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Preface

As is well known, ion channels are crucial components of living cells. The physio-

logical function of ion channels had been observed long before they were known to

exist. They figure in a wide variety of biological processes that involve changes in

cells, such as cardiac, skeletal, and smooth muscle contraction, epithelial transport

of nutrients and ions, T-cell activation, and pancreatic b-cell insulin release. Thus

being the crucial components of living cells, ion channels are important targets

of therapeutic agents. Historically, it has been challenging to develop drugs on this

target class. A major issue with target-based ion channel drug development is

identification of good small chemical leads for medicinal chemistry optimization

to clinical candidate status. Thus, enough attention has been paid to the study of

structure and functions of ion channels and their potential inhibitors. The present

book compiles a few important articles authored by eminent workers in the field to

cover some recent advances in the studies on the structure and functions of some

ion channels, e.g., Na+, K+, Ca2+, Cl�, and their inhibitors. The book may be of

great use to the students and scientists working in the area of molecular biology,

biochemistry, physiology, and neurobiology.

The book contains 11 articles in total. Ion channels, in fact, are transmembrane

proteins that selectively allow a given species of ion to pass through them. In

Chap. 1 entitled Structural and Functional Discrimination of Membrane Proteins,
Gromiha et al. discuss all aspects of these membrane proteins right from their

structural discrimination to resulting functional discrimination and drug–target

interactions. In Chap. 2, Bois et al. present the pharmacology of hyperpolari-

zation-activated cyclic nucleotide-gated (HCN) channels. HCN channels generate

and/or regulate neuronal and cardiac excitability. Several physiological roles have

been ascribed to HCN channels which are the consequence of their particular

biophysical properties. In Chap. 3 entitled Advanced Molecular Modeling Techni-
ques Applied to Ion Channels Blockers, Hannongbua et al. describe some important

advanced molecular modeling techniques used to design and develop the potent ion

channel blockers. These techniques include 2D-, 3D-, and 4D-QSARs, ADMET

prediction, molecular dynamics simulations, molecular docking, quantum chemical
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calculations, and QM/MM calculations. These techniques have been widely applied

to the drug design.

Of the various ion channels, sodium ion channels have been of great signifi-

cance. An article on this with the title Advances in Design and Development of
Sodium Channel Blockers has been exclusively written by Zuliani et al. to describe

briefly the recent advances in the development of isoform-specific and state-

selective sodium channel blockers and the medicinal chemistry involved, surveying

the emerging therapeutic fields. Abnormal activity of sodium channels is related

to several pathological processes, including cardiac arrhythmias, epilepsy, chronic

pain, neurodegenerative diseases, and spasticity.

The potassium ion channels play no less important role in the human body.

They constitute the important target for the development of antiarrhythmic agents.

Therefore, in Chap. 5, You et al. have presented the development of potassium

channel blockers as antiarrhythmic agents. Although there are a variety of potassi-

um channels, scientists have developed immense interest in human ether-a-go-go-
related gene (hERG) potassium channels due to their involvement in life-threaten-

ing cardiac arrhythmia. Therefore, an article on hERG channels has been presented

by Singh and Sharma to describe their functions and dysfunctions, therapeutic

agents modulating these channels, and associated QT prolongation. In the next

article, Schiesaro and Ecker describe structure- and ligand-based approaches to

develop models which shed light on the molecular basis of hERG channel inhibition

and present an overview on recent approaches for prediction of hERG channel

blockers. In continuation to this, an article on Advances in Structure–Activity
Relationship Studies on Potassium Channel Modulators has been contributed

by Sharma et al., highlighting the mode of functions of potassium ion channel

modulators.

Calcium ions are a ubiquitous second messenger and their entry into the cytosol

is mediated by multiple types of calcium channels, each with a distinct physiologi-

cal role. They constitute an important target to develop drugs against several

cardiovascular and noncardiovascular diseases, such as angina, hypertension,

arrhythmias, asthma, dysmenorrhea, premature labor, cancer, epilepsy, and glauco-

ma. In Chap. 9, therefore, Hadjipavlou-Litina presents a vivid description of

calcium ion channels, their subtypes, and their blockers, with detailed structure–

activity relationships of blockers. N-type voltage-gated Ca2+ channels (NCCs) play

dominant roles in neuropathic pain and cerebral ischemia. An article on this type of

calcium ion channels, therefore, has been presented by Gopi Mohan et al. to mainly

focus on their blockers and the pharmaceutical importance thereof.

Chloride ion channels have been found to play crucial roles in the development

of human diseases, e.g., mutations in the genes encoding Cl� channels lead to a

variety of deleterious diseases in muscle, kidney, bone, and brain, including

myotonia congenita, dystrophia myotonica, cystic fibrosis, osteopetrosis, and epi-

lepsy, and similarly their activation is supposed to be responsible for the progres-

sion of glioma in the brain and the growth of malaria parasite in the red blood cells.

Thus, the study of the structure, function, and blockers of Cl� channels seems to be

of great importance. The last article entitled Chloride Ion Channels: Structure,

vi Preface



Functions and Inhibitors, therefore, has been written by Gupta and Kaur to describe
all important classes of Cl� channels with a detail of their structures, functions, and

inhibitors.

Thus, an attempt has been made to make the book an interesting reading

by selecting the articles of varying taste for all those involved in research on ion

channels and their blockers. As an editor of this book, I have greatly enjoyed

reading all the articles and hope so will do all the readers. I gratefully acknowledge

the enthusiasm of all the authors for contributing the excellent articles in this book.

Meerut, Uttar Pradesh, India Satya P. Gupta

June 2011
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V.le G.P. Usberti, 27/A, 43124 Parma, Italy, laura.amori@unipr.it

Jocelyn Bescond Institut de Physiologie et Biologie Cellulaires, UMR CNRS
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633, 86022 Poitiers, France, Patrick.Bois@univ-poitiers.fr

Warabhorn Boonyarat Department of Chemistry, Faculty of Science, Kasetsart

University, Bangkok 10900, Thailand; Center of Nanotechnology, Kasetsart

University, Bangkok 10900, Thailand

Aurelien Chatelier Institut de Physiologie et Biologie Cellulaires, UMR CNRS
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Abstract Membrane proteins perform diverse functions inside the cell including

transporters, receptors, and channels. Ion channels are integral membrane proteins

that regulate the flow of ions across the membranes and are categorized as a part of

membrane transport proteins. In this article, we briefly outline the structure and
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function of membrane proteins and their classifications. On the structural point of

view, we discuss the available databases and methods for discriminating a-helical
and b-barrel membrane proteins from globular proteins. In addition, different

algorithms developed for identifying the membrane spanning segments are

discussed. On the functional aspect, the discrimination of transporters from other

membrane proteins is mentioned. Further, classification of transporters into differ-

ent groups such as channels/pores, electrochemical and active transporters, as well

as their six families is illustrated. The specific features of channels compared with

porins are discussed along with the discrimination of channels and pores and the

classification of channels and drug targets for channel proteins. In addition, a list of

online resources for the databases and classifications of membrane proteins based

on their structure and function is provided.

Keywords Channel • Function • Membrane protein • Structure • Transporter

Abbreviations

DAS Dense alignment surface

HMM Hidden Markov model

OMP Outer membrane protein

PDB Protein Data Bank

PSSM Position-specific scoring matrices

RBF Radial basis function

TCDB Transport Classification Database

TMB Transmembrane b-barrel
TMH Transmembrane helical

TMS Transmembrane strand

1 Introduction

Membrane proteins, which require to be embedded into the lipid bilayers, have amino

acid sequences that will fold with a hydrophobic surface in contact with the alkane

chains of the lipids and polar surface in contact with the aqueous phases on both sides

of the membrane and the polar head groups of the lipids. Membrane proteins have

become attractive targets for pharmaceutical agents and about 20–30% of protein

sequences in genomes are identified as membrane proteins. On the structural aspect,

they are of two kinds (1) transmembrane helical (TMH) and (2) transmembrane

strand (TMS or outer membrane or transmembrane b-barrel, TMB) proteins. TMH

proteins span the cytoplasmic membrane with a-helices [1], whereas TMS proteins

traverse the outer membranes of Gram-negative bacteria with b-strands [2].

2 M.M. Gromiha et al.



On the functional point of view, membrane proteins perform a variety of

functions, including the transport of ions and molecules across the membrane,

bind to small molecules at the extracellular space, recognize the immune system,

cell–cell signaling and energy transducers. Transporters are one of the major classes

of membrane proteins that span the cell membrane and form an intricate system of

pumps and channels through which they deliver essential nutrients, eject waste

products, and assist the cell to sense environmental conditions. Transporters repre-

sent a diverse group of proteins that differ in membrane topology, energy coupling

mechanism, and substrate specificities [3, 4]. Transporters are generally classified

into channels/pores, electrochemical and active transporters along with other minor

classes, group translocators, transport electron carriers, accessory factors involved

in transport and incompletely characterized transport systems [5].

The classifications of membrane proteins based on their structure and function

are important problems toward the advancement of structural and functional geno-

mics. In this review, we focus on various discrimination algorithms developed for

the classification of membrane proteins based on their structures, TMH and TMS

proteins as well as their functions, especially different classes and families of

transporters. In the first part, we discuss the features of transmembrane proteins,

algorithms for discriminating TMH proteins and predicting their membrane span-

ning regions. Further, we mention the principles of b-barrel membrane proteins

along with discrimination/prediction methods. In the second part, the characteristic

features of amino acid residues in different classes and families of membrane

transporters will be outlined and the discrimination methods for classifying

channels, pores, electrochemical and active transporters will be presented. Further,

the subclassification of ion channels and drug–target interactions will be discussed.

2 Databases for Membrane Proteins Based

on Their Structures

The three-dimensional structures of proteins and their complexes are complied in

Protein Data Bank (PDB) [6]. Based on the PDB, several other databases have been

developed for different sets of proteins, and specifically for membrane proteins.

Tusnady et al. [7] developed a database of transmembrane proteins, PDBTM, which

includes the sequences and structures of redundant and nonredundant a-helical and
b-barrel membrane proteins along with their membrane spanning segments.

Jeyasinghe et al. [8] compiled the structures of known membrane proteins, MPtopo

and classified them into several groups, such as monotopic, GPCRs, rhodopsins,

and b-barrel membrane proteins. They have included the PDB codes, structures,

and their respective references. Ikeda et al. [9] developed a database of transmem-

brane protein topologies, TMPDB, which is based on the experimental evidences

from X-ray crystallography, NMR spectroscopy, etc. These databases provide

additional information on nonredundant structures, options to search the database

Structural and Functional Discrimination of Membrane Proteins 3



based on the secondary structures, number of membrane spanning segments and

keywords. In Table 1, we list the databases for the structure and function of

membrane proteins.

3 Structural Discrimination of Membrane Proteins

3.1 Transmembrane Helical Proteins: Features

The folding environment of TMH proteins differs from that of soluble globular

proteins due to the presence of relatively long hydrophobic helical segments that

traverse the membrane matrix, around which the interaction of water is almost

absent. The TMH proteins generally follow specific rules as listed below (1) the

length of membrane spanning helices is about 20–30 residues, corresponding to the

width of the apolar part of the membrane, (2) globular regions between membrane

helices are generally short, (3) they have a specific distribution of positive charged

amino acid residues known as “positive-inside rule” [10], (4) loop regions inside the

membrane have more positive charged residues than that on outside, and (5) long

globular regions follow inside-out topology, which is defined by the orientation of

the helices with respect to the lipid bilayer. If the upper part of the helix is located in the

periplasm and the lower part is located in cytoplasm, then the topology is “out” [11].

