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linear pentamidine analogues and
their impact on the hERG K+ channel – correlation
with structural features†

Teresa Żołek, *a Muge Qile,b Paweł Kaźmierczak,a Meye Bloothooft,b

Marcel A. G. van der Heydenb and Dorota Maciejewska *a

This work presents drug-likeness and the cardiotoxicity profiles of six potent pentamidine analogs 1–6 and

three new compounds 7–9 as chemotherapeutics for therapy of Pneumocystis jiroveci pneumonia. A

combination of experimental and computational approaches was used in the cardiotoxicity examination.

The hERG trafficking and functionality of the hERG currents were tested by western blot analyses,

immunofluorescent staining procedures, and patch-clamp electrophysiological assays. Cardiotoxicity

combined with blocking the hERG K+ channel was predicted, and then simulated by docking to the

CSM-TM model 732 protein. Location of pentamidines in the proximity of Leu622, Thr623, Ser649,

Tyr652, Ala653, and Phe656, and the high energies of interactions were in accordance with probable

blocking of the hERG channel. However, in the biochemical experiments, no significant changes in IhERG
densities and a minor effect on hERG maturation were observed. Predicted metabolic transformation of

pentamidines with S atoms in the aliphatic linker leads to oxidation of one S atom, but those with the

phenyl sulfanilide moiety can be oxidized to chinones. The tested pentamidines characterized by the

presence of sulfur atoms or sulfanilide groups, have favorable drug-likeness parameters and are

promising lead structures in the development of new potent chemotherapeutics against PJP.
1. Introduction

A major problem aer identifying lead compounds is to eval-
uate their drug-likeness parameters and cardiotoxicity. A lot of
lead compounds and drugs developed for different treatments
have been found to interfere with normal cardiac physiology,
and have been retracted from early- and late-stage trials as well
as from the medical practice.1,2 Cardiotoxicity associated with
the hERG (human ether-á-go-go related gene) K+ ion channel
named KCNH2 or Kv11.1 has received considerable attention.3

This gene is expressed in a variety of tissues (i.e. heart and
brain), but the expression and function of the hERG protein are
best described in cardiac myocytes. The hERG K+ ion channel
shapes the rapidly activating component of the cardiac delayed
rectier potassium current (IKr), which is crucial for the repo-
larization of the cardiac action potential. Dysfunction of the
hERG channel could cause long QT syndrome (LQTS) charac-
terized by delayed repolarization and prolonged QT interval.
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These facts increase the risk of ventricular arrhythmias in the
form of torsades de pointes (TdP) and sudden cardiac death.4–6

Diverse substances can induce LQTS via inhibition of hERG
using a wide range of mechanisms. The mechanism oen
proposed for drug-induced QT interval is a block of hERG
channels or its native current IKr. The drugs interact with
a structurally unique receptor domain (pore helix aliphatic
residues Thr-623, Ser-624, and Val-625 and aromatic residues
Tyr-652 and Phe-656) in the pore-S6 region of the channel to
suppress K+ ion permeation.7 Another mechanism for drug-
induced LQTS is the disorganization of hERG channel protein
trafficking to the cell surface membrane. Fewer mature hERG
channels reach the surface membrane, thus reducing hERG K+

current (IhERG) or IKr.8 Whereas some drugs induce adverse
effects via only one of the mechanisms, others act via a combi-
nation of both.9,10 The importance of hERG-related toxicity is
driven by the tendency of hERG channels to bind many
compounds, including anti-biotics (e.g., erythromycin, clari-
thromycine),11 anti-viral (e.g., amantadine),12 anti-fungal (e.g.,
ketoconazole, itraconazole),13,14 anti-cancer (e.g., arsenic
trioxide),15 anti-protozoal and anti-malarial (e.g., pentamidine,
chloroquine),16,17 anti-psychotic (e.g., chlorpromazine),18 anti-
histamine (e.g., astemizole),19 and anti-arrhythmic (e.g., quini-
dine, dofetilide)20 drugs, which strongly block or disorder the
membrane trafficking of hERG channels.
RSC Adv., 2019, 9, 38355–38371 | 38355
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In recent years, Pneumocystis jiroveci pneumonia (PJP) has
become one of the potentially fatal illness encountered in
immunocompromised patients.21–23 Although the development
of highly active anti-retroviral therapy, and the extensive use of
Pneumocystis chemoprophylaxis, PJP remains an important
cause of morbidity and mortality in patients with acquired
immunodeciency syndrome (AIDS).24 At present, interest in
PJP infection goes beyond the people which suffer from AIDS
due to the increasing number of patients receiving immuno-
suppressive therapies because of massive organ trans-
plantations, malignancies, and autoimmune diseases, for
which PJP is increasingly diagnosed.23,25,26 The effective treat-
ment for PJP is trimethoprim–sulfamethoxazole (TMP–SMX)
drug combination, but also alternative drugs have been devel-
oped,27,28 including pentamidine, dapsone, and atovaquone.
Among them, intravenous pentamidine is known as the most
potent for the second-line treatment of PJP.29 Structurally,
pentamidine belongs to the aromatic bis-amidines which are
lead compounds in many drug discovery pathways, but no
substance has passed over the phases of clinical trials because
of toxicity and improper drug-likeness properties.30 Therefore,
there is an urgent need for an evaluation of these properties for
newly available compounds. Many efforts were made for pent-
amidine cardiotoxicity examinations. Therapy with pentami-
dine can cause the prolongation of the QT interval on the
electrocardiogram and in some cases TdP tachycardia's which
can be transformed into ventricular brillation and cause
sudden cardiac death.31 Several studies have shown that pent-
amidine prolongs the cardiac action potential by the impact on
hERG trafficking and decreasing of the number of functional
hERG channels at the cell surface.32–34

In an effort to nd a more efficient therapeutic agent for the
treatment of PJP, our laboratory has developed a number of linear
pentamidine analogs which showed excellent anti-Pneumocystis
activity.35–37 Among then, we have designed, synthesized and eval-
uated six bis-benzamidines 1–6 characterized by the presence of
one or two sulfur atoms in the linker and introduction of alkyl
substituents to the amidine groups (see Fig. 1). The tests for 1–3
revealed the high activities (IC50 with range 0.01–1.18 mM) and less
or no cytotoxicity in mammalian cell lines compared to the parent
compound pentamidine. In continuing the search for new drug
candidates, we have taken into account the promising activity and
very low cytotoxicity received for 3-phenylsulfonyl-1,5-bis(4-
amidino-2,6-dimethylphenoxy)-3-azapentane dihydrochloride.37

We synthesized three new bis-benzamidines 7–9 in which two
sulfanilide groups are in the ortho-,meta- and para-positions of the
benzene ring. Moreover, these derivatives represent molecules
with less mobile linker connecting bis-benzamidine moieties,
which can have an impact on cardiotoxicity.

