are likely
to bind within pockets has shown that subtle chemical
modification of activators can turn them into blockers
[85].

In conclusion, this study demonstrates that the ubiq-
uitous hydrocarbon pollutant phenanthrene produces an
acute pharmacological block of the hERG potassium chan-
nel at concentrations compatible with tissue accumulation.
We have also identified phenanthrene as a direct channel
inhibitor that is mechanistically distinct from canonical
hERG blockers, suggesting a broader sensitivity of this
channel to adverse chemical impact than simply an off-
target sensitivity to pharmaceuticals. Importantly, whilst
candidate pharmaceuticals with hERG-blocking activity
can be withdrawn from development, this is not the case
for phenanthrene—a pervasive pollutant in air and water.
As Ik, is critical for human ventricular repolarization,
further work is warranted to determine consequences of
this effect for human ventricular electrophysiology and
arrhythmia risk and whether tricyclic pollutants contribute
to the morbidity and mortality associated with urban air
pollution.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-021-03967-8.

Acknowledgements The authors thank the British Heart Founda-
tion for funding (PG/17/77/33125, PG/17/89/33414, PG/20/10252,
FS/19/44/34424, PG/19/26/34302) and Dr John Incardona for helpful
discussion and comments on the manuscript.

Author contributions JCH and HAS conceived the study. JCH, EAM,
CED and SCH designed the study. JCH, HAS, CED and SCH obtained
research funding and provided supervision. Material preparation, data
collection and analysis were performed by EAM, OH, YZ, CD, CED.
The first draft of the manuscript was written by JCH, EAM, CED, SCH,
OH. All authors reviewed/commented on manuscript drafts prior to
submission. All authors read and approved the final manuscript.

Funding This work was funded by the British Heart Foundation:
PG/17/77/33125, PG/17/89/33414, PG/20/10252, FS/19/44/34424,
PG /19/26/34302.

@ Springer


https://doi.org/10.1007/s00018-021-03967-8

7912

E. Al-Moubarak et al.

Availability of data and materials The data for the study are included
in the manuscript and supplementary information. Materials for the
study will be made available on reasonable request.

Code availability The cryo-EM structure used for this study is available
at the RCSB Protein Data Bank, PDB code: S5VA2.

Declarations

Conflict of interest The authors declare that they have no actual or po-
tential competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Marris CR, Kompella SN, Miller MR, Incardona JP, Brette F,
Hancox JC, Sorhus E, Shiels HA (2020) Polyaromatic hydrocar-
bons in pollution: a heart-breaking matter. J Physiol 598:227-247

2. Phillips DH (1983) Fifty years of benzo(a)pyrene. Nature
303:468-472

3. Pampanin DM, Sydnes MO (2013) Polycyclic aromatic hydro-
carbons a constituent of petroleum: presence and influence in the
aquatic environment. In: Kutcherov V, Kolesnikov A (eds) Hydro-
carbon. IntechOpen, pp 84—118

4. Benner BA, Gordon G, Wise SA (1989) Mobile sources of atmos-
pheric polycyclic aromatic-hydrocarbons—a roadway tunnel
study. Environ Sci Technol 23:1269-1278

5. LiZ, Porter EN, Sjodin A, Needham LL, Lee S, Russell AG, Mul-
holland JA (2009) Characterization of PM2.5-bound polycyclic
aromatic hydrocarbons in Atlanta—seasonal variations at urban,
suburban, and rural ambient air monitoring sites. Atmos Environ
43(2):4187-4193

6. Rogge WF, Ondov JM, Bernardo-Bricker A, Sevimoglu O (2011)
Baltimore PM2.5 supersite: highly time-resolved organic com-
pounds—sampling duration and phase distribution—implications
for health effects studies. Anal Bioanal Chem 401:3069-3082

7. Tsapakis M, Stephanou EG (2005) Occurrence of gaseous
and particulate polycyclic aromatic hydrocarbons in the urban
atmosphere: study of sources and ambient temperature effect on
the gas/particle concentration and distribution. Environ Pollut
133:147-156

8. Incardona JP, Scholz NL (2018) Case study: the 2010 deepwater
horizon oil spill and its environmental developmental impacts. In:
Burggren W, Dubansky B (eds) Development and environment.
Springer International Publisher AG, pp 235-283