3.2 Discrimination of TMH Proteins and Predicting
Their Membrane Spanning Regions

The analysis of protein three-dimensional structures in PDB shows that only 2% of

protein structures are membrane proteins. This urges the necessity of developing

methods to predict the three-dimensional structures of membrane proteins to bridge

the gap between the number of solved structures of membrane proteins and their

Table 1 List of databases related with membrane protein structure and function

Name URL

PDB, Protein Data Bank http://www.rcsb.org/

MPtopo http://blanco.biomol.uci.edu/mptopo

TMPDB http://bioinfo.si.hirosaki-u.ac.jp/~TMPDB/

PDBTM http://pdbtm.enzim.hu/

TMBETA-GENOME http://tmbeta-genome.cbrc.jp/annotation/

OMPdb http://bioinformatics.biol.uoa.gr/OMPdb

TCDB http://www.tcdb.org/

Ion channels http://www.ionchannels.org/

TMFunction http://tmbeta-genome.cbrc.jp/TMFunction/
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sequences. The first step to achieve this goal is the successful prediction of

membrane spanning regions in TMH proteins. Accordingly, several methods have

been proposed to identify TMH proteins and predict their membrane spanning

regions. Most of the methods use amino acid properties and machine-learning

methods have also been developed for prediction.

3.2.1 Statistical Methods

The statistical methods are mainly based on hydrophobicity profiles, physicochem-

ical properties, conformational parameters, and the combination of them.

Kyte and Doolittle [12] developed a hydrophobicity profile method for locating

the membrane spanning helical segments in amino acid sequences. To identify

membrane regions, they implemented a moving-window approach in which the

hydrophobicity indices of the amino acid residues have been summed over a stretch

of residues and took the average. If the average hydrophobicity for a segment

exceeds a threshold, the segment has been suggested as a transmembrane helix.

Eisenberg et al. [13] developed the helical hydrophobic moment as a measure of the

amphiphilicity of a helix. This hydrophobic moment differed between transmem-

brane, and globular helices, and could thus be explored to predict transmembrane

regions [14]. Jayasinghe et al. [15] attempted to improve hydropathy analysis by

directly improving the hydropathy scales. The commonly used hydrophobicity

scales neglect the thermodynamic constraints a-helices impose on transmembrane

stability, and hence they have derived a whole-residue hydropathy scale from the

Wimley–White experiments that took into account the backbone constraints.

Ponnuswamy and Gromiha [16] developed a surrounding hydrophobicity scale

applicable to both globular and membrane proteins and proposed a “surrounding

hydrophobicity profile” method for predicting transmembrane helices from the

amino acid sequence of a protein. This profile is simply the plot of the surrounding

hydrophobicity indices of the residues against their sequence numbers. In this plot,

the hydrophobic and hydrophilic parts are distinguished by a horizontal line

representing the average hydrophobicity value, which is obtained from the

surrounding hydrophobicity values for all the amino acid residues in the sample

set of proteins. The surrounding hydrophobicity profile thus constructed projects

the transmembrane helices as a sequence of peaks and valleys above the average

middle line (or with a few valleys crossing down the average line), and the other

parts as peaks and valleys frequently crossing the middle line, of falling below the

middle line. The criterion of a continuous sequence of 20–24 points above the

average line with a maximum of two nonadjacent exceptions was used to determine

the length of a predicted transmembrane helix.

Hirokawa et al. [17] developed a method, SOSUI, for discriminating transmem-

brane helical proteins and predicting their membrane spanning segments using the

combination of a variety of physicochemical parameters. Specifically, the

parameters, Kyte–Doolittle hydropathy index, amphiphilicity, relative and net

charges, and protein length have been used to detect transmembrane a-helices.
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von Heijne [10] introduced the concept of “positive-inside rule”, which observes

that regions of polytopic (multispanning) membrane proteins facing the cytoplasm

are generally enriched in Arg and Lys residues, whereas translocated regions are

largely devoid of these residues. This implies that the distribution of positively

charged amino acids may also be a major determinant of the transmembrane

topology of integral membrane proteins, and this concept has been used for

predicting the membrane spanning segments [18].

Hofmann and Stoffel [19] analyzed the statistical preferences of amino acid

residues using the sequence data available in SWISS-PROT database. Based on

these preferences, a method, TMpred, has been proposed for predicting trans-

membrane helices using a combination of several weight matrices for scoring.

Gromiha [20] developed a set of conformational parameters for the 20 amino acid

residues in transmembrane helical proteins using the frequency of occurrence of

amino acid residues in the transmembrane helical part of membrane proteins, and

that in the whole complex in a set of 70 membrane proteins. Based on these

conformational parameters, a simple algorithm has been formulated using a set of

primary and secondary rules to predict the transmembrane a-helices in membrane

proteins.

Juretic and colleagues integrated multiple scales for amino acids for the predic-

tion of transmembrane regions and developed the method SPLIT [21, 22]. Pasquier

et al. [23] proposed an algorithm, PRED-TMR, which uses a standard

hydrophobicity analysis with an emphasis on the detection of potential helix

ends. Using the propensities of amino acid residues at the termini of transmembrane

helices, PRED-TMR compiles scores for the termini of each putative segment. The

best prediction has been achieved by a scoring function obtained from the two

termini scores, a hydropathy score and a length constraint.

Kitsas et al. [24] developed a method based on hydrophobicity properties and

higher-order statistics for predicting the membrane spanning helices in membrane

proteins. Ganapathiraju et al. [25] proposed a method, TMpro for predicting

membrane spanning helical segments using multiple amino acid properties such

as charge, polarity, aromaticity, size, and electronic properties as features.

3.2.2 Hidden Markov Models, Multiple Sequence Alignment

and Machine-Learning Methods

Tusnady and Simon [26] suggested a method for topology prediction of helical

transmembrane proteins, HMMTOP, based on the hypothesis that the localizations

of the transmembrane segments and the topology are determined by the difference

in the amino acid distributions in various structural parts of these proteins rather

than by specific amino acid compositions of these parts. A hidden Markov model

(HMM) with special architecture was developed to search transmembrane topology

corresponding to the maximum likelihood among all the possible topologies of a

given protein. This model distinguishes the five structural states: inside
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nonmembrane region, inside TMH-cap, membrane helix, outside TMH-cap, and

outside nonmembrane region.

Rost et al. [27] developed a method based on neural networks for identifying the

location and topology of transmembrane a-helices. Further, the method has been

refined by postprocessing the neural network output through a dynamic program-

ming-like algorithm, similar to the one introduced by Jones et al. [28]. Persson and

Argos [29] proposed a method based on multiple sequence alignment for predicting

transmembrane helical segments and their topologies. They have used two sets of

propensity values: one for the middle, hydrophobic portion and the other for the

terminal regions of the transmembrane sequence spans. Average propensity values

were calculated for each position along the alignment, with the contribution from

each sequence weighted according to its dissimilarity relative to the other aligned

sequences.

Although multiple sequence alignments improve prediction accuracy, there are

no homologues in current databases for 20–30% of all proteins [30]. To overcome

this situation, the so-called dense alignment surface (DAS) method was developed

[31]. DAS is based on the scoring matrix originally introduced to improve

alignments for G-protein-coupled receptors. It compares low-stringency dot-plots

of the query protein against the background representing the universe of nonho-

mologous membrane proteins using the scoring matrix.

Nugent and Jones [32] developed a method based on support vector machines for

predicting the topology of membrane proteins along with signal peptides and

reentrant helices. Osmanbeyoglu et al. [33] utilized an active learning approach

for predicting transmembrane helices in membrane proteins. Ahmed et al. [34]

presented a new transmembrane helix topology prediction method that combines

support vector machines, HMMs, and a widely used rule-based scheme.

Further, methods have been developed for predicting helix–helix interactions

and modeling the three-dimensional structures of membrane proteins. Park and

Helms [35] proposed a method to predict the assembly of transmembrane helices in

polytopic membrane proteins using sequence conservation patterns. Fuchs et al.

[36] developed a method for predicting the interacting helices and helix–helix

contacts in polytopic membrane proteins using neural networks. Michino et al.

[37] developed a protocol, FoldGPCR for modeling the transmembrane domains of

G-protein-coupled receptors. Recently, de Brevern [38] reviewed the developments

on the 3D modeling of membrane proteins. The general methodology composed of

the following: (1) use of secondary structure prediction to complete the compara-

tive modeling process, (2) perform refinement and assessment steps to a novel

comparative modeling process, and (3) consider the helix–helix and helix–lipid

interactions, and even build quaternary structures. However, the most important

factor when proceeding to correct structural models is taking the experimental data

into account.

The servers for identifying TMH proteins and predicting the membrane spanning

helical segments are listed in Table 2.
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3.3 Transmembrane Strand Proteins: Features

Schultz [39] analyzed the structures of b-barrel membrane proteins and derived ten

basic rules for understanding their folding and stability.

1. The number of b strands is even and the N and C termini are at the periplasmic

barrel end.

2. The b-strand tilt is always around 45� and corresponds to the common b-sheet
twist. Only one of the two possible tilt directions is assumed, and the other one

is an energetically disfavored mirror image.

3. The shear number of an n-stranded barrel is positive and around n + 2, in

agreement with the observed tilt.

4. All b strands are antiparallel and connected locally to their next neighbors

along the chain, resulting in a maximum neighborhood correlation.

5. The strand connections at the periplasmic barrel end are short turns of a couple

of residues.

6. At the external barrel end, the strand connections are usually long loops.

7. The b-barrel surface contacting the nonpolar membrane interior consists of

aliphatic side chains forming a nonpolar ribbon with a width of about 22 Å.

8. The aliphatic ribbon is lined by two girdles of aromatic side chains, which have

intermediate polarity and contact the two nonpolar–polar interface layers of the

membrane.

Table 2 Web servers for

transmembrane helix

prediction

Name URL

ALOM http://psort.nibb.ac.jp/form.html

MPEx http://blanco.biomol.uci.edu/mpex/

KD plot http://fasta.bioch.virginia.edu/fasta/grease.htm

TMpred

http://www.ch.embnet.org/software/

TMPRED_form.html

SPLIT http://split.pmfst.hr/split/

TopPred http://www.sbc.su.se/~erikw/toppred2/

PRED-TMR http://o2.biol.uoa.gr/PRED-TMR/

SOSUI

http://sosui.proteome.bio.tuat.ac.jp/

sosuiframe0.html

MEMSAT http://bioinf.cs.ucl.ac.uk/psipred/psiform.html

PHDhtm http://cubic.bioc.columbia.edu/predictprotein/

TMAP http://bioinfo.limbo.ifm.liu.se/tmap/

DAS http://www.sbc.su.se/~miklos/DAS/

HMMTOP http://www.enzim.hu/hmmtop/

TMHMM http://www.cbs.dtu.dk/services/TMHMM/

CoPreTHi http://athina.biol.uoa.gr/CoPreTHi/

TMpro

http://linzer.blm.cs.cmu.edu/tmpro/

http://flan.blm.cs.cmu.edu/tmpro/
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9. The sequence variability of all parts of the b-barrel during evolution is high

when compared with soluble proteins.

10. The external loops show exceptionally high sequence variability and they are

usually mobile.

3.4 Discrimination of b-Barrel Membrane Proteins

Several methods have been proposed for discriminating TMBs from other folding

types of globular and membrane proteins. These methods are broadly classified into

two aspects: statistical analyses and machine-learning techniques.

3.4.1 Statistical Methods

The statistical methods are straightforward and these methods could explain their

merits and limitations based on physical principles. In statistical methods, amino

acid composition, residue pair preference and motifs have been mainly used for

discrimination. In addition, hydrophobicity profiles, composition of residues in the

membrane environment, and sequence alignments have been used for discriminat-

ing TMBs.