To get full insight into the drug-likeness of tested molecules,
we calculated the theoretical values of the physio-chemical and
biopharmaceutical parameters associated with adsorption,
distribution, metabolism, elimination, and toxicity (ADMET) in
the human body. Next, we elucidated the nature of the inter-
action between pentamidines and the hERG K+ channel for all
nine compounds 1–9 using a combination of experimental and
computational approaches. The impact of tested compounds on
38356 | RSC Adv., 2019, 9, 38355–38371
hERG trafficking and functionality of the hERG currents were
examined by traditional western blot analyses, immunouo-
rescent staining procedures, and patch-clamp electrophysio-
logical assays. The specic interactions governing the predicted
blockade of the cardiac K+ channel was scrutinized by molec-
ular docking and free enthalpy calculations.
2. Theoretical calculations
2.1. Ligands and hERG channel

Nine compounds synthesized in our laboratory (Fig. 1) were
evaluated: 1,5-bis(4-amidinophenoxy)-3-thiapentane dihydro-
chloride (1), 1,5-bis[4-(amidino)phenylthio]-3-oxapentane dihy-
drochloride (2), 1,5-bis[4-(4,5-dihydro-2-imidazolyl)phenylthio]-
3-oxapentane dihydrochloride (3), 1,5-bis[4-(4,5-dihydro-2-
imidazolyl)phenoxy]-3-thiapentane dihydrochloride (4), 1,5-bis
[4-(N-butylamidino)phenoxy)]-3-thiapentane dihydrochloride
(5), 1,5-bis[4-(N-cyclohexylamidino)phenoxy)]-3-thiapentane
dihydrochloride (6), 4,40-[1,3-phenylenebis(aminosulfonyl)]
dibenzamidine dihydrochloride (7), 4,40-[1,2-
phenylenebis(aminosulfonyl)]dibenzamidine dihydrochloride
(8) and 4,40-[1,4-phenylenebis(aminosulfonyl)]dibenzamidine
dihydrochloride (9). Three-dimensional structures of ligand
were prepared using Discovery Studio 2017R2 visual interface
BIOVIA.38 Geometries of all compounds were optimized using
the density functional theory (DFT) with the B3LYP/6-311G (d,p)
hybrid functional, as implemented in Gaussian 16.39 ESP-
atomic partial charges on all atoms were computed using the
Breneman model reproducing the molecular electrostatic
potential.40 Out of the generated structural models of the hERG
K+ channel41–44 we used the open state model named CSM-TM-
model 732 originated from the studies of S. Y. Noskov
group.41 The experimentally validated model selected by us is
a valuable tool in the theoretical studies of blockade hERG
current also for cationic compounds.45–47
2.2. Prediction of drug-likeness descriptors and toxicity

To nd out the drug-likeness properties for the synthesized
compounds, ADMET calculations were performed by the
mathematical models48 implemented into ADMET Predictor™
soware version 8.5 Simulations Plus.49 We have predicted
various drug-likeness parameters like molecular weight (MWt),
distribution coefficient at pH ¼ 7.4 (log D), number of rotatable
bonds (NRB), number of aromatic rings (NAR), the topological
polar surface area (TPSA), the volume of distribution (Vd), the
solubility (Sw), the effective permeability (Peff), Madin–Darby
Canine Kidney cells apparent permeability (MDCK), qualitative
likelihood of penetrating the blood–brain barrier (BBB) lter
express as high/low, the logarithm of the blood–brain barrier
partition coefficient log Cbrain/Cblood (log BB), percentage of
unbound drug to proteins within blood plasma (% Unbnd) and
blood-to-plasma concentration ratio (RBP¼ Cwhole-blood/Cplasma)
were estimated for 1–9 at pH 7.4. Prediction of metabolic indi-
cators was based on phase I tests including cytochrome P450
(CYP 450) forms CYP 2C19, 1A2, 2D6 and 3A4, and the intrinsic
hepatic clearance (Clint). All the CYP-metabolites generated for
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Chemical formulas of pentamidine analogs 1–9 used in this study.
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each compound were tested for risk potential whenever it was
possible. Phase II metabolism of pentamidine derivatives was
evaluated to determine the probability that human uridine 50-
diphosphate-glucuronosyltransferases (UGT) were involved.
Whereas, virtual screenings were also performed to evaluate
toxicological properties including Maximum Recommended
Therapeutic Dose (MRTD), cardiac toxicity by affinity towards
hERG-encoded potassium channels (described by the qualita-
tive estimation of likelihood of the hERG potassium channel
inhibition (hERG_Filter) and the pIC50 as measure of affinity for
This journal is © The Royal Society of Chemistry 2019
hERG K+ channel (hERG_pIC50)), and the hepatotoxicity
(described by the level of alkaline phosphatase (AlkPhos), g-
glutamyl transferase (GGT), serum glutamate oxaloacetate
transaminase (SGOT), serum glutamate pyruvate transaminase
(SGPT) and lactate dehydrogenase (LDH)).
2.3. Molecular docking and dynamic simulations

Molecular docking was performed using CDOCKER module of
Discovery Studio 2017R2. The binding site sphere of hERG K+
RSC Adv., 2019, 9, 38355–38371 | 38357
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channel was dened as the regions that come within radius 15 Å
from the geometric centroid of the ligands. The poses with the
lowest CDOCKER interaction energies were selected as the best
conformations for the binding with the active site of the hERG
K+ channel through hydrogen bonds and hydrophobic interac-
tions. The best poses predicted by CDOCKER were used as the
starting points in the molecular dynamics (MD) simulation.

All MD simulations were run using the CHARMm force
eld50 implemented in the module of Discovery Studio
2017R2. The hERG channel complexes were surrounded by
a cubic box of water molecules (TIP3P models)51 extending up
to a distance of 10 Å from any solute atom. Additional K and Cl
ions were added randomly to each complex at a concentration
of �0.15 M, close to physiological conditions52 using the
Solvation module of Discovery Studio 2017R2. All energy
minimization and molecular dynamics simulations were per-
formed using the Particle Mesh Ewald (PME) algorithm53 for
the correct treatment of electrostatic interactions54 and peri-
odic boundary conditions. Before simulations, 2500 steps of
steepest descent algorithm followed by 2500 conjugate
gradient energy-minimization steps (until the RMS gradient of
the structure was below 0.01 kcal mol�1 Å�1) were performed.
Subsequently, each simulation started with gradually heating
from 50 to 300 K for 100 ps followed by equilibration of the
systems for up to 500 ps, aer which potential energies were
sufficient. The equilibrated system was taken as the starting
structure for 10 ns production runs in NPT ensemble, at
a temperature of 300 K and 1 bar maintained using a Berend-
sen thermostat algorithm.55 During minimized, heating and
equilibration, the protein and ligand were restrained with
a force constant of started with 10 kcal mol�1 Å�2 and grad-
ually decreased to 2 kcal mol�1 Å�2 and then subjected to a 5.5
ns production run with removing all constraint. The SHAKE
method was used to constrain hydrogen atoms and the time
step was set to 2 fs.56 The coordinates were saved every 10 ps
for subsequent analysis.

2.4. Prediction the free enthalpy of binding

Even though that docking combined with MD simulations can
provide a clear image of the shape complementarity between
the ligand and the receptor, it is required to have the additional
and essential information of the free enthalpy of binding, which
will assess to quantify the affinity of a ligand to its target. The
obtained stable MD trajectory of each complex was used to
calculated the binding free enthalpy by the MM-PBSA
approach57 using explicit solvent molecules. The binding free
enthalpy (DGbind) of pentamidine derivatives to hERG channel
was calculated by means of eqn (1):

DGbind ¼ GhERG–ligand � GhERG � Gligand (1)

where GhERG–ligand is free enthalpy of complex, GhERG is free
enthalpy of hERG channel and Gligand is free enthalpy tested
pentamidines. Binding free enthalpy was calculated based on
the average structures obtained from the last 6 ns of MD
trajectories. The components of each complex were minimized
using the conjugate gradient method for 10 000 steps aer 100
38358 | RSC Adv., 2019, 9, 38355–38371
steps of the steepest descent algorithm and a dielectric constant
of 4 for the electrostatic interactions until the RMS gradient of
the structure was <0.001 kcal mol�1 Å�1.
3. Experimental section
3.1. Chemical compounds

Six pentamidine analogues 1–6 have been described previ-
ously,35–37 three 7–9 are newly synthesized. The synthesis of the
three isomeric compounds 7–9 was carried out in three stages
according to the general procedure shown in Fig. 2. In the rst
step, 4-cyanobenzenesulfonyl chloride reacted with an appro-
priate isomer of phenylenediamine in the presence of pyridine
to give the initial dinitriles in a high yield. Only 1,3-phenyl-
enediamine was replaced with 1,3-phenylenediamine dihydro-
chloride, which is much more stable than a free amine and
gives the expected product in a signicantly higher yield. There
was also used as an appropriate excess of pyridine. In the
second step, the previously obtained dinitriles were treated with
an excess of 50% aqueous solution of hydroxylamine furnishing
desired intermediate diamidoximes in high yields. In the last
stage formerly received diamidoximes were catalytically (Pd/C)
reduced with formic acid in boiling acetic acid to give nally
expected diamidines. Treating with an aqueous hydrochloric
acid solution led to dihydrochlorides.
3.2. General procedure for the synthesis of
phenylenebis(aminosulfonyl)dibenzonitriles

An appropriate phenylenediamine dihydrochloride (1.08 g, 10
mmol) and pyridine (1.92 g, 24 mmol or 3.80 g, 48 mmol) were
dissolved in N-methyl-2-pyrrolidone (20 mL). To the stirred
solution 4-cyanobenzenesulfonyl chloride (4.23 g, 21 mmol) was
added portion-wise keeping the temperature below 40 �C. Next,
the mixture was heated at 60 �C for 1 h and nally poured into
ice water (80 mL). The formed solid was ltered, washed with
plenty of water and dried giving the almost pure product. They
may be puried by reuxing with ethanol (10–20 mL) for several
minutes.