9. Incardona JP, Collier TK, Scholz NL (2004) Defects in cardiac
function precede morphological abnormalities in fish embryos
exposed to polycyclic aromatic hydrocarbons. Toxicol Appl Phar-
macol 196:191-205

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Incardona JP, Gardner LD, Linbo TL, Brown TL, Esbaugh AJ,
Mager EM, Stieglitz JD, French BL, Labenia JS, Laetz CA, Tagal
M, Sloan CA, Elizur A, Benetti DD, Grosell M, Block BA, Scholz
NL (2014) Deepwater Horizon crude oil impacts the developing
hearts of large predatory pelagic fish. Proc Natl Acad Sci USA
111:E1510-E1518

Brette F, Machado B, Cros C, Incardona JP, Scholz NL, Block BA
(2014) Crude oil impairs cardiac excitation—contraction coupling
in fish. Science 343:772-776

Brette F, Shiels HA, Galli GL, Cros C, Incardona JP, Scholz NL,
Block BA (2017) A novel cardiotoxic mechanism for a pervasive
global pollutant. Sci Rep 7:41476

Vehniainen ER, Haverinen J, Vornanen M (2019) Polycyclic aro-
matic hydrocarbons phenanthrene and retene modify the action
potential via multiple ion currents in rainbow trout oncorhynchus
mykiss cardiac myocytes. Environ Toxicol Chem 38:2145-2153
Ainerua MO, Tinwell J, Kompella SN, Sorhus E, White KN, van
Dongen BE, Shiels HA (2020) Understanding the cardiac toxicity
of the anthropogenic pollutant phenanthrene on the freshwater
indicator species, the brown trout (Salmo trutta): from whole heart
to cardiomyocytes. Chemosphere 239:124608

Kompella SN, Brette F, Hancox JC, Shiels HA (2021) Phenan-
threne impacts zebrafish cardiomyocyte excitability by inhibit-
ing Iy, and shortening action potential duration. J Gen Physiol
153:¢202012733

Meador JP, Nahrgang J (2019) Characterizing crude oil toxicity to
early-life stage fish based on a complex mixture: are we making
unsupported assumptions? Environ Sci Technol 53:11080-11092
Sanguinetti MC, Tristani-Firouzi M (2006) hERG potassium chan-
nels and cardiac arrhythmia. Nature 440:463-469

Hancox JC, McPate MJ, El Harchi A, Zhang YH (2008) The
hERG potassium channel and hERG screening for drug-induced
torsades de pointes. Pharmacol Ther 119:118-132

Sanguinetti MC, Jiang C, Curran ME, Keating MT (1995) A
mechanistic link between an inherited and an acquired cardiac
arrhythmia: HERG encodes the Iy, potassium channel. Cell
81:299-307

Trudeau MC, Warmke JW, Ganetzky B, Robertson GA (1995)
HERG, an inward rectifier in the voltage-gated potassium channel
family. Science 269:92-95

Hancox JC, Whittaker DG, Du C, Stuart AG, Zhang H (2018)
Emerging therapeutic targets in the short QT syndrome. Expert
Opin Ther Targets 22:439-451

Al Moubarak E, Shiels HA, Zhang Y, Du C, Dempsey CE, Hancox
JC (2020) Inhibition of hERG potassium channels by the polycylic
aromatic hydrocarbon phenanthrene. Biophys J 118:109a

Al Moubarak E, Shiels HA, Zhang Y, Dempsey CE, Hancox
JC (2019) Inhibition of the human Ether-a-go-go-Related Gene
(hERG) potassium channels by phenanthrene. Proc Physiol Soc
43:PC016

Du C, Zhang Y, El Harchi A, Dempsey CE, Hancox JC (2014)
Ranolazine inhibition of hERG potassium channels: drug—pore
interactions and reduced potency against inactivation mutants. J
Mol Cell Cardiol 74C:220-230

Melgari D, Brack KE, Zhang C, Zhang Y, El Harchi A, Mitcheson
JS, Dempsey CE, Ng GA, Hancox JC (2015) hERG potassium
channel blockade by the HCN channel inhibitor bradycardic agent
ivabradine. J Am Heart Assoc 4:¢001813

Zhang Y, Colenso CK, El HA, Cheng H, Witchel HJ, Dempsey
CE, Hancox JC (2016) Interactions between amiodarone and the
hERG potassium channel pore determined with mutagenesis and
in silico docking. Biochem Pharmacol 113:24-35

Zhou Z, Gong Q, Ye B, Fan Z, Makielski JC, Robertson GA, Janu-
ary CT (1998) Properties of HERG channels stably expressed in
HEK 293 cells studied at physiological temperature. Biophys J
74:230-241


http://creativecommons.org/licenses/by/4.0/

Inhibition of the hERG potassium channel by phenanthrene: a polycyclic aromatic hydrocarbon...