Gnanasekaran et al. [40] developed a structure-based sequence alignment

method for discriminating ΤMBs and reported an accuracy of 80% for a limited

number of proteins. Wimley [41] analyzed the architecture of 15 TMBs and

proposed a method based on hydrophobicity for identifying ΤMBs in genomic

sequences. It has been reported that this method correctly identified 75% of the

TMBs. Liu et al. [42] analyzed the amino acid composition in the membrane

spanning regions of 12 ΤMBs and applied the information for discrimination,

which showed 85% accuracy when tested with 241 TMBs. We have proposed

methods using the compositions of amino acids, residue pairs, and motifs

[43–45]. In these methods, the compositions have been computed for both positive

and negative datasets (TMS proteins and other globular/TMH proteins, respec-

tively) and treated as standard compositions. For a new protein, we computed the

composition and compared with standard compositions (positive and negative

datasets). The test protein is assigned to TMB whether deviation is smallest from

the standard composition for TMB and vice versa. The discrimination based on

residue pair preference is explained below:

(1) Calculate the dipeptide composition for both globular (Dipepglob) and TMBs

(DipepTMB) and the difference between them (sTMB-glob); (2) for a new protein, X,

calculate the dipeptide composition and give weights to the dipeptide composition

with sTMB-glob; (3) calculate the sum of weighted dipeptide composition, and (4)

the protein X is predicted to be an TMB if the total weighted dipeptide composition

is positive and globular protein otherwise [44]. For a set of 377 TMBs and 674

globular proteins, this method correctly identified 357 TMBs (95%) and excluded

534 globular proteins (79%). The twofold cross validation test showed an average

Structural and Functional Discrimination of Membrane Proteins 9



accuracy of 91 and 73%, respectively, for correctly identifying TMBs and exclud-

ing globular proteins. The application of the method has been illustrated with Fig. 1.

It takes the amino acid sequence in the input and computes the residue pair

preference and weighted composition. The weighted composition of the query

protein is +89.16, and hence it is identified as an outer membrane protein or TMS

protein.

3.4.2 Machine-Learning Techniques

Currently, machine-learning techniques are widely used for predicting several

important factors in bioinformatics, including the secondary structures of proteins,

solvent accessibility, protein–protein interactions, protein–nucleic acid interactions,

etc. [46–50]. It has been reported that the machine-learning algorithms could

achieve the highest level of accuracy. These methods include Bayes functions,

Neural networks, Logistic functions, Support vector machines, Regression analysis,

Nearest neighbor methods, Meta learning, Decision trees and Rules, etc. The details

of all these methods have been explained in Gromiha and Suwa [51].

Martelli et al. [52] used 12 TMBs and developed a sequence-profile-based HMM

for picking up the b-barrel membrane proteins and reported an accuracy of 84% in a

set of 145 TMBs. Bagos et al. [53] developed an algorithm based on HMM for

discriminating TMBs and reported an accuracy of 89% in a set of 133 TMBs. Natt

et al. [54] used a set of 16 TMBs and proposed a method using the combination of

neural networks and support vector machines for discrimination, which showed an

average accuracy of 90% in a set of randomly selected 100 globular and 16 TMBs.

Garrow et al. [55] proposed a modified k-nearest neighbor algorithm and reported

an accuracy of 92.5% using weighted amino acids and evolutionary information.

Gromiha and Suwa [51] analyzed the performance of different machine-learning

techniques and found that there is no significant difference in performance between

different machine-learning methods and most of the methods could discriminate

TMBs with the accuracy in the range of 88–91% in a set of 1,088 proteins. Further,

the usage of different adjustable parameters in these methods would make it

possible for any method to perform better than the others.

They have further analyzed the applications of residue pair preferences and

amino acid properties as descriptors for discriminating TMBs using machine-

learning techniques [51, 56]. It has been observed that the usage of all the 400

residue pairs increased the accuracy up to 94.5% using support vector machines.

Generally many parameters may cause the problem of overfitting, and hence Park

et al. [56] selected few amino acids and residue pairs for discrimination. The

combination of the compositions of 18 amino acid residues (except Ala and Glu)

and 10 residue pairs (QA, DF, DA, KK, EF, NK, DR, YN, FF, and LI) improved the

accuracy up to 93.9% for discriminating TMBs from other folding types of globular

and membrane proteins.

Further, Gromiha and Suwa [51] applied 49 different physicochemical, ener-

getic, and conformational parameters of amino acid residues for discriminating
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Fig. 1 Discrimination of b-barrel membrane proteins using residue pair preference; (a) first page

showing the input options (amino acid sequence); (b) the weighted dipeptide composition, total

composition and predicted type of the query protein. In this example, the total weighted composi-

tion is +89.16 and the sequence is predicted to be a TMB protein

Structural and Functional Discrimination of Membrane Proteins 11



TMBs, and it could discriminate with the accuracy of 94.2% in a set of 1,088

proteins. This will also have the ability of correctly excluding 1,612 proteins

belonging to 30 major folds of globular proteins with the accuracy of 99%. In

addition, we have developed a method based on radial basis function (RBF)

networks and position-specific scoring matrices (PSSM) profiles, which enhanced

the accuracy of discriminating 268 TMBs and 1,045 non-TMBs to an accuracy of

96.4% [57].

The comparison of several statistical and machine-learning techniques for dis-

criminating TMBs is presented in Table 3. We noticed that the accuracy is remark-

ably higher with machine-learning techniques than with statistical methods.

Further, the statistical methods could correctly identify the TMBs, whereas the

performance of machine-learning techniques is better for excluding globular and

TMH proteins than identifying TMBs.

The online resources available for discriminating b-barrel membrane proteins

are listed in Table 4.

Table 3 Comparison between statistical methods and machine learning techniques for discrimi-

nating b-barrel membrane proteins

Method Parameters Sensitivity Specificity Accuracy Reference

Statistical AAC 89 79 83 [43]

Statistical Residue pairs 95 79 86 [44]

Statistical Motifs 96 86 90 [45]

SVM 18 AA + 10 pairs 91 95 94 [56]

NN 49 Properties 81 98 94 [51]

RBF PSSM profiles 89 98 96 [57]

18 AA: All amino acids except Ala and Glu

10 pairs: QA, DF, DA, KK, EF, NK, DR, YN, FF and LI

AAC amino acid composition

Table 4 Web servers for transmembrane strand prediction

Name URL

PRED-TMBB http://bioinformatics.biol.uoa.gr/PRED-TMBB

TMB-HUNT www.bioinformatics.leeds.ac.uk/betaBarrel

TMBETA-DISC http://psfs.cbrc.jp/tmbetadisc/

TMBETA-SVM http://tmbeta-svm.cbrc.jp/

TMETADISC-RBF http://rbf.bioinfo.tw/~sachen/OMP.html

ProfTMB http://cubic.bioc.columbia.edu/services/proftmb/

TBBpred http://www.imtech.res.in/raghava/tbbpred/

TMBETA-NET http://psfs.cbrc.jp/tmbeta-net/

ConBBPRED http://bioinformatics.biol.uoa.gr/ConBBPRED/

TMBpro http://www.igb.uci.edu/servers/psss.html

TMBETAPRED-RBF http://rbf.bioinfo.tw/~sachen/tmrbf.html

Freeman–Wimley algorithm http://www.tulane.edu/~biochem/WW/apps.html
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3.4.3 Genome-Wide Annotation of b-Barrel Membrane Proteins

The methods developed for discriminating b-barrel membrane proteins have been

applied to detect such proteins in genomic sequences. Zhai and Saier [58] devel-

oped a b-barrel finder program based on secondary structure, hydropathy and

amphipathicity parameters and used it for identifying TMBs in Escherichia coli
genome. Berven et al. [59] proposed a program for identifying TMBs using two

factors (1) C-terminal pattern typical of many integral b-barrel proteins and (2)

integral b-barrel score based on the extent to which the sequence contains stretches
of amino acids typical of transmembrane b-strands. Bigelow et al. [60] introduced a

profile-based HMM for discriminating TMBs and suggested the probable TMBs in

genomic sequences of 72 Gram-negative bacteria. The average occurrence of

TMBs in genomes is predicted to be about 3%. Gromiha et al. [61] proposed a

new approach for detecting TMBs in genomic sequences and the TMB finding

pipeline is given below (Fig. 2). It includes the identification procedure using the

residue pair preferences between TMBs and globular proteins and that between

TMBs and TMH proteins [44] as well as elimination methods, which includes

shorter sequences, TMH proteins using the program SOSUI [17], TMH and globu-

lar proteins that have more than 70% sequence identity and 80% coverage with

known sequences and structures in Uniprot [62] and PDB [6], respectively, using

the program, BLAST [63]. Further a database, TMBETA-GENOME has been

developed for annotated TMBs in 275 genomic sequences, and it is available at

http://tmbeta-genome.cbrc.jp/annotation/ [64]. Recently, Tsirigos et al. [65] devel-

oped a comprehensive database of integral b-barrel outer membrane proteins from

Gram-negative bacteria, OMPdb, which contains 67,766 proteins, which are classi-

fied into 85 families, based on structural and functional criteria. It has cross-

references to other databases, references to the literature, and annotation for

sequence features, such as transmembrane segments and signal peptides.

Furthermore, OMPdb has the facility to browse the available data as well as to

submit advance text searches and run BLAST queries against the database of protein

sequences or domain searches against the collection of profileHMMs that represent the

domain organization of each family. The database is available at http://bioinformatics.

biol.uoa.gr/OMPdb.

3.5 Prediction of Membrane Spanning b-Strand Segments

Several statistical methods and machine-learning techniques have been proposed

for predicting the membrane spanning segments of TMBs. As mentioned in the

previous section, the performance of machine-learning techniques is better than that

with statistical and knowledge-based methods. In addition, the inclusion of align-

ment profiles improved the accuracy significantly.
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3.5.1 Statistical Methods

Paul and Rosenbusch [66] proposed an indirect method to predict transmembrane

b-strands based on the elimination of turns in membrane. In their procedure, the

amino acid residues have been divided into three groups: turn promoters, turn

indifferent, and turn blockers. Turns have been identified as segments �3 residues,

of which at least one in turn promoting and none in turn blocking. Segments

between turns are considered to be membrane spanning segments and the longer

stretches of residues between 6 and 18 are identified as potential b-strands.
Vogel and Jahnig [67] applied the concept of “amphipathicity of b-strands” to

predict the transmembrane b-strands in TMBs. In this method, the mean

TMB finding pipeline

Sequence

Residue pair preference
Weighted average (σTMB-glob) 

Residue pair preference
Weighted average (σTMB-TMH) 

Length > 50 residues

SOSUI analysis

Sequence identity > 40%; Coverage > 80%
Globular/TMH proteins in PDB

Predicted TMB

Positive
Negative

Globular

Positive
Negative

TMH

Yes

No
Yes

TMH

No
Yes

Globular/TMH

No Short sequence

Sequence identity > 60%
Globular/TMH proteins in SWISS-PROT 

No
Yes

Globular/TMH

Fig. 2 Pipeline for detecting b-barrel membrane proteins in genomic sequences [61]
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hydrophobicity of one side of an assumed membrane spanning b-strand is

computed using the equation

Hb ið Þ ¼ 1=5½hði� 4Þ þ hði� 2Þ þ h ið Þ�;

where h(i) is the hydrophobicity of the residue based on Kyte and Doolittle [12]. An

amphipathic b-strand is identified with a period of two residues, so that the criterion
for prediction is Hb(i) � 1.6 and Hb(i � 1) << 1.6. The membrane spanning

b-strands have been assigned with the minimal length of ten residues.