3.2.1 4,40-[1,3-Phenylenebis(aminosulfonyl)]dibenzonitrile
(7a). Yield 3.29 g (75%), mp 245–246 �C, 1H NMR (300 MHz,
DMSO-d6, d ppm): 10.59 (s, 2H), 8.05 (d, J ¼ 9 Hz, 4H), 7.82 (d, J
¼ 9 Hz, 4H), 7.10 (t, J ¼ 6 Hz, 1H), 7.00 (s, 1H), 6.74 (d, J ¼ 6 Hz,
2H). 13C NMR (75.4 MHz, d ppm): 143.2, 137.8, 133.4, 130.2,
127.3, 117.4, 116.2, 115.4, 111.6.

3.2.2 4,40-[1,2-Phenylenebis(aminosulfonyl)]dibenzonitrile
(8a). Yield 3.42 g (78%), mp 238–239 �C, 1H NMR (300 MHz,
DMSO-d6, d ppm): 9.63 (s, 2H), 8.05 (d, J ¼ 8.1 Hz, 4H), 7.87 (d, J
¼ 8.1 Hz, 4H), 7.09–7.06 (m, 2H), 6.95–6.92 (m, 2H). 13C NMR
(75.4 MHz, d ppm): 143.4, 133.5, 129.9, 127.5, 126.7, 124.4,
117.6, 115.5.

3.2.3 4,40-[1,4-Phenylenebis(aminosulfonyl)]dibenzonitrile
(9a). Yield 3.94 g (90%), mp 270–271 �C, 1H NMR (300 MHz,
DMSO-d6, d ppm): 10.41 (s, 2H), 8.02 (d, J ¼ 9 Hz, 4H), 7.82 (d, J
¼ 9 Hz, 4H), 6.95 (s, 4H). 13C NMR (75.4 MHz, d ppm): 143.2,
133.7, 133.4, 127.4, 122.1, 117.5, 115.1.
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Synthetic route of new pentamidine analogs 7–9. Reagents and conditions: (a) NMP, 60 �C, 1 h; (b) 50% NH2OH/ EtOH, r.t., 24 h; (c)
HCOOH/10%PdC/AcOH, reflux, 3 h, then aq. HCl.
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3.3. General procedure for the synthesis of
phenylenebis(aminosulfonyl)dibenzamide dioximes

An appropriate phenylenebis(aminosulfonyl)dibenzonitrile (1.10 g,
2.5 mmol) was suspended in THF (15 mL). The 50% aqueous
solution of hydroxylamine (1.12 g, 16.8 mmol) was subsequently
added and the whole was stirred for 24 h at room temperature.
Next, the mixture was poured into water (75 mL). The solid was
ltered, washed with water and dried giving pure products. They
may be used in the next step without additional purication.

3.3.1 4,40-[1,3-Phenylenebis(aminosulfonyl)]dibenzamide
dioxime (7b). Yield: 1.14 g (90%), mp 130–140 �C (decomp.), 1H
NMR (300MHz,DMSO-d6, d ppm): 10.34 (s, 2H), 9.94 (s, 2H), 7.80 (d,
J ¼ 8.4 Hz, 4H), 7.69 (d, J ¼ 8.4 Hz, 4H), 7.11 (s, 1H), 7.03 (t, J ¼
8.1Hz, 1H), 6.68 (d, J¼ 8.1Hz, 2H), 5.92 (s, 4H). 13CNMR (75.4MHz,
d ppm): 149.6, 139.3, 138.4, 137.4, 129.8, 126.6, 125.9, 115.1, 110.8.

3.3.2 4,40-[1,2-Phenylenebis(aminosulfonyl)]dibenzamide
dioxime (8b). Yield: 1.06 g (86%), mp 214–215 �C, 1H NMR (300
MHz, DMSO-d6, d ppm): 9.96 (s, 2H), 9.38 (s, 2H), 7.83 (d, J¼ 8.4 Hz,
4H), 7.71 (d, J ¼ 8.4, 4H), 7.03–6.95 (m, 4H), 5.95 (s, 4H). 13C NMR
(75.4 MHz, d ppm): 149.5, 138.9, 137.6, 129.9, 126.8, 126.1, 126.0.

3.3.3 4,40-[1,4-Phenylenebis(aminosulfonyl)]dibenzamide
dioxime (9b). Yield: 1.16 g (92%), mp 253–254 �C, 1H NMR (300
MHz, DMSO-d6, d ppm): 10.17 (s, 2H), 9.93 (s, 2H), 7.78 (d, J ¼
9 Hz, 4H), 7.66 (d, J¼ 9 Hz, 4H), 6.93 (s, 4H), 5.92 (s, 4H). 13C NMR
(75.4 MHz, d ppm): 149.7, 139.4, 137.4, 133.9, 126.5, 126.0, 121.7.
3.4. General procedure for the synthesis of
phenylenebis(aminosulfonyl)dibenzamidine
dihydrochlorides

An appropriate phenylenebis(aminosulfonyl)dibenzamide
oxime (1.00 g, 2 mmol) was suspended in glacial acetic acid (8
mL). Then palladium on carbon (Pd/C 10% w/w) (80 mg) and
This journal is © The Royal Society of Chemistry 2019
subsequently formic acid (0.8 mL) were added. The mixture was
reuxed for 3 h, aer which cooled to room temperature. The
catalyst and other solid impurities were ltered off. To the
ltrate, a 35% aqueous solution of HCl (0.5 mL) was added
dropwise and all the solvents evaporated to dryness. The solid
residue was puried by reuxing with ethanol (5–10 mL).

3.4.1 4,40-[1,3-Phenylenebis(aminosulfonyl)]
dibenzamidine dihydrochloride (7). Yield: 1.00 g (92%), mp
290 �C (decomp.), 1H NMR (300 MHz, DMSO-d6, d ppm): 10.80 (s,
2H), 9.60 (s, 4H), 9.43 (s, 4H), 8.01–7.88 (m, 8H), 7.20 (s, 1H), 7.08
(t, J ¼ 7.8 Hz, 1H), 6.78 (d, J ¼ 7.8 Hz, 2H). 13C NMR (75.4 MHz,
d ppm): 164.8, 143.6, 138.2, 132.2, 130.0, 129.4, 127.0, 115.2, 110.7.
TOF MS ES+ [M � 2Cl � H]+ calcd for C28H21N6O4S2 (473.1066)
found 473.1082.

3.4.2 4,40-[1,2-Phenylenebis(aminosulfonyl)]
dibenzamidine dihydrochloride (8). Yield: 0.30 g (28%), mp
290 �C (decomp.), 1H NMR (300 MHz, DMSO-d6, d ppm): 10.30
(s, 2H), 9.57 (s, 4H), 9.37 (s, 4H), 8.03–7.96 (m, 8H), 7.01 (s, 4H).
13C NMR (75.4 MHz, d ppm): 164.7, 144.2, 132.1, 129.8, 129.3,
127.1, 126.0, 123.8. TOF MS ES+ [M � 2Cl � H]+ calcd for
C28H21N6O4S2 (473.1066) found 473.1053.