7913

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

McPate MJ, Duncan RS, Milnes JT, Witchel HJ, Hancox JC
(2005) The N588K—-HERG K* channel mutation in the “short QT
syndrome”: mechanism of gain-in-function determined at 37°C.
Biochem Biophys Res Comm 334:441-449

Helliwell MV, Zhang Y, El Harchi A, Du C, Hancox JC, Dempsey
CE (2018) Structural implications of hERG K* channel block
by a high affinity minimally-structured blocker. J Biol Chem
293:7040-7057

Du CY, El Harchi A, McPate MJ, Orchard CH, Hancox JC (2011)
Enhanced inhibitory effect of acidosis on hERG potassium chan-
nels that incorporate the hERG1b isoform. Biochem Biophys Res
Commun 405:222-227

El Harchi A, Butler AS, Zhang Y, Dempsey CE, Hancox JC
(2020) The macrolide drug erythromycin does not protect the
hERG channel from inhibition by thioridazine and terfenadine.
Physiol Rep 8:14385

Al Moubarak E, Zhang Y, Dempsey CE, Zhang H, Harmer SC,
Hancox JC (2020) Serine mutation of a conserved threonine in
the hERG K™ channel S6-pore region leads to loss-of-function
through trafficking impairment. Biochem Biophys Res Comm
526:1085-1091

Wang W, MacKinnon R (2017) Cryo-EM structure of the
open human ether-a-go-go-related K* channel hERG. Cell
169:422-430

Dempsey CE, Wright D, Colenso CK, Sessions RB, Hancox JC
(2014) Assessing HERG pore models as templates for drug dock-
ing using published experimental constraints: the inactivated state
in the context of drug block. J Chem Inf Model 54:601-612
Cheng H, Du C, Zhang Y, James AF, Dempsey CE, Abdala AP,
Hancox JC (2019) Potent hERG channel inhibition by sarizotan,
an investigative treatment for Rett Syndrome. ] Mol Cell Cardiol
135:22-30

Wible BA, Hawryluk P, Ficker E, Kuryshev YA, Kirsch G, Brown
AM (2005) HERG-Lite: a novel comprehensive high-throughput
screen for drug-induced hERG risk. J Pharmacol Toxicol Methods
52:136-145

Jones DK, Liu F, Vaidyanathan R, Eckhardt LL, Trudeau MC,
Robertson GA (2014) hERG 1b is critical for human cardiac repo-
larization. Proc Natl Acad Sci USA 111:18073-18077

Jones EM, Roti Roti EC, Wang J, Robertson GA (2004) Cardiac
I, channels minimally comprise hERG 1a and 1b subunits. J Biol
Chem 279:44690-44694

Sale H, Wang J, O’Hara TJ, Tester DJ, Phartiyal P, He JQ, Rudy Y,
Ackerman MJ, Robertson GA (2008) Physiological properties of
hERG 1a/1b heteromeric currents and a hERG 1b-specific muta-
tion associated with Long-QT syndrome. Circ Res 103:e81-€95
Kirsch GE, Trepakova ES, Brimecombe JC, Sidach SS, Erickson
HD, Kochan MC, Shyjka LM, Lacerda AE, Brown AM (2004)
Variability in the measurement of hERG potassium channel inhi-
bition: effects of temperature and stimulus pattern. J Pharmacol
Toxicol Methods 50:93-101

Yao JA, Du X, Lu D, Baker RL, Daharsh E, Atterson P (2005)
Estimation of potency of HERG channel blockers: impact of
voltage protocol and temperature. J Pharmacol Toxicol Methods
52:146-153

Ridley JM, Milnes JT, Zhang YH, Witchel HJ, Hancox JC (2003)
Inhibition of HERG K* current and prolongation of the guinea-
pig ventricular action potential by 4-aminopyridine. J Physiol
549:667-672