Gromiha and Ponnuswamy [68] used a “hydrophobicity profile method” for

predicting the membrane spanning b-strand segments as described below (1)

construct hydrophobicity profiles of window lengths 12, 6, and 1; (2) the high

peaks in the profile correspond to transmembrane b-strands of around 12 residues,

(3) the low peaks have been divided into seven overlapping six-residue segments

and selected the segment showing the highest amphipathicity; and (4) the end

residue is fixed when it breaks the amphipathic character (alternating high and

low hydrophobicity) in the profile of window length one. This method has been

successfully applied to predict the transmembrane segments of porin, maltoporin,

ompA, and ompX, and we found a good agreement with experimental observations.

Gromiha et al. [69] developed a “rule-based approach” for predicting transmem-

brane b-strands using three features (1) preference of amino acid residues in

membrane spanning b-strands (conformational parameters, b) and (2) hydrophobic
character (Hp) (3) and amphipathicity. A set of five primary rules have been

designed to assign the priority of each residue to be in transmembrane b-strand
and four secondary rules to pick up the membrane spanning segments. The primary

rules for assigning the priority of each residue, i, are: b(i) > 1.0 (average confor-

mational parameter), 1/6
P6

i¼1

bðiÞ > 1.0, Hp(i) > 13.34 (average hydrophobicity),

1/6
P6

i¼1

HpðiÞ > 13.34 and 1/2
P2

i¼1

HpðiÞ ¼ 13.34 � 0.5 (oscillating around the

average hydrophobicity). If these conditions are satisfied, the priority is one and

zero, otherwise. The secondary rules for picking up the membrane spanning

segments are: if any residue has the priority of 5, two consecutive residues have

the priority of 4 or three consecutive residues have the priority of �3, there is a

possibility of a transmembrane b-strand segment around the residue(s). Extend the

length in both directions so that there may not be two consecutive low priority

residues (<3) or a residue of zero priority. If the segment is longer than 20 residues,

cut into two smaller segments at the residue of highest hydrophobicity. The method

has been applied to three different porins and the transmembrane b-strand segments

are predicted with the accuracy of 82%. Recently, Freeman and Wimley [70]

proposed a statistical method based on the physicochemical properties of experi-

mentally characterized b-barrel membrane protein structures for predicting their

membrane spanning segments.
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3.5.2 Machine-Learning Techniques

Several machine-learning techniques including HMMs, support vector machines

and neural networks have been widely used to predict the membrane spanning

b-strands in TMBs. Jacoboni et al. [71] proposed a neural network method

(B2TMPRED) for predicting the membrane spanning b-strands with 12 proteins

and reported the residue accuracy of 69% using sequence information only. Further,

they have raised the accuracy up to 78% by using the evolutionary information as

input to the network. Bagos et al. [53] developed a method based on HMM (PRED-

TMBB) and reported the residue accuracy of 84.2% in a set of 14 b-barrel
membrane proteins. Bigelow et al. [60] proposed a method based on profile-based

hidden Markov model (ProfTMB) for prediction. Natt et al. [54] used neural

networks and support vector machines (TMMPred) for predicting the membrane

spanning regions of TMBs. They obtained the accuracy of 70.4% with only

sequence information and improved the accuracy up to 80.5% using the multiple

sequence alignment obtained from PSI-BLAST. Gromiha et al. [72, 73] developed

a neural network-based method (TMBETA-NET) and it could predict the mem-

brane spanning regions of 13 TMBs with the accuracy of 73% using only the

sequence information. In addition, our method would provide the probability of

each residue to be in the transmembrane segment. Bagos et al. [74] combined

different methods and proposed a consensus approach (ConBBPRED) for

predicting membrane spanning b-strand segments.

Recently, we have developed a novel method for predicting the topology of

b-barrel membrane proteins [75]. The procedure involves two steps (1) predicting

the number of b-strand segments in TMH proteins and (2) predicting the residues in

membrane spanning-strands. In the first step, we have developed a protocol to

predict the number of b-strands in TMBs, and the flowchart is shown in Fig. 3.

The information about the total number of residues in a protein is sufficient to

identify the b-barrel membrane proteins with 22 and 8 strands. For example, the

proteins with more than 590 residues are predicted to have 22 b-strands. The
number of b-strands is 8 if the number of residues in a protein is less than 200.

Length > 590 

8 β strandsLength < 200 

Classification

22 β strands

10, 12, 14, 16 or 18 β strands

Fig. 3 Flowchart for predicting the number of b-strands in TMBs. Length denotes the total

number of residues in a protein [75]
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For proteins with the sequence length of 200–500 residues we have used RBF

network and the compositions of specific amino acid residues (Ala, Asp, His, Tyr,

and Val) for predicting the number of b-strands (10, 12, 14, 16, and 18). These five
amino acids have been selected based on the highest performance obtained with the

combination of amino acids using forward feature selection procedure. This method

could correctly identify the number of strands in 27 of the 28 considered proteins

and the leave-one-out cross-validation accuracy is 96%. In the second step, we have

used PSSM profiles and RBF networks for predicting the membrane spanning

segments. Our method could predict the membrane spanning residues with the

accuracy of 87%. The sensitivity and specificity are 82% and 90%, respectively.

We have developed a web server for predicting the membrane spanning b-strands
for any b-barrel membrane protein and the details are presented in Fig. 4.

It takes the amino acid sequence in one letter format as the input and automati-

cally omits gaps and numbers. The output provides the amino acid sequence of the

protein along with the predicted membrane spanning b-strand regions. The predic-

tion results are available at http://rbf.bioinfo.tw/~sachen/tmrbf.html.

The online resources available for predicting the membrane spanning segments

of b-barrel membrane proteins are included in Table 4.

Fig. 4 Illustration for predicting the membrane spanning segments in b-barrel membrane

proteins. (a) Input sequence in FASTA format; (b) predicted b-strand segments
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4 Functional Discrimination of Membrane Proteins

In this section, we focus on the databases and methods developed for the classifica-

tion of membrane proteins based on their functions. Specifically, we describe the

methods to discriminate transporter proteins from other globular and membrane

proteins along with the classification of transporters based on different classes and

families including channels and pores.

4.1 Databases for Membrane Transporters and Functionally
Important Residues in Membrane Proteins

Saier et al. [76] developed the Transporter Classification Database (TCDB), which

contains sequence, structural, functional, and evolutionary information about trans-

port systems from a variety of living organisms, based on the International Union of

Biochemistry and Molecular Biology-approved transporter classification (TC) sys-

tem. It is a curated repository for factual information compiled largely from

published references. It uses a functional/phylogenetic system of classification,

and currently encompasses about 5,000 representative transporters and putative

transporters in more than 500 families.

Transport systems are classified on the basis of five components such as (1)

transporter class (i.e., channel, carrier, primary active transporter, or group

translocator), (2) transporter subclass which in the case of primary active transporters

refers to the energy source used to drive transport, (3) transporter family, (4)

subfamily, and (5) substrate or range of substrates transported. The browsing options

available in TCDB are illustrated in Fig. 5. It also has the facility to retrieve data with

several search options. TCDB is freely accessible at http://www.tcdb.org.

Gromiha et al. [77] developed the database TMFunction, which is a collection of

experimentally observed functional residues in membrane proteins reported in the

literature. Each entry includes the numerical values for the parameters IC50

(measure of the effectiveness of a compound in inhibiting biological function),

Vmax (maximal velocity of transport), relative activity of mutants with respect to

wild type protein, binding affinity, dissociation constant, etc., which are important

for understanding the sequence–structure–function relationship of membrane

proteins. In addition, they have provided information about name and source of

the protein, Uniprot and PDB codes, mutational and literature information. Further-

more, TMFunction is linked with related databases and other resources. A web

interface has been set up with different search and display options so that users have

the ability to get the data in several ways. TMFunction is freely available at http://

tmbeta-genome.cbrc.jp/TMFunction/. The usage of TMFunction is illustrated with

the following example. The data obtained for the function “drug” and single

mutants is shown in Fig. 6a. The terms: entry, protein, Uniprot ID, mutation,
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parameter, data, function, experiments, and Pubmed ID have been selected for

displaying the results (Fig. 6b). Fig. 6c shows the final results obtained with the

search conditions and display options.

Class 

Subclass 

Family

a

b

c

Fig. 5 Browsing data from Transport Classification Database. (a) Hierarchical representation of

transporters, such as class, subclass and family; (b) proteins belonging to a specific family, sugar

porin family; (c) details about a typical protein, LamB, maltoporin
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Fig. 6 An example of searching conditions, display options and results of TMFunction: (a) main

menu for the search options in TMFunction. The items function (drug) and single mutants are

selected for search as indicated by arrows; (b) display options in TMFunction. We have selected

entry, protein, Uniprot ID, mutation, parameter, data, function, and PMID to show in the output;

(c) part of the results obtained from TMFunction
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Further, databases have been developed specifically for ion channels. Ion

channels are transmembrane pores, which allow the passage of ions (charged

particles) into and out of a cell down the electrochemical gradient. There are

hundreds of different ion channels, and they are distinguished based upon their ion

selectivity, gating mechanism, and sequence similarity. Ion channels can be voltage

gated, ligand gated, pH gated, or mechanically gated. These gating criteria along

with a combination of sequence similarity and ion selectivity further subdivide ion

channels into several subtypes, voltage-gated potassium channels, voltage-gated

sodium channels, voltage-gated calcium channels, chloride channels, ligand-gated

channels, and so on. The ion channel activity for several genomes has been depos-

ited in ion channels database, and it is available at http://www.ionchannels.org/.

4.2 Discrimination of Transporters from Other Globular
and Membrane Proteins

The functional discrimination of membrane transporter proteins requires the knowl-

edge about a query protein whether it is a transporter or a nontransporter. Hence, it

is necessary to develop a method to discriminate transporters from other proteins.

Several features have been tried for the discrimination and the important parameters

are amino acid occurrence, amino acid properties and PSSM profiles. The amino

acid occurrence could discriminate a set of 3,336 membrane nontransporters and

1,718 transporters with the fivefold cross-validation accuracy of 79.1% using

k-nearest neighbor methods [78]. The sensitivity and specificity are 69.2 and

84.2%, respectively. Further a set of 5,048 proteins including membrane

transporters, membrane nontransporters and globular proteins are discriminated

with an accuracy of 78.7%. The method was also tested with equal number of

transporters and nontransporters, which showed the accuracy in the range of

82–85%. We have developed a web server for discriminating transporters from

other proteins and its utility is illustrated in Fig. 7. The server takes the amino acid

sequence as input (Fig. 7a) and predicts the type of the protein as transporter or

nontransporter using k-nearest neighbor (Fig. 7b). Li et al. [79] employed tradi-

tional homology-based methods to detect the transporters in a set of completed

genomes and showed a recall and precision of 81.8% in yeast proteome.

4.3 Characteristic Features of Amino Acid Residues in Different
Classes of Transporters

The three major classes of transporters are channels/pores, electrochemical and

active transporters [5]. Channels/pores catalyze facilitated diffusion (by an energy-

independent process) by passage through a transmembrane aqueous pore or channel
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without evidence for a carrier-mediated mechanism. Electrochemical transporters

are the ones that utilize a carrier-mediated process. Active transporters use a

primary source of energy to drive active transport of a solute against a concentration

gradient.