3.4.3 4,40-[1,4-Phenylenebis(aminosulfonyl)]
dibenzamidine dihydrochloride (9). Yield: 0.86 g (79%), mp
270 �C (decomp.), 1H NMR (300 MHz, DMSO-d6, d ppm): 10.64
(s, 2H), 9.95 (s, 4H), 9.37 (s, 4H), 7.97–7.91 (m, 8H), 7.02 (s, 4H).
13C NMR (75.4 MHz, d ppm): 164.8, 143.7, 133.7, 132.2, 129.4,
126.9, 121.5. TOF MS ES+ [M � 2Cl � H]+ calcd for
C28H21N6O4S2 (473.1066) found 473.1052.
3.5. Biological data

All analogues were dissolved in DMSO as a stock solution at
50 mM and further diluted in ddH2O. The nal working
RSC Adv., 2019, 9, 38355–38371 | 38359
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solution for all compounds was 3 mM. Pentamidine-isethionate
(Pentacrit® 300, Sano Aventis, Gouda, The Netherlands) was
dissolved in ddH2O and nal working solution was 10 mM.
Dofetilide (Procter and Gamble, Cincinnati, USA) was dissolved
in DMSO and further diluted in ddH2O, nal working solution
was 1 mM. Concentrations of these controls were used as in
previous research.34 All compounds were sterilized by ltration
(0.2 mm), aliquoted and stored at �20 �C until use.

3.5.1 Cell culture. HEK-293T cells stably expressing hERG
(HEK-hERG) were obtained from C. January.58 The cells were
maintained in DMEM (Gibco-Fisher Scientic, Landsmeer, The
Netherlands) with 10% fetal calf serum (Sigma-Aldrich, Zwijn-
drecht, The Netherlands), 2 mM L-glutamine, 50 mg mL�1

streptomycin and 1 U mL�1 penicillin (all three Lonza, Breda,
The Netherlands). Cells were split twice a week and cultured at
37 �C and 5% CO2. The amount of DMSO added to the cells was
kept below 0.1%.

3.6. Western blotting

Cells were cultured in 60 mm dishes for 20–24 h till conuency
of 60–70%. Cells were treated with pentamidine (hERG traf-
cking blocker, 10 mM), dofetilide (hERG trafficking activator, 1
mM) or pentamidine analogues 1–9 (1 and 10 mM) for 24 h. Full
dose–response experiments were performed with 1, 2 and 5 (0.5,
1, 3, 5, 10 and 20 mM). Following incubations, cells were washed
with PBS (Lonza, Basel, Switzerland) containing 1 mM MgCl2
and CaCl2 (PBS

++) twice, and lysed in 130–180 mL of lysis buffer
(buffer D 20mMHEPES, 125mMNaCl, 10% (v/v) glycerol, 1 mM
EDTA, 1 mM EGTA, 1 mM dithiothreitol and 1% (v/v) Triton X-
100), 6.8 mg mL�1 aprotinin (Sigma-Aldrich, Zwijndrecht, The
Netherlands and 1 mM PMSF) per dish was added depending
on cell conuency. Lysates were centrifuged at 14 000 � g for
10 min and the supernatant was collected. Protein concentra-
tions were determined by bicinchoninic acid (Pierce™ BCA
protein assay kit, Thermo Scientic, Waltham, USA) in combi-
nation with the Nanodrop 2000 (Thermo Scientic, Waltham,
USA). Ten mg samples were run by 7% SDS-PAGE and proteins
were blotted on a nitrocellulose membrane (Bio-Rad Laborato-
ries, Veenendaal, The Netherlands). Reversible Ponceau red
staining was used to determine equal loading and subsequent
quantication. Membranes were blocked with 5% (w/v) non-fat
milk powder (in TBST) and subsequently incubated overnight at
4 �C with the primary antibody, anti-Kv11.1 (1:2500; Alomone
Labs, Jerusalem, Israel). Secondary antibody GaRb HRP (Bio-
Rad Laboratories, Veenendaal, The Netherlands) was applied
for 2 h at room temperature at 1:10.000. Membranes were
developed using Amersham ECL™ prime western blotting
detection reagent (GE Lifesciences, Chicago, USA) with Chem-
idoc XRS+ (Bio-Rad Laboratories, Veenendaal, The Nether-
lands). Quantication was done by Image Lab™ soware
version 5.2.1 (Bio-Rad Laboratories, Veenendaal, The
Netherlands).

3.7. Immunouorescence microscopy

HEK-hERG cells were cultured on B 15 mm glass coverslips
coated with 0.1% gelatin. Aer 24 h treatment with
38360 | RSC Adv., 2019, 9, 38355–38371
pentamidine (10 mM), dofetilide (1 mM) or 1, 2 or 5 (10 mM)
coverslips were washed with PBS++, xated with 3%-para-
formaldehyde and permeabilized with 0.5% Triton X-100 (in
PBS). Aer permeabilization cells were quenched with PBS/
glycine (50 mM) and incubated twice with NET-gel (0.25%
gelatin, 50 mM Tris–Cl, 150 mM NaCl, 4 mM EDTA, 0.05%
Igepal, �0.01% NaN3, pH 7.4). Cells were incubated with the
primary antibody in NET-gel overnight (anti-Kv11.1, Alomone
Labs, Jerusalem, Israel). Aer washing the cells, samples were
incubated with the secondary antibody (Jackson). Coverslips
were mounted with Vectashield (Vector Laboratories Inc., Bur-
lingame, USA) and imaged using a Nikon Eclipse 80i (Nikon,
Amsterdam, The Netherlands) and NIS elements Basic Research
(Nikon, Amsterdam, The Netherlands) soware.

3.8. Electrophysiological recordings

HEK-hERG cells were cultured on B 12 mm glass coverslips
coated with poly-L-lysine (Sigma-Aldrich, Germany). IhERG was
recorded in whole-cell voltage mode. Pipettes (Harvard appa-
ratus, Holliston, USA) were pulled and polished (Model P-2000,
Sutter instruments Co., Novato, USA) and had a resistance of 2–
4 MU once lled with solution. Potassium currents were
measured with Axopatch 200B (Axon Instruments, USA) and
Clampex 10.0 soware.59 The following protocol was used:
holding potential was �80 mV, a hyperpolarizing step was
applied for 50 ms at �120 mV to correct for leak currents.
Thereaer 4 s test pulses between�80 mV and +60mV in 10mV
increments were applied. And it was followed by a 5 s deacti-
vation pulse at �50 mV. Aer 3.5 min when the current had
stabilized a control measurement was done. Subsequently,
acute treatment with 4, 5, 6, 7, 8 or 9 (1 mM) was applied with
a ow of�1 mLmin�1. Currents were measured at 3.5, 7 and 15
min. All measurements were obtained at room temperature (22
�C). Bath solution consisted of 140 mMNaCl, 4 mM KCl, 10 mM
HEPES, 2 mM CaCl2, 1 mM MgCl2 and adjusted to pH 7.4
(NaOH). Pipette solution consisted of 10 mM EGTA, 110 mM
KCl, 10 mM HEPES, 4 mM K2-ATP, 5.17 mM CaCl2, 1.42 mM
MgCl2, 15 mM sucrose and adjusted to pH 7.2 (KOH). The data
were quantied by Clampt soware.60

3.9. Data analysis

All results are presented as mean � standard deviation.
Differences were tested with a one-way ANOVA and a Bonferroni
post hoc test. Only for the difference between 1 and 10 mM
treated cells a two-way ANOVA has been performed. All western
blot data were normalized for control before statistical analysis.
For the patch-clamp data values at +10 mV were used for
statistical analysis. Differences were considered statistically
signicant with a p-value <0.05. All analyses were performed
using GraphPad Prism version 7.04.61