Jiang M, Dun W, Fan JS, Tseng GN (1999) Use-dependent “ago-
nist” effect of azimilide on the HERG channel. J Pharmacol Exp
Ther 291:1324-1336

Milnes JT, Crociani O, Arcangeli A, Hancox JC, Witchel HJ
(2003) Blockade of HERG potassium currents by fluvoxamine:
incomplete attenuation by S6 mutations at F656 or Y652. Br J
Pharmacol 139:887-898

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Ridley JM, Witchel HJ, Hancox JC (2006) Clemastine, a conven-
tional antihistamine, is a high potency inhibitor of the HERG K*
channel. J Mol Cell Cardiol 40:107-118

McPate MJ, Duncan RS, Hancox JC, Witchel HJ (2008) Phar-
macology of the short QT syndrome N588K-hERG K* channel
mutation: differential impact on selected class I and class III anti-
arrhythmic drugs. Br J Pharmacol 155:957-966

Perrin MJ, Kuchel PW, Campbell TJ, Vandenberg JI (2008) Drug
binding to the inactivated state is necessary but not sufficient for
high-affinity binding to human ether-a-go-go-related gene chan-
nels. Mol Pharmacol 74:1443-1452

Mitcheson JS, Chen J, Lin M, Culberson C, Sanguinetti MC
(2000) A structural basis for drug-induced long QT syndrome.
Proc Natl Acad Sci USA 97:12329-12333

Perry M, Stansfeld PJ, Leaney J, Wood C, de Groot MJ, Leishman
D, Sutcliffe MJ, Mitcheson JS (2006) Drug binding interactions
in the inner cavity of HERG channels: molecular insights from
structure—activity relationships of clofilium and ibutilide analogs.
Mol Pharmacol 69:509-519

Butler A, Helliwell MV, Zhang Y, Hancox JC, Dempsey CE
(2019) An update on the structure of hERG. Front Pharmacol
10:1572

Sanchez-Chapula JA, Ferrer T, Navarro-Polanco RA, Sanguinetti
MC (2003) Voltage-dependent profile of human ether-a-go-go-
related gene channel block is influenced by a single residue in the
S6 transmembrane domain. Mol Pharmacol 63:1051-1058
Alexandrou AJ, Duncan RS, Sullivan A, Hancox JC, Leishman
DJ, Witchel HJ, Leaney JL (2006) Mechanism of hERG K* chan-
nel blockade by the fluoroquinolone antibiotic moxifloxacin. BrJ
Pharmacol 147:905-916

Saxena P, Zangerl-Plessl EM, Linder T, Windisch A, Hohaus
A, Timin E, Hering S, Stary-Weinzinger A (2016) New poten-
tial binding determinant for hERG channel inhibitors. Sci Rep
6:24182

Duff HJ, Noskov SY, Muruve D, Perlovic G, Ol KM, Sharapova
A, Gerull B, Guo J, Kudaibergenova M, Perissinotti L (2019) The
pore-lipid interface: role of amino acid determinants of lipophilic
access by ivabradine to the hERG1 pore domain. Mol Pharmacol
92:259-271

Zhong Y, Wang J, Carmella SG, Hochalter JB, Rauch D, Oliver A,
Jensen J, Hatsukami DK, Upadhyaya P, Zimmerman C, Hecht SS
(2011) Metabolism of [D10]phenanthrene to tetraols in smokers
for potential lung cancer susceptibility assessment: comparison
of oral and inhalation routes of administration. J Pharmacol Exp
Ther 338:353-361

Camacho M, Boada LD, Oros J, Calabuig P, Zumbado M, Luzardo
OP (2012) Comparative study of polycyclic aromatic hydrocar-
bons (PAHs) in plasma of Eastern Atlantic juvenile and adult
nesting loggerhead sea turtles (Caretta caretta). Mar Pollut Bull
64:1974-1980

Incardona JP, Carls MG, Day HL, Sloan CA, Bolton JL, Collier
TK, Scholz NL (2009) Cardiac arrhythmia is the primary response
of embryonic Pacific herring (Clupea pallasi) exposed to crude
oil during weathering. Environ Sci Technol 43:201-207
Dhananjayan V, Muralidharan S (2013) Levels of polycyclic aro-
matic hydrocarbons, polychlorinated biphenyls, and organochlo-
rine pesticides in various tissues of white-backed vulture in India.
Biomed Res Int 2013:190353