Fig. 7 Discrimination of membrane transporters and prediction of transporter class. (a) Input to

discriminate transporters and nontransporters; (b) predicted type of the protein based on amino

acid occurrence; (c) input amino acid sequence to predict the class of the transporter; (d) results

showing the type of the transporter
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The systematic analysis of amino acid residues in these transporters showed a

preference of specific amino acid residues. The residue Asn is dominant in

channels/pores among all the transporters. Interestingly, Asn plays an important

role to the stability and function of b-barrel membrane proteins [43, 80]. Glu is

another amino acid that shows the difference of more than one with electrochemical

transporters. It has been showed that the residues Glu166 and Glu148 are important

for the channel function in CIC chloride channel proteins [81]. The residues Phe

and Leu are dominant in electrochemical transporters. In addition, the composition

of Ala, Ile, Val, and Trp is higher in this class of proteins compared with other two

transporters. Interestingly, in glycerol-3-phosphate transporter the space between

helices 1 and 7 is filled by nine aromatic side chains and the occurrence of bulky

aromatic residues helps to close the pore completely [82]. The higher occurrence of

hydrophobic residues is due to the presence of long stretches of these residues in

membrane spanning segments of a-helical membrane proteins.

4.4 Discrimination of Transporters Based on Different
Classes and Families

We have utilized different machine-learning methods for discriminating channels/

pores, electrochemical and active transporters [78]. We observed that the average

accuracy of discriminating channels/pores, electrochemical and active transporters

lies in the range of 56–64% for different machine-learning techniques. The highest

accuracy of 64% is obtained for neural network-based method using fivefold cross-

validation and jack-knife tests. Interestingly, this method has similar values for

sensitivity and specificity, indicating the ability of picking up the specific class of

transporters and eliminating others with similar accuracy. On the contrary, homol-

ogy search-based methods such as BLAST could discriminate the three classes of

transporters with an average accuracy of 51.5%. We have developed a web server

for predicting the transporters into three classes. The server takes the amino acid

sequence as input (Fig. 7c) and displays the predicted type of the transporter in the

output (Fig. 7d). Recently, we have utilized PSSM profiles and amino acid

properties for discriminating the three classes of transporters, channels/pores,

electrochemical and active transporters and obtained an average accuracy of 78%

in a test set of 118 proteins [83].

In addition, we have analyzed the influence of PSSM profiles and amino acid

properties in six different families of transporters developed a method to discrimi-

nate them. We observed that the PSSM with amino acid properties could discrimi-

nate six different classes of transporters with an average accuracy of 69%, with an

improvement of 8% over amino acid composition [83]. We have developed a

strategy for the annotation of transporters in genomic sequences and it is depicted in

Fig. 8. First our method classifies the query protein into transporter or nontransporter.

For a transporter, it predicts the class as channels/pores, electrochemical or active
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Fig. 8 Strategy to identify the class and family of a query protein
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transporters and further classified into six families. Li et al. [84] utilized nearest

neighbor algorithm to distinguish 484 transporter families and reported a fivefold

cross validated accuracy of 72.3%.

4.5 Channels and Pores

In TCDB, channels and pores are grouped in the same class to include the transport

systems that catalyze facilitated diffusion (by an energy-independent process) by

passage through a transmembrane aqueous pore or channel without evidence for a

carrier-mediated mechanism. However, channels have a-helical conformation,

whereas pores have b-strands in their membrane spanning segments.

We have tested our method to discriminate channels and pores and the results

obtained with amino acid composition are shown in Table 5. We found that most of

the machine-learning methods discriminated the channels and pores with the

accuracy in the range of 88–92%. The neural network and support vector machine

showed the highest accuracy of 92.4%. The sensitivity and specificity are 93 and

92%, respectively using neural network. The achievement of high accuracy might

be due to the difference in amino acid residues in the membrane spanning regions of

a-helical and b-barrel membrane proteins. The a-helical membrane proteins are

dominated with the stretches of hydrophobic residues, whereas the polar and

charged resides are intervened in the membrane spanning segments of b-barrel
membrane proteins.

Table 5 Discrimination of channels and pores using different machine learning approaches [78]

Method

Fivefold cross-validation

Sensitivity (%) Specificity (%) Accuracy (%)

Bayesnet 94.1 81.4 88.9

Naive Bayes 92.5 88.4 90.8

Logistic function 92.0 89.1 90.8

Neural network 93.0 91.5 92.4

RBF network 92.5 88.4 90.8

Support vector machines 95.2 88.4 92.4

k-nearest neighbor 89.8 86.8 88.6

Bagging meta learning 89.8 83.7 87.3

Classification via Regression 88.2 85.3 87.0

Decision tree J4.8 86.1 78.3 82.9

NBTree 90.9 83.7 88.0

Partial decision tree 87.2 79.1 83.9

Sensitivity ¼ TP/(TP+FN); Specificity ¼ TP/(TP+FP); Accuracy ¼ (TP+TN)/(TP+TN+FP+FN)

TP, FP, TN and FN refer to the number of true positives, false positives, true negatives and false

negatives, respectively
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4.6 Discrimination of Different Classes of Ion Channel Proteins

Ion channels are integral membrane proteins that enable the passage of inorganic

ions across cell membranes. They are key components for physiological functions

and the evidence of ion channels for the role in diseases has been described in a

special issue in Progress in Biophysics and Molecular Biology [85]. It has been

mentioned that different types of ion channels voltage-gated potassium, calcium,

sodium, and ligand-gated channels perform different functions. Hence, several

methods have been proposed to discriminate the ion channels and classifying

them into different groups. Saha et al. [86] developed a method based on support

vector machines to discriminate ion channels and nonion channels and reported an

accuracy of 89% to discriminate them. Further, the ion channels have been classi-

fied into potassium, sodium, calcium, and chloride channels with one against others

and obtained an average accuracy of 97.8%. A web server, VGIchan has been

developed for predicting and classifying voltage-gated ion channels, and it is

available at www.imtech.res.in/raghava/vgichan/.

Recently, Lin and Ding [87] utilized a feature selection technique, analysis of

variance and support vector machines to detect ion channels and classifying them.

They showed an accuracy of 86.6% for discriminating ion channels and nonion

channels. Further, voltage- and ligand-gated channels are distinguished with an

accuracy of 92.6% and four types of channels (potassium, sodium, calcium, and

anion) are classified with an accuracy of 87.8%.

5 Drug–Target Interactions

The identification of molecular target is a critical step in drug discovery and

development. Ion channels are one of the most popular drug targets in various

diseases including cardiovascular and central nervous systems. Hence, several

bioinformatics methods have been developed to predict the potential drug targets

with ion channels and other proteins. Yamanishi et al. [88] characterized four

classes of drug–target interaction networks in humans involving enzymes, ion

channels, G-protein coupled receptors and nuclear receptors and revealed signifi-

cant correlations between drug structure similarity, target sequence similarity and

the drug–target interaction network topology. The information on interaction

between drugs and target proteins has been obtained from KEGG [89], BRENDA

[90], SuperTarget [91], and DrugBank databases [92]. Further, they developed

statistical methods to predict unknown drug–target interaction networks from

chemical structure and genomic sequence information simultaneously on a large

scale.

He et al. [93] developed the datasets for drug–target pairs (positive dataset) and

non drug–target pairs (negative dataset) and utilized them for predicting

drug–target interactions. The positive dataset contains a total of 4,797 drug–target
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pairs, of which 2,719 for enzymes, 1,372 for ion channels, 630 for GPCRs, and 82

for nuclear receptors. The negative datasets were derived with the following steps

(1) separated the pairs in the above positive dataset into single drugs and proteins,

(2) recoupled these singles into pairs in a way that none of them occurs in the

corresponding positive dataset, and (3) randomly picked the negative pairs thus

formed until they reached the number two times as many as the positive pairs. The

representative targets have been classified into 28 common groups based on their

functional groups. A nearest neighbor algorithm has been used to identify the

drug–target interaction pairs using different amino acid properties such as

hydrophobicity, polarizability, polarity, secondary structure, normalized van der

Waals volume, and solvent accessibility. This method showed a cross-validation

accuracy of 85, 81, 78, and 86% for the drug target pairs with enzymes, ion

channels, GPCRs, and nuclear receptors, respectively.

Huang et al. [94] developed a dataset of 1,268 approved human target proteins

stored in DrugBank database and 7,252 nondrug targets. Among the dataset 31 and

16 ion channels were identified as ion channel target and ion-channel nontarget

proteins. They utilized different properties of amino acid residues such as compo-

sition, hydrophobicity, polarity, polarizability and normalized van der Waals vol-

ume and RBF networks for discriminating the drug and nondrug targets. They

showed that the drug and nondrug targets for the whole dataset can be discriminated

with an accuracy of 85% and for the ion channel proteins with an accuracy of 84%.

6 Conclusions

This review is focused on the development of databases and prediction methods for

understanding the structure and function of membrane proteins. The methods

proposed for identifying transmembrane helical proteins and predicting their mem-

brane spanning segments have been reviewed. The transmembrane helical proteins

have a continuous stretch of hydrophobic residues in their membrane spanning

segments, whereas membrane spanning b-strand segments in b-barrel membrane

proteins have both polar and charged residues along with hydrophobic residues.

The advances made for detecting such type of proteins in genomic sequences and

predicting their membrane spanning b-strand segments have been discussed. On the

functional front, the databases developed for transporters, ion channels and func-

tionally important residues in membrane proteins have been outlined. Further, the

discrimination methods for identifying membrane transporters and predicting

transporters into three classes and six families have been described. In addition,

recent methods for predicting the subclasses of ion channels as well as ion-

channels–drug interactions have been explained. In essence, this comprehensive

review provides the insights into understanding the structure and functions of

membrane proteins along with ion channel proteins.
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Abstract The current produced by hyperpolarization-activated cyclic nucleotide-

gated (HCN) channels (termed If, cardiac pacemaker “funny” current, and Ih in

neurons) is also considered a “pacemaker current” because it plays a key role in

controlling the rhythmic activity of cardiac pacemaker cells and spontaneously

firing neurons. The pacemaker current is an inward current activated by voltage

hyperpolarization and modulated by intracellular cAMP. Voltage-dependent open-

ing of these pacemaker channels is directly regulated by the binding of cAMP. The

f-channels are encoded by four genes (HCN1–4) and are widely expressed through-

out the heart and central nervous system. This article summarizes the structure,

function, and regulation of these channels. Because of their relevance to cardiac

pacemaker activity, f-channels are a natural target of drugs aimed at the pharmaco-

logical control of heart rate. In this regard, several agents developed for their
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capacity to selectively reduce heart rate act by specifically inhibiting f-channel

function. Related compounds that could potentially be used for the treatment of

diseases such as angina and heart failure are also discussed.

Keywords Brain • HCN • Heart • If • Ih • Ivabradine • Pacemaker

Abbreviations

CAD Coronary artery disease

cAMP Cyclic adenosine monophosphate

cGMP Cyclic ganosine monophosphate

CNBD Cyclic nucleotide binding domain

HCN Hyperpolarization-activated cyclic nucleotide-gated Ih
HEK293 Human Embryonic Kidney 293 cells

If Funny current

Ih Hyperpolarization-activated current

Kv Voltage-gated potassium channel

LTP Long-term synaptic plasticity

MI Myocardial Infarction

PKA Protein Kinase A

PKC Protein Kinase C

pS Pico-Siemens

SAN Sinoatrial node

1 Introduction

Noma and Irisawa [1] first reported the existence in sinoatrial node (SAN) tissue of

a slow, time-dependent inward current that was activated by membrane hyperpo-

larization. This current has perplexed physiologists since it was first discovered.

Initially, its properties were deemed exclusive, for which it has invariably been

named Ih (h for hyperpolarization-activated), If (f for funny), or Iq (q for queer).