4. Results and discussion
4.1. Assessing of drug-likeness parameters

All studied pentamidines 1–9 are analyzed in the dicationic
form. The predicted drug-likeness parameters (the topological
This journal is © The Royal Society of Chemistry 2019
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polar surface area (TPSA), volume of distribution (Vd), water
solubility (Sw), effective permeability (Peff), apparent perme-
ability (MDCK), percentage of unbound drug to blood plasma
proteins (%Unbnd), blood-to-plasma concentration ratio (RBP),
BBB_lter, blood–brain barrier partition coefficient (log BB)) for
tested pentamidines are shown in Table 1. TPSA serves as an
important parameter for the evaluation of molecular transport
properties, especially in intestinal absorption and blood–brain
barrier penetration. Its values for 1–6 were found within range
58.01–118.2 Å2 and these compounds are predicted to have
a high capacity for penetrating cell membranes.62 New
compounds 7–9 with sulfanilide groups show values close to
192 Å2 and it may accounts for their easy penetration in
hydrophilic environments, such as the core of transporter
proteins.63 The volume Vd is the pharmacokinetic parameter
which can show the dose required to give a certain plasma
concentration. The volume Vd of all compounds under study is
in the range of 0.454–10.621 L kg�1 and probably they are not
distributed to all tissues of the body. Compounds 7–9 which
have Vd below 0.7 L kg�1 are conned to the blood plasma, but
compounds 1–6 with one or two S atoms in the linker have
values higher than 4.5 L kg�1 and are predicted to be distributed
in whole blood. The aqueous solubility (Sw) of all tested pent-
amidine derivatives (we should remember that they are dihy-
drochlorides) are good and are within the range of 0.043–
1.192 mgmL�1. The best solubility's have two dihydrochlorides:
1,5-bis(4-amidinophenoxy)-3-thiopentane (1) and 1,5-bis[4-
(amidino)phenylthio]-3-oxapentane (2) (1.192 and 0.697 mg
mL�1, respectively). Human jejunal permeability (Peff), which
reects the passive transport velocity in cm s�1 across the
epithelial barrier in the human jejunum, was predicted high for
1–6 (0.701–2.063 � 10�4 cm s�1). The values of Madin–Darby
canine kidney (MDCK), a parameter for assessing the apparent
membrane permeability properties, were also high (47.23–
804.27 � 10�7 cm s�1). New dihydrochlorides with phenyl-
enebis(aminosulfonyl) linker (7, 8 and 9) have these two
parameters decreased (Peff below 0.5 � 10�4 cm s�1) and MDCK
Table 1 Theoretical values of topological polar surface area (TPSA), dist
permeability MDCK, percentage of unbound drug to blood plasma protein
blood–brain barrier partition coefficient (log BB) for 1–9

Compound

TPSA Vd Sw Peff

Expected values

(#140
Å2)

(#3.7 L
kg�1)

($0.010 mg
mL�1)

($0.5 cm
s�1 � 104)

1 118.20 4.606 1.192 0.701
2 108.97 6.410 0.697 0.728
3 58.01 7.178 0.183 2.063
4 67.24 4.570 0.509 2.003
5 90.22 10.621 0.096 0.810
6 90.22 5.462 0.043 0.807
7 192.08 0.454 0.160 0.141
8 192.08 0.462 0.102 0.180
9 192.08 0.617 0.287 0.131

This journal is © The Royal Society of Chemistry 2019
(below 7.04 � 10�7 cm s�1), showing lower jejunal permeation
and apparent membrane permeability. An ability to bind to
plasma proteins, which is in most cases considered undesir-
able, is characterized by two parameters: the percentage of drug
unbound to protein within blood plasma (% Unbnd) and the
concentration of the drug in whole blood compared to plasma
(RBP). For the majority of tested pentamidines the values of %
Unbnd are in the region 10–41%, and the values of RBP in the
region 1.01–1.17, which indicates low or moderate binding to
plasma protein. Only values of % Unbnd and RBP for
compounds 5 and 6 were below 10% and 1, respectively, which
suggests that the alkyl substituents at amidine groups increase
the plasma protein binding. The next molecular properties
BBB_lter and log BB determine the likelihood of crossing the
blood–brain barrier (BBB). Analysis of both parameters revealed
that 3–6 derivatives remain in the qualitative likelihood of
crossing the BBB because log BB was more than 0.3 values,
suggesting that alkyl substituent at amidine groups increases
the potential for BBB penetration. Whilst, bis-benzamidines 1, 2
and new 7–9 have the lower log BB values (below 0 and even
below �1) suggesting the favorable impact of phenyl-
enebis(aminosulfonyl) linker for toxicity joined with BBB
penetration.

Pentamidines were targeted for the evaluation of the meta-
bolic biotransformations. The predictions were made for phase
I (cytochrome P450s hepatic enzyme system) and phase II (the
enzymatic conjugation of substrates with the UGT enzymes).64

Modes of action (substrate/non-substrate/inhibition) and
intrinsic hepatic clearance (Clint) are predicted for four isoforms
cytochrome P450 (1A2, 2C19, 2D6 and 3A4),65 which are
considered as the most important in xenobiotic metabolism
(Table 2). Compounds 1 and 2 cannot be metabolized by
CYP3A4, while the other tested pentamidines can be its
substrates. Pentamidine derivatives 3 and 4 with amidine
groups closed in imidazoline rings can be substrates or inhib-
itors of all isoforms, but 6 cannot be metabolized by CYP2C19, 7
and 9 by CYP2D6, and 8 by three isoforms CYP1A2, CYP2C19,
ribution (Vd), water solubility (Sw), effective permeability (Peff), apparent
s (% Unbnd), blood-to-plasma concentration ratio (RBP), BBB filter and

MDCK % Unbnd RBP BBB lter log BB

($30 cm
s�1 � 107) (>10%) (<1) (High/low)

59.926 16.085 1.122 High �0.058
47.227 15.652 1.116 High �0.231

638.620 10.100 1.163 High 0.592
804.274 9.687 1.173 High 0.783
407.340 2.841 0.912 High 0.576
374.797 1.776 0.993 High 0.653

4.343 34.676 1.076 Low �0.677
7.039 22.170 1.104 Low �1.251
3.953 41.859 1.012 Low �1.083

RSC Adv., 2019, 9, 38355–38371 | 38361
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Table 2 Mode of action (inhibition/induction) and intrinsic hepatic clearance (Clint) for selected cytochrome P450 enzymes of 1–9a

Compound

CYP

Mode of action Clint (mL min�1 mg�1)

1A2 2C19 2D6 3A4 1A2 2C19 2D6 3A4

1 S/I S S/I NS 16.878 63.994 104.452 —
2 S/I S S/I NS 15.311 85.408 229.701 —
3 S/I S S/I S 28.593 157.004 811.987 43.544
4 S/I S I S 80.280 153.788 — 46.525
5 S S S/I S 70.659 437.686 367.709 377.690
6 I NS S/I S — — 727.161 1789.969
7 I I NS S — — — 11.238
8 NS NS NS S — — — 7.949
9 I I NS S — — — 5.025

a I – denotes inhibition of CYP isoforms; S – denotes substrate of CYP isoform; NS – denotes non-substrate for isoform.
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and CYP2D6. Since inhibition of cytochrome P450 is the main
source of adverse drug interactions, we examined intrinsic
hepatic clearance (Clint) which describes the intrinsic ability of
the liver to remove the drug in absence of restrictions imposed
on drug delivery to the liver cell by blood ow or protein
binding. The recommended range for predicted Clint values is
>30 (mL min�1 mg�1). All studied pentamidines demonstrated
microsomal metabolic liabilities with wide range of Clint values
ranging from 15.3 to 80.3 (mL min�1 mg�1) for CYP1A1, from
64.0 to 437.7 (mL min�1 mg�1) for CYP2C19, from 104.5 to 812.0
(mL min�1 mg�1) for CYP2D6, and from 5.0 to 1790.0 (mL min�1