Jacob J, Seidel A (2002) Biomonitoring of polycyclic aromatic
hydrocarbons in human urine. J] Chromatogr B Analyt Technol
Biomed Life Sci 778:31-47

Chrysochou E, Kanellopoulos PG, Koukoulakis KG, Sakellari
A, Karavoltsos S, Minaidis M, Bakeas E (2021) Heart failure
and PAHs, OHPAHS, and trace elements levels in human serum:
results from a preliminary pilot study in greek population and the
possible impact of air pollution. Molecules 26:3207

@ Springer



7914

E. Al-Moubarak et al.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Mbai M, Rajamani S, January CT (2002) The anti-malarial drug
halofantrine and its metabolite N-desbutylhalofantrine block
HERG potassium channels. Cardiovasc Res 55:799-805
Sanchez-Chapula JA, Navarro-Polanco RA, Sanguinetti MC
(2004) Block of wild-type and inactivation-deficient human
ether-a-go-go-related gene K* channels by halofantrine. Naunyn
Schmiedebergs Arch Pharmacol 370:484-491

Cordeiro JM, Brugada R, Wu YS, Hong K, Dumaine R (2005)
Modulation of I, inactivation by mutation N588K in KCNH2: a
link to arrhythmogenesis in short QT syndrome. Cardiovas Res
67:498-509

El Harchi A, Zhang YH, Hussein L, Dempsey CE, Hancox JC
(2012) Molecular determinants of hERG potassium channel inhi-
bition by disopyramide. J Mol Cell Cardiol 52:185-195

Paul AA, Witchel HJ, Hancox JC (2002) Inhibition of heterolo-
gously expressed HERG potassium channels by flecainide and
comparison with quinidine, propafenone and lignocaine. Br J
Pharmacol 136:717-729

Du CY, Adeniran I, Cheng H, Zhang YH, El Harchi A, McPate
MlJ, Zhang H, Orchard CH, Hancox JC (2010) Acidosis impairs
the protective role of hERG K* channels against premature stimu-
lation. J Cardiovasc Electrophysiol 21:1160-1169

Wilson SL, Dempsey CE, Hancox JC, Marrion NV (2019) Iden-
tification of a proton sensor that regulates conductance and open
time of single hERG channels. Sci Rep 9:19825

Milnes JT, Dempsey CE, Ridley JM, Crociani O, Arcangeli A,
Hancox JC, Witchel HJ (2003) Preferential closed channel block-
ade of HERG potassium currents by chemically synthesised
BeKm-1 scorpion toxin. FEBS Lett 547:20-26

Furutani K, Yamakawa Y, Inanobe A, Iwata M, Ohno Y, Kurachi
Y (2011) A mechanism underlying compound-induced voltage
shift in the current activation of hERG by antiarrhythmic agents.
Biochem Biophys Res Commun 415:141-146

Furutani K, Tsumoto K, Chen IS, Handa K, Yamakawa Y, Sack JT,
Kurachi Y (2019) Facilitation of I Kr current by some hERG chan-
nel blockers suppresses early afterdepolarizations. J Gen Physiol
151:214-230

Yamakawa Y, Furutani K, Inanobe A, Ohno Y, Kurachi Y (2012)
Pharmacophore modeling for hRERG channel facilitation. Biochem
Biophys Res Commun 418:161-166

Muskett FW, Thouta S, Thomson SJ, Bowen A, Stansfeld PJ,
Mitcheson JS (2011) Mechanistic insight into human ether-
a-go-go-related gene (hERG) K* channel deactivation gating
from the solution structure of the EAG domain. J Biol Chem
286:6184-6191

Siebrands CC, Schmitt N, Friederich P (2005) Local anesthetic
interaction with human ether-a-go-go-related gene (HERG) chan-
nels: role of aromatic amino acids Y652 and F656. Anesthesiol-
ogy 103:102-112

Xing J, MaJ, Zhang P, Fan X (2010) Block effect of capsaicin on
hERG potassium currents is enhanced by S6 mutation at Y652.
Eur J Pharmacol 630:1-9

Perissinotti L, Guo J, Kudaibergenova M, Lees-Miller J,
Ol’khovich M, Sharapova A, Perlovich GL, Muruve DA, Gerull