Similar currents were later revealed in a diverse range of neuronal and nonneuronal

cells, and today these currents are recognized as ubiquitous components of the

nervous system. The current contributes to normal pacemaking activity in the

sinoatrial and atrioventricular nodes in the atria, and Purkinje fibers in the ventricle

[2, 3]. It also plays a role in abnormal spontaneous activity of cardiac myocytes

under pathological conditions [4]. The pacemaker current also mediates repetitive

firing in neurons and oscillatory activities in neuronal networks. In addition, this

current acts to set the resting membrane potential of certain excitatory cells, and

34 P. Bois et al.



may function in synaptic plasticity and the activation of sperm [5]. A notable

characteristic feature of pacemaker channels is their modulation by cyclic

nucleotides, i.e., cAMP and cGMP, independently of a phosphorylation process.

In the 1990s, several cDNAs encoding pacemaker channels were isolated by

molecular cloning [6–9]. On the basis of amino acid sequencing, four mammalian

genes were revealed to code for members of the voltage-gated K (Kv) channel

superfamily, and cyclic nucleotide-gated channels (see [10] for review). With

regard to their dual properties, the channels were termed hyperpolarization-

activated cyclic nucleotide-gated cation (HCN) channels. The four isoforms have

diverse properties and variable expression patterns and can form functional

heteromultimers with particular biophysical and regulatory properties.

Because of their fundamental role in cellular pacemaking, HCN channels are

considered as relevant pharmacological targets, in particular with respect to the control

of heart beat. A number of organic compounds have been described that block the

pacemaker current in a relatively specific manner. Drug interactions and potential

applications of their therapeutic use on the pacemaker current will be discussed below.

2 Molecular Structure

As described above, HCN channels belong to the family of cyclic-nucleotide gated

channels and may be structurally related to voltage-sensitive potassium channels

[11, 12]. Four main isoforms (see Fig. 1a), named HCN1 to HCN4, have been

identified so far. The tissue distribution of HCN1, HCN2, HCN3 and HCN4 is

heterogeneous, and specific expression of the different isoforms can be summarized

briefly as follows: HCN1 is expressed in different regions of the central nervous

system (olfactory bulb, cerebral cortex, hippocampus, superior colliculus, and

cerebellum) and peripheral nervous system (dorsal root ganglion) [14]. HCN2 is

present in most brain regions, with highest expression levels in the olfactory bulb,

hippocampus, thalamus, and brain stem. HCN3 is widely expressed in the brain, but

at low levels. HCN4 transcripts are selectively expressed in the thalamus and

olfactory bulb. Besides expression in the peripheral and central nervous systems,

HCN1, HCN2, and HCN4 are expressed in the heart with specific differences

according to cardiac regions and species [15, 16].

All isoforms are composed of six transmembrane segments (see Fig. 1a, b)

organized in a similar manner to other voltage-sensitive ion channels, i.e., voltage

sensing located in the fourth segment and pore region between the fifth and the sixth

segments. Voltage sensing is attributed to repetitive, positively charged amino acids

(Lys and Arg) in the fourth segment, with activation or deactivation of the channel

taking place according to changes in the transmembrane electrical field. While

HCN channels are permeable to sodium and potassium, the pore region is

characterized by a GYG sequence, which is generally considered to be a specific

requirement for K channel selectivity. No clear explanation for this apparent

contradiction has yet been provided. In addition to this classical transmembrane
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voltage-dependent machinery, HCN proteins are characterized by a C-terminus

domain, which contains consensus sequences able to bind with cyclic nucleotides

(a 120 amino acid-long cyclic nucleotide binding domain, CNBD). From a func-

tional point of view, as detailed below, channel activation is triggered by membrane

hyperpolarization. The latter is facilitated by the prior binding of a cyclic nucleotide

to the CNBD region. A high degree of conservation between the four HCN isoforms

is observed in the transmembrane region, in the C-terminus CNBD, and in the

peptide located between the sixth transmembrane domain and the CNBD (an 80

amino acid-long C-linker). In contrast, a high diversity is found in the N-terminal

region and the C-terminal region downstream of the CNBD.

HCN subunits must assemble as tetramers, organized around the central pore

region, to constitute functional channels. Biophysical and pharmacological

properties depend on subunit composition and heterotetramerization may be

necessary to constitute channels with current properties identical to native currents

[17, 18].

Fig. 1 (a) The four isoforms of the HCN family. The six transmembrane segments S1–S6 are

numbered 1–6, CNBD indicates the cyclic nucleotide-binding domain. (b) HCN channels are

tetramers. One monomer is composed of six transmembrane segments including the voltage sensor

(S4) and the pore region between S5 and S6. The pore region contains the selectivity filter carrying

the GYG motif. The COOH terminal channel domain is composed of the C-linker and the cyclic

nucleotide-binding domain (CNBD). (c) Kinetic properties of the different HCN isoforms. Acti-

vation traces recorded on hyperpolarization to the indicated voltages of HEK-293 cells expressing

mouse HCN1 (1), human HCN2 (2), and human HCN4 (3) channels (modified from [13])
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3 Basic Biophysical Properties of HCN Channel Subtypes

An important feature of HCN channels is their activation by hyperpolarization.

Generally, h-currents activate with hyperpolarizing steps to potentials negative to�50

to �70 mV. Unlike most other voltage-gated currents, Ih does not inactivate.

Activation of Ih is preceded by a delay, resulting in a typical sigmoidal time course

of onset. Several mechanisms have been described in the literature to explain the

processes of Ih activation and deactivation that follow this delay [19]. The kinetic

features of Ih require complex multi-state kinetic modeling based on the existence

of distinct “delaying” and proper “gating” processes [20, 21]. Depending on the cell

type, the kinetics of activation of the current are quite variable; these differences

could reflect the diverse intrinsic activation properties of distinct HCN channel

isoforms underlying the current and/or the experimental conditions, or even the

cellular microenvironment of the HCN-channel [22].

All four HCN channel types (HCN1–4) display the principal biophysical

properties of the native pacemaker current. Nevertheless, the biophysical properties

vary according to experimental parameters and also diverge depending on the

expression system or cell type. In general, the different isoforms differ from each

other with respect to their voltage dependence and their degree of cAMP-dependent

modulation. HCN2 has a more negative activation threshold than HCN1 and HCN4

[17, 20, 23]. The kinetics for voltage-dependent activation vary between the HCN

channel subtypes (see Fig. 1c).

HCN1 is the fastest channel (time constant of 25–300 ms) depending on the

voltage values employed [9, 24], while HCN4 is the slowest channel [25–27],

displaying time constant values between a few hundred milliseconds at �140 mV

up to several seconds at �70 mV. HCN2 and HCN3 activate with kinetics that

range between those for HCN1 and HCN4 [9, 20, 23].

Evidence for the ion permeation properties of pacemaker channels is derived

from experiments on Purkinje fibers and on isolated rabbit SA node myocytes [28,

29]. Ionic substitution experiments identified Na+ and K+ ions as carriers of the

cardiac pacemaker f-current, with an Na+/K+ permeability ratio of 0.27 [28, 30].

Accordingly, HCN channels are more permeable to K+ than to Na+ (with perme-

ability ratios of about 4:1 (see [16] for review). Despite this preference for K+

conductance, h-channels carry an inward Na+ current under physiological

conditions. Moreover, the global conductance of the pacemaker current increases

with external K+ concentration [28]. It has been reported that HCN channels also

display a very low permeability to Ca2+ [31, 32].

An ongoing discussion concerns the value of the single channel conductance of

pacemaker channels [10]. Native channels recorded in isolated rabbit SAN

myocytes have a very small single channel conductance estimated to be only

1 pS (see Fig. 2a) [29]. However, single channel currents recorded by Michels

and coworkers [33] do not appear to be the same as those reported previously by

DiFrancesco [29]. One difference is in the conductance, which for native pace-

maker channels is nearly 20-fold higher than that previously reported. The
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conductances reported for HCN isoforms are also very elevated (13- to 35-fold),

and while the reason for this major discrepancy was not identified, it could be

explained by the different cell preparations or experimental conditions (i.e., patch

configurations) used. However, ensemble records shown by Michels and

collaborators [33] for HCN isoforms and native h-current seem flat and do not divulge

any time dependence, reflecting an instantaneous rather than a time-dependent

behavior. Thus, it remains unclear whether pacemaker channels could exhibit two

distinct conductances and/or different kinetics.

4 Role

As mentioned above, HCN channels generate and/or regulate neuronal and cardiac

excitability. Several physiological roles have been ascribed to HCN channels,

which are the consequences of their particular biophysical properties (see [16] for

review).

In general, HCN channels engender and regulate neuronal and cardiac firing

rates. Besides acting as a pacemaker, the HCN current also functions as a regulator

of resting potential and membrane resistance. The current stabilizes the resting

membrane potential because small hyperpolarizations activate the pacemaker

channels, whose inward currents depolarize the cell. This depolarization, as a

Fig. 2 (a) Representative recordings of pacemaker currents from whole-cell and cell-attached

configurations. 1 – Single channel traces recorded from a cell-attached patch during hyperpolari-

zation to �102 mV from a holding potential of �32 mV. 2 – Average of nine cell-attached traces.

3 –Whole-cell pacemaker current recorded with a second pipette during the same pulses (modified

from [29]). (b) Action of cAMP on If activation in an inside-out macropatch. The If current was
activated on hyperpolarization to �95 mV in a macropatch exposed to cAMP (10 mM) on the

inside as represented in the inset
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consequence, deactivates the HCN channels, preventing continued departure from

the resting potential. The h-channels possess an inherent negative-feedback prop-

erty. On the contrary, neurotransmitters can influence rhythmic activity in both the

heart and the nervous system by either increasing or decreasing the level of cAMP,

which in turn directly modulates the activation kinetics and maximal current of

HCN channels.

The pacemaker current is not only involved in principal rhythm generation but it

also plays a key role in the regulation of heart rate by the autonomic nervous

system. HCN channels are also implicated in several essential neuronal functions,

which were described elegantly and in great detail by Biel et al. [16]. At least seven

physiological roles have been ascribed to the h-current (1) in dendritic integration,

(2) in the control of working memory, (3) in constraining hippocampal LTP (long-

term synaptic plasticity), (4) in motor learning, (5) in synaptic transmission, (6) in

resonance and oscillations, and (7) in the generation of thalamic rhythms.

5 Regulation

One of the most interesting characteristics of the pacemaker current is its regulation

by cyclic nucleotides independently of a phosphorylation process. This mode of

action of cAMP was first demonstrated by inside-out macro-patch f-current studies

in rabbit SAN cells (see Fig. 2b) [34]. It was shown that cAMP directly binds to the

inner face of the channel and facilitates the activation of Ih by shifting its voltage

dependence of gating to more positive potentials. Further evidence of this direct

regulation has been demonstrated using cAMP analogues. This study indicates that

the channel’s binding site may be structurally similar to the cyclic nucleotide

binding site of olfactory receptor channels [35, 36]. The region implicated in ligand

binding and the functional transfer of cAMP-mediated channel gating is located in

the C-terminus [37, 38]. Wainger et al. [39] reported that deletion of the CNBD

shifted the activation curves of HCN channels to more positive voltages by an

amount similar to the maximal shift seen with saturating concentrations of cAMP.