mg�1) for CYP3A4. The highest value (1790.0 (mL min�1 mg�1)
for CYP3A4) was observed for compound 6 with cyclohexyl
substituent at amidine groups, while the lowest value Clint <30
(mL min�1 mg�1) also for CYP3A4 was seen for new compounds
7, 8 and 9 with benzenesulfanilide linker (11.24, 7.95 and 5.03
(mL min�1 mg�1), respectively). It can mean that hepatic ow
will have minimal inuence on its metabolism. Further, nine
main microsomal hepatic UGTs were checked to identify which
isoforms may be responsible for pentamidines glucuronidation
reaction leading to their easier elimination. Compounds 1–6 are
evaluated as a substrate for three isoenzymes 1A1, 1A3 and 1A4,
but new bis-benzamidines 7–9 are predicted rather not conju-
gate in phase II. Only isoforms 1A8 or 1A9 have some potential
to metabolize these compounds (see Table S1 in ESI†). Potential
structures of metabolites for tested pentamidines are shown in
Fig. 3. Experimental data are approachable for pentamidine
itself in rats.66 Two major pentamidine metabolites have the
hydroxyl groups at the pentyl linker. Proposed metabolic
transformations in humans lead to carboxylic acid derivative
and 4-hydroxybenzamidine. For pentamidines 1–6 in which S
atoms are present in the aliphatic linker, oxidation of one S
atom was predicted for compounds 1–3 and 5, while for
compound 4 dehydrogenation of imidazoline ring was pre-
dicted. Moreover, in 5 and 6 the aliphatic substituents may also
be removed. New pentamidines 7–9 with phenyl sulfanilide
moiety can be oxidized to chinones or one amidine group can be
substituted by the hydroxyl group.
38362 | RSC Adv., 2019, 9, 38355–38371
In the evaluation of the toxicity prole of pentamidines 1–9
several predictors were used including human maximum
tolerated dose and hepatotoxicity (see Table 3). A maximum
recommended therapeutic dose (MRTD) in a unit of mg per kg
of body weight per day should be greater than 3.16 mg per kg bw
per day, which can show that the tested compound has fewer
side effects. All by one pentamidines have MRTD value >3.16,
indicating that the appearance of side effects is less likely. Only
1,5-bis[4-(N-cyclohexylamidino)phenoxy]-3-thiapentane dihy-
drochloride (6) has MRTD value below 3.16. In the test of the
hepatic injury, the majority of studied pentamidines are pre-
dicted as “non-toxic”. Level of LDH, SGOT, and SGPT are
elevated only for 1 and 4 indicating some hepatic problems. The
cytotoxicity of 1–6 were tested experimentally in our former
works35–37 with other groups of pentamidines, which can explain
observed data. In these assays, the majority of compounds were
not cytotoxic (also those with the sulfobenzene group), only
compounds 1 and 4 exhibited less or moderate cytotoxicity. The
predicted hepatic problems for 1 and 4 have thrown more light
on the factors affecting experimental data.
4.2. Impact of molecular descriptors on hERG binding

Cardiotoxicity is a severe problem in pharmacology; therefore,
the theoretical parameters can be very useful in the drug
discovery pipeline. Selected theoretical physio-chemical prop-
erties are presented in Table 4. The molecular weights (MWt)
are in the range dened for orally available compounds and
only compound 6 has the MWt of >500 g mol�1, since N,N0-
cyclohexyl substituent attached to the amidine group increase
its MWt to 522.76 g mol�1. Many studies suggest that the rela-
tionship between hERG blockage and molecular size is complex
– the probability of inhibition is very low for small molecules
with MWt <250 g mol�1, but larger molecules can be also non-
blockers of the hERG channel.67–69 The log P values (for pent-
amidines acting as neutral molecules) were within the range
1.21–3.88 for the majority of compounds which is an agreement
with a probability of lack inhibition of hERG channel (log P #

4). For two pentamidine derivatives, 5 and 6, the log P values
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Products of metabolism of pentamidine and 1–9 derivatives.
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were predicted to be above 4 indicating a higher risk for hERG
K+ channel inhibition.68 We also examined logarithm of the
distribution coefficient values (log D) at pH 7.4, which give an
This journal is © The Royal Society of Chemistry 2019
estimate of the lipophilicity of a drug at the pH of blood plasma.
The average values of log D are within the range �0.03 to 2.75
and not exceeding the traditionally cutoff value of 3.5.
RSC Adv., 2019, 9, 38355–38371 | 38363
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Table 3 Predicted hepatoxicity parameters for 1–9: maximum recommended therapeutic dose MRTD, level of alkaline phosphatase (AlkPhos),
level of g-glutamyl transferase (GGT), level of serum glutamate oxaloacetate transaminase (SGOT), level of serum glutamate pyruvate trans-
aminase (SGPT), level of lactate dehydrogenase (LDH)

Compound

MRDT AlkPhos GGT LDH SGOT SGPT

Expected values

(>3.16 mg per kg
per day)

1 Above 3.16 NT NT T T T
2 Above 3.16 NT NT NT T T
3 Above 3.16 NT NT NT T T
4 Above 3.16 NT NT T T T
5 Above 3.16 NT NT T NT T
6 Below 3.16 NT NT T NT T
7 Above 3.16 NT T T NT NT
8 Above 3.16 T T T T NT
9 Above 3.16 T T T NT NT
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Molecular exibility is an important contributor to hERG
affinity, as rigid molecules with little conformational freedom
are less likely to occupy an optimal pose within the binding
region. We have chosen to describe this property by the ratio of
rotatable bonds to all bonds in the molecule (FRB ¼ NRB/Ntotal

bonds) rather than the overall count of rotatable bonds.
According to the suggestion of Didziapetris et al.,69 FBR below
0.4 becomes a major indicator of poor hERG binding for
compounds with highly constrained ring systems. The ob-
tained results indicate that among the analyzed pentamidine
derivatives, only compound 5 with 4-(N,N0-butylamidino)phe-
noxy substituent has FRB above 0.4 i.e. should show some
binding affinity to the hERG K+ channel. The impact of p-
stacking interactions is another molecular property essential
for hERG affinity,70 even though the currently accepted view is
that aromaticity is not essential for efficient hERG binding, as
long as the molecule is sufficiently lipophilic and has a suit-
able size and shape.71 The number of aromatic rings (NAR) is 2
or 3 for all tested pentamidine analogs, which is consistent
with several published pharmacophore models that predict
Table 4 Physio-chemical and cardiotoxicity (hERG_filter and affinity for

Compound

MWt log P log D N

Expected values

(#500 g mol�1) (#4) (#3.5) (

1 358.46 2.969 0.334 8
2 374.53 2.934 0.627 8
3 426.61 3.746 �0.453 8
4 410.54 3.877 �1.180 8
5 470.68 6.042 2.541 1
6 522.76 6.828 2.748 1
7 472.55 1.211 0.550 6
8 472.55 1.355 0.985 6
9 472.55 1.407 �0.025 6

38364 | RSC Adv., 2019, 9, 38355–38371
the ability to induce the LQTS by blocking the hERG K+

channel. The minimal structural requirements in these
models are three phenyl rings suitably spaced and one proton
at nitrogen.72,73

The calculated qualitative parameters of the likelihood of the
hERG potassium channel inhibition as hERG_lter and the
pIC50 as a measure of affinity for hERG K+ channel
(hERG_pIC50) are promising for compounds 1–3 and new 7–9
i.e. they can be classied as non-cardiotoxic. For the other three
pentamidines (4, 5 and 6 with one S atom in the linker and the
alkyl substituent in the amidine moiety) hERG_lter is marked
as Yes and hERG_pIC50 values are in the range 6.154–6.676,
exceeding the cutoff value 5.5. It means that only these
compounds can potentially block hERG channel in the heart
cells leading to cardiac problems. To explain the molecular
mechanism of cardiotoxicity for those pentamidine analogues,
compounds 4, 5 and 6 have been chosen to perform hERG
protein affinity examination by molecular modeling technique
and the experimental measurements.
hERG K+ (hERG_ pIC50)) parameters for 1–9