@ Springer

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

B, Noskov SY, Duff HJ (2019) The pore-lipid interface: role of
amino-acid determinants of lipophilic access by ivabradine to the
hERG]1 pore domain. Mol Pharmacol 96:259-271

Marzian S, Stansfeld PJ, Rapedius M, Rinne S, Nematian-Ard-
estani E, Abbruzzese JL, Steinmeyer K, Sansom MS, Sanguinetti
MC, Baukrowitz T, Decher N (2013) Side pockets provide the
basis for a new mechanism of Kv channel-specific inhibition. Nat
Chem Biol 9:507-513

Dong YY, Pike AC, Mackenzie A, McClenaghan C, Aryal P,
Dong L, Quigley A, Grieben M, Goubin S, Mukhopadhyay S,
Ruda GF, Clausen MV, Cao L, Brennan PE, Burgess-Brown NA,
Sansom MS, Tucker SJ, Carpenter EP (2015) K2P channel gating
mechanisms revealed by structures of TREK-2 and a complex with
Prozac. Science 347:1256-1259

Wrobel E, Rothenberg I, Krisp C, Hundt F, Fraenzel B, Eckey
K, Linders JT, Gallacher DJ, Towart R, Pott L, Pusch M, Yang
T, Roden DM, Kurata HT, Schulze-Bahr E, Strutz-Seebohm N,
Wolters D, Seebohm G (2016) KCNEI1 induces fenestration in the
Kv7.1/KCNE1 channel complex that allows for highly specific
pharmacological targeting. Nat Commun 7:12795

Negami T, Araki M, Okuno Y, Terada T (2019) Calculation of
absolute binding free energies between the hERG channel and
structurally diverse drugs. Sci Rep 9:16586

Dickson CJ, Velez-Vega C, Duca JS (2020) Revealing molecular
determinants of hERG blocker and activator binding. J Chem Inf
Model 60:192-203

Asai T, Adachi N, Moriya T, Oki H, Maru T, Kawasaki M, Suzuki
K, Chen S, Ishii R, Yonemori K, Igaki S, Yasuda S, Ogasawara
S, Senda T, Murata T (2021) Cryo-EM structure of K(+)-bound
hERG channel complexed with the blocker astemizole. Structure
29:203-212

Wang S, Morales MJ, Liu S, Strauss HC, Rasmusson RL (1997)
Modulation of HERG affinity for E-4031 by [K]o and C-type inac-
tivation. FEBS Lett 417:43-47

Ridley JM, Milnes JT, Witchel HJ, Hancox JC (2004) High affinity
HERG K channel blockade by the antiarrhythmic agent drone-
darone: resistance to mutations of the S6 residues Y652 and F656.
Biochem Biophys Res Comm 325:883-891

Barchad-Avitzur O, Priest MF, Dekel N, Bezanilla F, Parnas
H, Ben-Chaim Y (2016) A novel voltage sensor in the orthos-
teric binding site of the M2 muscarinic receptor. Biophys J
111:1396-1408

van Veldhoven JPD, Campostrini G, van Gessel CJE, Ward-van
OD, Liu R, Mummery CL, Bellin M, IJzerman AP (2021) Target-
ing the Kv11.1 (hERG) channel with allosteric modulators. Syn-
thesis and biological evaluation of three novel series of LUF7346
derivatives. Eur J Med Chem 212:113033

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Inhibition of the hERG potassium channel by phenanthrene: a polycyclic aromatic hydrocarbon pollutant
	Abstract
	Introduction
	Materials and methods
	Maintenance of mammalian cell lines and cell transfection
	Electrophysiological recording
	Trafficking assay
	Phenanthrene
	Computational docking
	Data presentation and analysis

	Results
	WT IhERG inhibition by phenanthrene
	Inhibition by phenanthrene of IhERG elicited at different voltages
	Depolarization time and IhERG inhibition by phenanthrene
	Probing the mechanism of IhERG inhibition with mutagenesis
	Phenanthrene inhibition explored through computational docking

	Discussion
	Potency of observed IhERG inhibition and environmental relevance for human health
	Evidence for a direct channel interaction
	Facilitation accompanying phenanthrene block of IhERG
	Phenanthrene inhibition of IhERG–notable and unusual features.

	Acknowledgements 
	References