This indicates that cAMP binding enhances gating by removing a basal inhibitory

action operated by the C-terminus. This mechanism had been previously suggested

by Barbuti et al. [40]. cAMP shifts the V1/2 value of human HCN2 and HCN4

channels to more positive voltages. In contrast, HCN1 and HCN3 are only weakly

affected by cAMP [23, 37, 39]. All pharmacological agents or neurotransmitters,

which are able to induce a change in the intracellular cAMP level modulate the

h-current and consequently influence cellular pacemaking activity. For example,

the adrenergic and cholinergic modulation of heart rate are directly related to the

intracellular cAMP level, with cAMP acting as a major second messenger in

f-channel regulation [20]. In the nervous system, serotonergic receptors in mam-

malian and crustacean motoneurons and in mammalian substantia nigra pars

compacta neurons, as well as noradrenergic beta-receptors in neurons of the medial

nucleus of the trapezoid body, and histaminergic H2 receptors in thalamic neurons
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have been shown to modulate If via their modulation of intracellular cAMP levels

(see [5, 16] for reviews). It has been reported that adenosine A1 receptors in

thalamic and mesopontine neurons, and m-opioı̈d receptors in nodose ganglion

cells, are negatively coupled to adenylate cyclase, inducing a shift in the Ih activa-
tion curve [41, 42]. As is the case in neurons, If in the heart is enhanced by the

stimulation of histamine H2 receptors and decreased by the action of adenosine [43,

44]. The current can also be regulated in both brain [45] and heart [46] by nitric

oxide. This gas elevates cGMP levels by stimulation of soluble guanylate cyclase.

Subsequent studies have suggested that Ih activity may also be regulated by protein

phosphorylation and dephosphorylation [47]. A number of protein kinases have

been implicated, including PKA [48, 49], PKC [48], and tyrosine kinases [50, 51]. It

has also been shown that triiodothyronine (T3) enhances the pacemaker current in

SA node cells isolated from rabbit heart by increasing maximal conductance

without inducing a shift of the activation curve, signifying an overexpression of

f-channels that possibly leads to the acceleration of the resting heart rate observed

in hyperthyroı̈dism [52]. This overexpression has been corroborated by Pachuki

et al. [53].

6 Pharmacology

6.1 Alinidine (ST567) and Clonidine

Alinidine (see Fig. 3 for chemical structure) is an antiarrhythmic drug that acts

primarily on the sinus node. This N-allyl derivative of clonidine, a well-known

a2 adrenoreceptor agonist, is a specific bradycardic agent. In the rabbit SAN,

alinidine blocks If in the micromolar range [54]. This inhibition is associated with

a reduced slope of slow diastolic depolarization and slightly prolonged action

potential duration [55]. Experiments performed on sheep Purkinje fibers revealed

that If inhibition by alinidine is a consequence of a decreased maximal conductance

associated with a shift in the activation curve toward more negative potentials.

These effects do not appear to be use- or frequency-dependent [56]. At present,

despite its bradycardic action, alinidine is not used in therapy since it is not specific

enough for If. Indeed, this drug also has inhibitory properties on other ionic currents
as in the case, for example, of potassium and calcium conductances [54].

Recently, the a2 adrenoreceptor agonist clonidine was shown to have a direct

inhibitory effect on If [57]. In that study, using knockout mice for the three

a2 adrenoreceptors, the authors showed that clonidine induced bradycardia.

Electrophysiological measurements in SAN cells confirmed that clonidine lowered

the frequency of pacemaker potentials through If inhibition with an IC50 around

3 mM. HCN2 and HCN4 heterologously expressed in HEH293 cells present a

similar sensitivity to clonidine, with an IC50 of 10 mM. This inhibition was

associated with a shift in the activation curve toward more negative potentials.
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Fig. 3 Chemical structures of alinidine, zatebradine, cilobradine, ivabradine and ZD 7288
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This study raises questions concerning the level of contribution of HCN channel

inhibition in the bradycardic actions of clonidine observed in mouse. However, the

IC50 for HCN2 and HCN4 seems very high to explain a major contribution of If
inhibition in the therapeutic effects of clonidine in humans.

6.2 Zatebradine (UL-FS 49) and Cilobradine (DK-AH 269)

Zatebradine (UL-FS 49) and Cilobradine (DK-AH 269) (see chemical structures in

Fig. 3) are bradycardic agents derived from structural modification of the calcium-

antagonist verapamil. Both zatebradine and cilobradine cause a use-dependent

block of If in cardiac Purkinje fibers, isolated SAN cells and the Ih current in

nerve cells. More specifically, these compounds induce a concentration- and volt-

age-dependent inhibition of If, which slows diastolic depolarisation and decreases

the spontaneous firing rate [58–63].

Cilobradine and zatebradine have a similar IC50 for the different HCN subtypes.

However, use-dependent block kinetics depend on the isoform of the channel under

consideration. Indeed, a study using the heterologous expression of HCN in

HEK293 cells revealed that 5 mM cilobradine induces a tenfold faster use-depen-

dent block for HCN3 and HCN4 than for HCN2 and HCN1 [63]. However, it is

important to delve further into this apparent HCN isoform selectivity since the

kinetics of block depend on protocol parameters such as the frequency and duration

of hyperpolarizing pulses.

Interestingly, If recorded in murine SAN cells presents a similar use-dependent

block compared to HCN4 [63]. Although cilobradine and zatebradine have similar

use-dependent blocking properties, these drugs present a marked difference in their

potency. Indeed, cilobradine blocks If and heterologously expressed HCN channels

more effectively and faster than zatebradine [62, 63]. This is essentially a conse-

quence of a slower dissociation rate associated presumably with a higher associa-

tion rate.

To date, the binding site of zatebradine and cilobradine has not been fully

elucidated. An investigation of the blocking mechanism of If by zatebradine in

rabbit SAN cells indicates that this molecule blocks the channel by entering the

open channel pore from the intracellular side for a distance of 39% of the membrane

thickness [64]. Furthermore, a recent study using an alanine scanning mutagenesis

approach revealed that mutations A425G or I432A in the S6 segment of HCN2

attenuated the block by cilobradine [65]. This block was even less effective in the

double mutant I432A/A425G. These results indicate that cilobradine probably

interacts with these specific residues of the S6 segment.

Besides its inhibitory action on If and Ih, zatebradine has been shown to block

potassium currents [58, 66]. As a consequence, blocking the repolarizing current Ik
in the myocardium would prolong the action potential in this tissue [67–69].

Furthermore, patients treated with zatebradine developed symptoms of visual

disorders, which could be explained by the inhibitory effect of zatebradine on
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retinal HCN channels [70–72]. These blocking characteristics on myocardial Ik and
retinal Ih limit the possible clinical applications of zatebradine. Cilobradine

appeared to be more specific than zatebradine without having any apparent effect

on action potential shape when tested at low concentration on guinea-pig Purkinje

fibers [62]. Experiments showed that cilobradine reduced heart rate in the rabbit

without producing any negative inotropic effect, and reduced angina pectoris [73].

On that account, cilobradine might be an interesting candidate molecule for thera-

peutic approaches to combat cardiac diseases.

6.3 Ivabradine (S 16257)

Given that an elevated heart rate correlates with increased mortality in some cardiac

diseases such as angina and heart failure, lowering heart rate is beneficial because of

the reduced associated demand for oxygen and improvement in diastolic

myocardial perfusion. To this extent, specific heart rate-reducing agents targeting

f-channels were developed for their ability to slow heart rate by suppressing the rate

of diastolic depolarization with limited side effects on action potential duration and

inotropic state [74]. Among these “pure bradycardic agents”, ivabradine (S 16257)

[75], a compound with highly specific f-channel binding properties and typical

reduction of If conductance, was the first If blocker used in clinical development and

therapeutic application (see Fig. 3 for its chemical structure).

Patch-clamp studies on rabbit sinus node cells showed a selective use-dependent

block of If in the same concentration range as that reducing the slope of spontaneous

diastolic depolarisation [76, 77] (see Fig. 4a, b). Also, for concentrations close to

the IC50 of If inhibition, no effect was observed on ICa,L, ICa,T, and IKr, suggesting a
specific action of ivabradine on If in sinoatrial cells. In general, the ivabradine effect
is comparable to that of zatebradine and cilobradine, since all of these drugs alter If
by decreasing maximal conductance without changing the voltage dependence of

current activation. This heart rate-reducing agent interacts with f-channels from the

intracellular side [76]. Elegant studies performed on f-channels in SA node cells

have provided further evidence for the precise blocking mechanism of ivabradine

(for details see [77]). Ivabradine is an open-channel blocker with a block exerted

when channels deactivate on depolarization (see Fig. 4c). This use-dependent

property of ivabradine corresponding to drug accumulation during repetitive activ-

ity is clinically useful with respect to the better efficiency obtained at higher heart

rates, when a bradycardic action is expected. The voltage-dependence of the block

is a major property of ivabradine block facilitation by channel open/close cycling,

with the block being stronger at depolarized voltages. The block of f-channels from

the intracellular side and a better efficiency obtained at depolarized than at

hyperpolarized voltages result from the chemical nature of ivabradine (positively

charged at physiological pH by the presence of a quaternary ammonium ion). The

action of ivabradine block can be described as “current”-dependent in that

ivabradine blocks current flow by entering the pore and competing with permeating
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ions for a binding site along the permeation pathway when ions flow in the outward

direction. Unblocking takes place when the current is inward during hyperpolariza-

tion. The dependence of block upon current flow was limited to HCN4, the

predominant subtype present in the mammalian SAN, and is not significant for

HCN1 [63, 78, 79]. This feature distinguishes the action of ivabradine from the

other heart rate-reducing agents that reduce If in a voltage-dependent manner

independently of the electrochemical gradient.

The anti-ischemic efficacy of ivabradine was initially established in pig and dog

models mimicking exercise-induced angina pectoris [80–82], and was later con-

firmed in patients with stable angina [83, 84]. Ivabradine is, at present, the only

member of the family of specific heart rate-reducing agents to have completed

clinical assessment for the treatment of stable angina. Ivabradine has no side effects

Fig. 4 (a) Recordings of spontaneous action potentials of rabbit sinus node preparation before and

during ivabradine (3 mM) application (modified from [68]). (b) Use-dependent block of If by
ivabradine (3 mM). Current was elicited by hyperpolarizing steps to �100 at 1/6 Hz. The graph

plots the current–amplitude before and during ivabradine application. Inset figures show a set of

three If traces specified on the graph (a, b, c). (c) Schematic representation of the specific

mechanism of If channel blockade by ivabradine. Ivabradine enters the channel pore from the

intracellular side of the channel and binds to a site in the ion permeation pathway
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on cardiac contractility and has potential for therapeutic use in patients with

coronary artery disease (CAD).A large-scale,multicenter clinical trial (BEAUTIFUL:

the morBidity-mortality EvAlUaTion of the If inhibitor ivabradine in patients with

coronary disease and left ventricular dysfunction) has evaluated the efficacy of

ivabradine at reducing morbidity/mortality in patients with impaired left ventricular

function [85, 86]. In these patients with a heart rate �70 bpm, ivabradine signifi-

cantly reduces important coronary events such as myocardial infarction (MI) (by

36%) and coronary revascularisation (by 30%). Moreover, in a subgroup of patients

with limited angina, the BEAUTIFUL study showed that ivabradine (Procoralan)

reduced the risk of the combination of primary endpoint-cardiovascular death,

hospitalization for acute MI, or new or worsening heart failure by 24% in all angina

patients, and by 31% in those with a heart rate�70 bpm. More recently, the Systolic

Heart Failure Treatment with the If inhibitor ivabradine Trial (SHIFT) study has

confirmed that high heart rate is a risk factor in heart failure, and the results support

the importance of heart rate reduction with ivabradine for improvement of clinical

outcomes in heart failure [87, 88]. Other ongoing clinical trials (SIGNIFY and

VIVIFY) will allow a more precise analysis of the therapeutic action of ivabradine

in CAD and acute coronary syndrome.

Although the f-current is the main ionic mechanism involved in the genesis and

regulation of the spontaneous activity of SA node cells under physiological

conditions, overexpression of pacemaker channels can be observed in pathological

situations such as thyrotoxicosis, leading to sinus tachycardia [52, 53].