RB NAR FRB hERG lter hERG pIC50

#10) (#3) (<0.4) (Yes/No) (>5.5)

2 0.3 No 4.874
2 0.3 No 4.492
2 0.25 No 5.684
2 0.25 Yes 6.154

6 2 0.47 Yes 6.366
2 2 0.3 Yes 6.676

3 0.2 No 6.414
3 0.2 No 5.802
3 0.2 No 6.078

This journal is © The Royal Society of Chemistry 2019
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4.3. Theoretical evaluation of interactions with hERG
channel

First, the molecular docking calculations have been employed
in order to nd the optimal position of compounds in the
binding pocket of hERG K+ channel. CDOCKER program
successfully docked compounds 4, 5 and 6 into the binding
cavity of hERG K+ channel producing ten poses for every
compound with scores shown in Table S2 in ESI.† The poses
which demonstrated the strongest interaction energies were
selected as the ligand starting structures to the extensive
molecular dynamics' simulations and the binding free enthalpy
calculations. The predicted binding mode by CDOCKER is
presented in ESI, Fig. S1† for 4, 5 and 6. The results demonstrate
that analyzed compounds could interact with hERG K+ channel
using hydrogen bonds, hydrophobic and van der Waals inter-
actions. The amino acids Leu622, Thr623, Ser624 and Ser649
were consistently involved in the hydrogen bonds and the
amino acids Tyr652, Ala653, and Phe656 in the hydrophobic
and the p–p interactions. Compounds 5 and 6 interacted with
the amino acid Phe656, while 4 with Tyr652 amino acid what is
characteristic for the hERG K+ channel blockers.74

Next, the molecular dynamics simulation and binding free
enthalpy calculations were performed for better
Fig. 4 Two views of predicted docking pose in the cavity of hERG K+

channel for compounds: 4 (cyan), 5 (fuchsia) and 6 (green). For clarity,
subunits of the hERG K+ channel were removed and key residues
(Thr623, Ser624, Tyr652, and Phe656) interacting with the ligands are
visible. Upper part: projection of the compounds from the wall side
seen perpendicular. Lower part: projection of the compounds from
the upper side of the channel.

This journal is © The Royal Society of Chemistry 2019
understanding the various interactions between the ligand
and the active site of hERG and to rationalize the obtained
biological results. The structures of hERG complexes with 4–6
were optimized with water molecules and ions. The RMSD
values between the average structures of replicate MD simu-
lations as well as between the ligand starting and average
structures were low in all cases. The binding free enthalpy
values calculated using the MM-PBSA method were as follows
�23.34 kcal mol�1 (4), �31.55 kcal mol�1 (5) and
�13.70 kcal mol�1 (6), indicating the strongest interactions
with compound 5 where butyl substituents at amidine groups
are present. All compounds are in the same region of the
hERG K+ cavity and are located perpendicularly to the cavity
walls (Fig. 4). Our modelling suggests that tested pentami-
dines are accommodated in the proximity of amino acids
Leu622, Thr623, Ser649, Tyr652, Ala653, and Phe656. The
binding cavity is highly hydrophobic, and this feature is
following the biochemical function of the hERG fragment
which is embedded in the membrane bilayer.

The interactions inside complexes 4–6 are depicted in Fig. 5.
These compounds are highly similar structurally and differ only
by the kind of N,N0-substituent at amidine groups. Compound 4
with amidine groups closed in 4-(4,5-dihydro-2-imidazolyl)
substituents is predicted to be accommodated in the hERG
channel in a bent conformation. Such orientation in the
binding cavity leads to the p–p stacking (a distance of 5.61 Å)
and electrostatic interaction (a distance of 4.72 Å) with the
phenyl ring of amino acid Tyr652. Additionally, the position of 4
allows for creating strong hydrogen bonds with two copies of
amino acids Leu622 (2.07 and 2.85 Å) and Ser649 (2.11 and 2.25
Å). Compound 5 with the N,N0-butylamidino substituents
adopts a similar orientation like that of 4 and interacts with two
copies of Phe656 involving T-shaped p–p stacking (4.93 and
5.70 Å). Aliphatic substituent interacts with side chains of two
Ser649 (2.26 and 2.45 Å), one Leu622 (2.28 Å) and forms the
hydrophobic interactions with Ala653 (4.26 Å). Compound 5
takes part in the hydrogen bond network, which can affect
a higher affinity to the hERG channel than 4. Binding of
compound 6 with N,N0-cyclohexylamidino substituent is pre-
dicted in the hERG cavity in U-shaped conformation. In this
mode, the phenyl ring of compound 6 forms a strong p–p

stacking interaction (a distance of 3.73 Å) with the aromatic ring
of Phe656, whereas the N,N0-cyclohexyl substituents interact
with both Thr623 (1.71 and 2.34 Å) and Ala653 (4.83 Å).
However, we have to make clear that drug–channel interactions
do not necessarily result in the full inhibition of the hERG
channel.
4.4. Electrophysiological effects of pentamidine analogues
on hERG channel activity

To explore potential functional hERG channel blockade of 4–6
as indicated above, and the newly developed compounds 7–9,
an electrophysiological patch-clamp assay on HEK-293T cells
stably expressing hERG channels were used. hERG channel
gating is complex and displays slow activation upon depolar-
ization, followed by fast inactivation especially upon further
RSC Adv., 2019, 9, 38355–38371 | 38365
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Fig. 5 Binding modes of compounds 4, 5 and 6 in the hERG K+ channel optimized by MD.
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depolarization, restricting outward K+
ow during early phases

of the cardiac action potential. Upon initial the repolarization,
fast recovery from inactivation then drives repolarization of the
action potential. In both the step-current pulse, evaluating slow
activation and rapid inactivation, and tail-current, evaluating
fast recovery, measurements, no signicant changes in IhERG
densities were observed in the 15 min timeframe at a concen-
tration of 1 mM (Fig. 6). Furthermore, no apparent effects on the
voltage dependence of the hERG channel were observed with
any of the compounds. Finally, we did not observe any obvious
changes in channel dynamics when performing or analyzing the
patch-clamp experiments and data, respectively. Compared to
pentamidine, which shows no acute block at 1 mM using similar
pulse protocols,32 modications resulting in compounds 4–9 do
not induce acute hERG channel blockade. It can mean that
theoretically predicted interactions with hERG channel for 4–6
does not block the conduction path, however these ndings do
not exclude potential long-term effects on IhERG densities.
38366 | RSC Adv., 2019, 9, 38355–38371
4.5. Impact of pentamidine analogues on hERG trafficking

Pentamidine affects forward the trafficking of the hERG
channel resulting in decreased mature/immature protein
ratios.32 Pentamidine likely interferes with the process of proper
hERG protein folding, in which the compound interacts with
one or more intermediate folding states and thus inhibits
subsequent folding steps required for endoplasmic reticulum
export.33 One could imagine that pentamidine-bound folding
intermediates cannot interact with chaperones in the endo-
plasmic reticulum that normally steer – and/or assist in – the
process of proper folding.75 The high-affinity drug binding site
Phe656 of the hERG channel is essential for intracellular
pentamidine interaction, which may also explain the capacity of
high-affinity hERG blockers to correct pentamidine-induced
hERG trafficking defects.34 Decreased levels of mature hERG
expression are one of the life-threatening side effects of pent-
amidine and the major trigger of Torsade de Pointes arrhyth-
mias. To identify potentially trafficking inhibition structures,
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Absence of IhERG inhibition in response to treatment with 4–9 (1 mM). (A) Representative traces of IhERG treated with 6 (1 mM) under baseline
and 15min perfusion. Stimulation protocol is shown at the right panel. (B) I–V relationship curves of step (left panels) and tail (right panels) current
densities following treatment with 4–9 at baseline, 3.5 min, 7 min and 15 min. (C, D) Summary of step current (C) and tail current (D) densities,
determined at +10mV, under control (untreated) condition and following treatment with 4–9. Summarized data are normalized by their baseline.
All data are presented as themean� SD.N-values for baseline, 3.5, 7 and 15min. Measurements are as follows: 4: 17, 10, 9, 6; 5: 8, 7, 7, 6; 6: 17, 8,
8, 6; 7: 10, 10, 9, 8; 8: 10, 9, 8, 8; 9: 9, 9, 9, 5.
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pentamidine and 1–9 were tested for effects on hERG mature/
immature ratios.

HEK-hERG cells were treated with 1 and 10 mM pentamidine
and its analogues for 24 h (Fig. 7). We did not observe induction
This journal is © The Royal Society of Chemistry 2019
of cell toxicity by routine visual inspection using phase-contrast
microscopy and lysate protein concentration. As also observed
in earlier studies,33,34 pentamidine treatment signicantly
decreased maturation (mature/immature ratio) of hERG.
RSC Adv., 2019, 9, 38355–38371 | 38367
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Fig. 7 The maturation of hERG is affected differently by pentamidine and its analogues 1–9 in HEK-hERG cells. (A) Western blot results of HEK-
hERG cells exposed to pentamidine (10 mM), dofetilide (1 mM) and 1–9 (1 and 10 mM) for 24 h. Total protein ponceau staining was used as a loading
control. (B) Summarized data of the ratios of mature and immature hERG expression in HEK-hERG cells after 24 h treatment with pentamidine (10
mM), dofetilide (1 mM) or analogues. ‡ indicated P < 0.05 vs. control, § P < 0.05 vs. pentamidine, # P < 0.05 vs. dofetilide. Control protein ratios were
designated as 1. (C) Two concentration comparisons in the maturation ratio of hERG. * P < 0.05 between 1 and 10 mM treatment. Data are
presented in mean� SD.N-values for are as follows: control: 26; pentamidine: 27; dofetilide: 24; 1 (1, 10 mM): 10, 10; 2: 13, 10; 3: 4, 4; 4: 4, 4; 5: 7,
10; 6: 4, 3; 7: 4, 4; 8: 4, 4; 9: 4, 3.
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Dofetilide, which promotes forward trafficking, increases
mature/immature ratios. In contrast to pentamidine, its
analogues displayedminor effect on hERGmaturation resulting
Fig. 8 Dose–response effects of 1, 2 and 5 on hERG maturation. (A) Dos
and 5 (0.5–20 mM), pentamidine (10 mM) or dofetilide (1 mM). In the lower
of (A). Data are presented as the ratios of mature and immature hERG. ‡
dofetilide. N-values for are as follows: control: 29; pentamidine: 27; d
concentrations) 3.

38368 | RSC Adv., 2019, 9, 38355–38371
in slightly lower mature/immature ratios, especially at 10 mM
(pentamidine vs. 1 1 mM p < 0.0001, 2 1 mM p < 0.0001; 3 1 mM p <
0.05; 4 1 mM p < 0.01; 5 1 mM p < 0.0001; 6 1 mM p < 0.05; 8 1 mM p
e-dependent effect on hERG expression after 24 h treatment with 1, 2
panels, ponceau staining reveals equal loading. (B) Summarized results
indicates P < 0.05 vs. control, § P < 0.05 vs. pentamidine, # P < 0.05 vs.
ofetilide: 27; 1 (all concentrations): 6; 2 (all concentrations): 6; 5: (all

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Expression of hERG at themembrane in control (untreated) and
HEK-hERG cells treated for 24 h with pentamidine (10 mM), dofetilide (1
mM), 1, 2 or 5 (10 mM). The scale bar represents 20 mm.
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< 0.05) (Fig. 7B). No signicant changes between 1 and 10 mM of
each compound except for 1, 2 and 5 (Fig. 7C) were seen.

Since the compounds 1, 2 and 5 indicated dose-dependent
effects in hERG maturation (Fig. 7C) we performed a full
dose–response analysis. The three analogues were applied to
HEK-hERG cells in different concentrations ranging from 0.5 to
20 mM (Fig. 8). A 20–25% decrease in total lysate protein
concentration was observed with the highest concentration.
However, this will not affect the experimental outcomes since
identical amounts of protein were loaded andmature/immature
hERG ratios were determined to assess forward trafficking. As
expected, hERG maturation was dose-dependently decreased
following 1, 2 and 5 application (pentamidine n ¼ 27 vs. 1 0.5
mM p < 0.01; 1 1 mM p < 0.001; 2 0.5 mM p < 0.05; 2 1 mM p <
0.0001; 5 0.5 mM p < 0.05; 5 1 mM p < 0.05). Interestingly, the
lowest concentration (0.5 mM) showed a trend for increasing
maturation. The subcellular localization of the hERG protein
aer exposure to pentamidine and its analogues 1, 2 and 5 (10
mM) was studied by immunouorescence microscopy on HEK-
hERG cells (Fig. 9). In untreated control cells, hERG was
distributed throughout the cell with clear membrane staining.
The membrane hERG protein expression was remarkably
This journal is © The Royal Society of Chemistry 2019
decreased aer pentamidine treatment and the intracellular
expression level was relatively lower than an untreated cell, in
contrast to dofetilide (1 mM). The intracellular localization of
hERG aer 1, 2 and 5 treatment revealed a pattern comparable
with control cells and clear membrane staining was detected.
These results are in accordance with observations displayed in
Fig. 7 and 8. These qualitative results indicate that the modi-
cations resulting in 1, 2 and 5 reduce, but not completely
abolish, the effects seen on hERG trafficking by pentamidine,
whereas the newly developed compounds 7–9 show the least
effects on hERG trafficking.

5. Conclusions

The tested linear pentamidine analogues 1–9 have favorable
drug-likeness parameters (the topological polar surface area
(TPSA), volume of distribution (Vd), water solubility (Sw), effec-
tive permeability (Peff), apparent permeability (MDCK),
percentage of unbound drug to blood plasma proteins (%
Unbnd), blood-to-plasma concentration ratio (RBP), BBB_lter,
blood–brain barrier partition coefficient (log BB)) as the
potential oral drugs. Nevertheless, some cardiotoxicity joined
with hERG channel was suggested for tested analogs with one S
atom in the linker and alkyl part in the amidine groups. The
theoretical analysis of complexes between the hERG K+ channel
and the selected compounds showed the binding free enthalpy
values as follows �23.34 kcal mol�1 (4 with amidine groups
closed in imidazolyl ring), �31.55 kcal mol�1 (5 with butyl
substituent) and �13.70 kcal mol�1 (6 with cyclohexyl substit-
uent), predicting the moderate strength of interactions. All
compounds are located in the same region of the hERG K+ cavity
in the proximity of amino acids Leu622, Thr623, Ser649, Tyr652,
Ala653 and Phe656, what is in accordance with the possibility
blocking hERG K+ channel. However, in the electrophysiological
patch-clamp experiments for 1–9 on HEK-293T cells, no
signicant changes in IhERG densities were observed in the 15
min timeframe at a concentration of 1 mM. In the next
biochemical experiments, in contrast to pentamidine, its
analogues displayedminor effect on hERGmaturation resulting
in slightly lower mature/immature ratios, especially at 10 mM.
The intracellular localization of hERG aer 1, 2 and 5 treatment
revealed a pattern comparable with control cells and clear
membrane staining was detected. Aer a combined theoretical
and experimental approach, we can suggest that the pentami-
dines characterized by the presence of sulfur atoms or sulfani-
lide groups are promising, not-toxic lead structures in the
developments of new potent chemotherapeutics against PJP.
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38 Dassault Systèmes BIOVIA, Discovery Studio 2017R2,
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