Overexpression of f-channels is also observed in rat hypertrophied myocytes [89]

and in failing human heart [90]. Under these pathological conditions, If could be

interacting with other mechanisms and thus contribute to the appearance of ven-

tricular arrhythmias. In this way, we have reported that ivabradine inhibits the If
current in atrial myocytes isolated from human right appendages with

characteristics similar to those described previously in rabbit sinus node cells. In

this human atrial tissue, the major HCN gene subtype detected was HCN2. The

action of ivabradine could be beneficial in limiting the genesis of ectopic atrial

arrhythmias, in which If may be involved [91].

Ivabradine could thus offer a new therapeutic strategy (or be a good candidate) to

reduce these arrhythmias.

6.4 ZD 7288

ZD 7288 [4-(N-ethyl-N-phenylamino)-1,2-dimethyl-6-(methylamino) pyrimidinium

chloride] (see chemical structure in Fig. 3), originally named ICI D7288, has been

shown to reduce the If current in many different physiological preparations. In the

heart, at concentrations lower than 1 mM, ZD 7288 was reported to decrease

the spontaneous beating rate of guinea-pig isolated right atria with no effect on the

contractile force of paced left atria [92]. This effect was attributed to a strong

and specific inhibition of If at concentrations less than 1 mM [93]. ZD 7288 was
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also shown to block the neuronal Ih current, although with less affinity than in

cardiac cells [94, 95]. Precise mechanisms andmolecular determinants of the effects

of ZD 7288 have been the subject of continued efforts. In 2001, Shin and

collaborators [96] characterized If blockade mechanisms by specific analysis of

the effects of ZD 7288 on HCN1 expressed in HEK293 cells. They found that the

blocking effects of ZD 7288 required channel opening and that the drug was trapped

by closing of the channel. Interestingly, the ZD 7288 binding site has been located in

the pore lining of the channel. A recent study by Cheng et al. mapped the binding site

of ZD 7288 on HCN2 expressed in Xenopus oocytes [65]. Using site-directed

mutagenesis, these authors reported that two amino acids located in the 6th trans-

membrane domain of the protein (Ala425 and Ile432) were determinant for the

effect of the compound.

7 Conclusions and Future Directions

The hyperpolarization-activated cation current is clearly an important target for the

treatment of stable angina in the heart. Modulation of Ih may also be a promising

approach for the treatment of disease processes in the central and peripheral

nervous systems. Several results suggest that HCN channels also play a prominent

role in neuropathic pain (for recent review, see [97]). In this case, Ih blockers could
be beneficial for analgesic therapy. Furthermore, the use of Ih blockers has also been
implicated in epilepsy therapy [98]. However, given the complexity of the cellular

mechanisms leading to these diseases, a clear notion for a rational design of

antiepileptic Ih channel modulators has not yet emerged. Finally, HCN channels

may contribute to the clinical actions of general anesthetics. Native neuronal Ih as
well as heterologously expressed HCN channels are inhibited by clinically relevant

concentrations of anesthetics [99–102]. In principle, existing blockers could be

plausible molecular candidates. Nevertheless, these drugs inhibit all HCN isoforms

with no apparent subtype selectivity and would also exert bradycardic effects. Ideal

Ih neuronal blockers should not interfere with the function of sinoatrial HCN4

channels.

HCN isoforms could serve as new genetic targets in the modulation of cellular

rhythmicity. For example, it was shown that HCN4 mutations underlie certain

congenital cardiac arrhythmias such as the inherited form of the sick sinus syn-

drome [103]. Furthermore, it is essential to amplify the range of available thera-

peutic agents specifically targeting cardiac pacemaker channels, for instance. In this

way, high affinity, subtype-specific HCN channel blockers must be developed.

Moreover, one of the most important challenges in the coming years is the devel-

opment of biological pacemakers, which may replace electronic devices. Indeed,

pacemaker cells derived from stem cells and/or the stable in situ transfection of

HCN channels represent a promising novel approach for the development of such

pacemakers.
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cardiac arrhythmias and heart failure, Alzheimer’s as well as Parkinson’s diseases,

and many others. Molecular Docking, Molecular Dynamics simulations, quantum

chemical calculations, QM/MM calculations and 2D-, 3D- and 4D-QSAR, ADMET

prediction have been widely used to drug discovery. In this article, we have

highlighted the most recent applications of molecular modeling techniques to ion

channels blockers and given the perspective.

Keywords Ion channels blockers • Molecular modeling • QSAR • ADMET • MD

simulations • Docking • Quantum chemical calculations

Abbreviations

2D-QSAR Two-dimensional quantitative structure–activity relationships

3D Three dimensional

3D-QSAR Three-dimensional quantitative structure–activity relationships

4D-QSAR Four-dimensional quantitative structure–activity relationships

A Activity

AChBP Acetylcholine binding protein

ADMET Absorption, distribution, metabolism, excretion, and toxicity

AEs Adverse events

AgTX Agitoxin

Ab b-Amyloid peptide

BD Brownian dynamics

ChTX Charybdotoxin

CoMFA Comparative molecular field analysis

CoMSIA Comparative molecular similarity indices analysis

DFT Density functional theory
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GA Genetic algorithm

GABA Gamma-aminobutyric acid

GlyR Glycine receptor

hASIC The human acid-sensing ion channel

HaTx1 Hanatoxin1

hERG The human ether-a-go-go related gene

HF Hartree Fock

KATP ATP-sensitive potassium channels

KCOs Potassium channel openers

Kir The inwardly rectifying potassium channel

KITX Kaliotoxin

Kv Voltage-gated potassium channel

LBD Ligand binding domain
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LIE Linear interaction energy

LQTS The long QT syndrome

MD Molecular dynamics

MEP Molecular electrostatic potential

MM-PBSA Molecular mechanics – Poisson Boltzmann/surface area

MP2 The second order Møller–Plesset perturbation theory

MTX Maurotoxin

nAChR Nicotinic acetylcholine receptor

NCIDS National cancer institute diversity set

NMR Nuclear magnetic resonance

PAAs Phenylalkylamines

PB Phasic block

PcTx1 Psalmotoxin 1

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

QC Quantum chemical calculations

QM/MM Quantum mechanics/molecular mechanics

QSAR Quantitative structure–activity relationships

RMSF Root-mean-square fluctuations

RyR Ryanodine receptor

TI Thermodynamic integration

TTX Tetrodotoxin

VGSCs Voltage-gated sodium channels

Vpu Viral protein U

1 Significance and Background

1.1 Ion Channels as Targets for Drugs

Ion channels are a subtype of integral transmembrane proteins (IDP). The determi-

nation of potassium channel structure by MacKinnon R. and co-workers [1] was the

first to reveal that ions passing through the ion channel can induce different

molecular signals. As these discoveries have had a significant impact on the

scientific community, Peter Agre [2], for his earlier work on the related IDP,

aquaporin, and Roderick MacKinnon were awarded the Nobel Prize in Chemistry

in 2003.

Ion channels are found in every living cell. The channels are complex integral

transmembrane proteins and function as a pathway for ion flow in and out of cells.

These mechanisms lead to neurotransmission or signaling processes that can trigger

or inhibit downstream physiological cell actions. Therefore, ion channels are

associated with several diseases such as Alzheimer’s disease, schizophrenia, epi-

lepsy, anxiety disorders [3, 4], Parkinson’s disease [5], cancer [6, 7], Lambert–Eaton

myasthenic syndrome [8], and cardiovascular disease [9–11].
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1.2 Type of Ion Channels

Ion channels, along with transporter proteins, display a huge diversity in terms of

their structure and topology. Busch W. and co-workers were therefore able to

establish the transporter classification system in 2002 to easily summarize structural

information for researchers [12].

Ion channels can be classified by the nature of their gating mechanism, for

instance, the voltage-gated ion channels, ligand-gated ion channels, and other

gating ion channels. Voltage-gated ion channels are activated in response to

depolarization of membrane potential [13]. When conformational change to the

open state occurs, ions become permeable [14]. In the resting or closed channel

state, repolarization of the membrane potential leads to reduced microscopic

currents [15].

Voltage-gated ion channels show selectivity toward ions; Na+, K+, and Ca2+

channels (Figs. 1 and 2). Positively charged residues located on transmembrane

segment S4 act as the voltage sensor leading to the alteration of gate currents and

conformational change [16]. Ligand-gated ion channels mostly exist in pentamer.

Several types of ligand-gated ion channels are found, however, the evolutionary

tree of 106 sequences of ligand-gated ion channels had been generated by Ortells O.

M. and co-workers in 1995 [17]. Ligand-gated ion channels are activated by

Fig. 1 An illustration of the voltage-gated potassium channel in closed and opened state

Fig. 2 An illustration of the voltage-gated potassium channel blocker such as R(+)-bupivacaine
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specific molecules before the channel opens and ion flux. An example of ligand-

gated ion channels is acetylcholine receptor (AChR), whereas acetylcholine is the

gating molecule for Na+ flow [18]. The binding site for ligands is located between

the M2 subunit transmembrane region and extracellular loop C terminus [19].

1.3 Function of Ion Channels Blockers

Molecules that bind to ion channels resulting in the blockage of ion flux are termed

ion channels blockers. The blockage of cellular signaling is important in pharma-

ceutical therapies including antitumor agent such as astemizole or imipramine [20],

hypertension treatments [21] and decrease anti-inflammatory and bone resorption

or Periodontal Disease [22].

Blockage of the voltage-gated potassium channel Kv1.3 found in the effective

memory T cell (TEM) is known to inhibit calcium signaling and cell proliferation

[23]. Therefore, Kv1.3 blockers such as clofazimine have been used to treat

sclerosis [24], graft-versus-host disease, cutaneous lupus, and pustular psoriasis

[25]. The ion channel activity in the presence and absence of a blocker can be

determined through the detection of the channel current using the patch clamp

technique [26]. Recently, the anti-neuroexciting properties of novel Na+ channel

blocker was also assessed using whole-cell patch clamp recordings [27]. However,

insight into the binding of blockers at the molecular level can be only obtained from

computational methods at present.

1.4 Current Advanced Molecular Modeling Techniques
Applied on Ion Channels Blockers

Computational research on the ion channels has grown dramatically since the first

three-dimensional structure of the KcsA potassium channel was discovered in 1998

[1]. Molecular dynamics (MD) simulations of the KcsA potassium channel revealed

the origin of the selectivity of the channel for Na+ and K+ ions of the channel. The

complete solvation of the K+ ions at the selectivity filter leads to the smaller passing

energy barrier than Na+ ions as large as 12 kT. Investigation on the thermodynamics

using MD also suggested that the channel conductance is driven by the strength of

the electrostatic interactions with ions and dipoles of residues rather than ion

mobility itself [28].

In one of the earliest computational study of blockers, a simple molecular

mechanics protocol with MMP2 parameters was used to optimize a series of

4-amino-N-phenylbenzamides followed by Monte Carlo (MC) simulations, which

were compared with results from the maximal electroshock (MES) test. That study

suggested that the high anticonvulsant activity required conformations where the
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N-phenyl ring forms intermolecular hydrogen bonds to the backbone NH group and

the orientation of the ortho-methyl substituent toward the backbone NH group [29].

That structural information at the molecular level can be obtained, which are

helpful to understand the fundamental mechanism of chemical events occurring as

these insights can aid the design of novel ion channels blockers. Several established

approaches in computational chemistry include; quantum calculations, molecular

simulations, molecular docking or screening and structure–activity relationship

(SAR), which can prove highly beneficial during the pharmaceutical development

process. The number of molecular modeling publications in the ion channel area is

~550 papers at present and ~60 for channel based on searches of the Scopus

database (http://www.scopus.com). In this article, we focus on a number of signifi-

cant modeling examples to exemplify the current state of the art in the field.

2 Molecular Docking of the Ion Channels Blockers

Molecular docking is of fundamentally importance in modern structure-based drug

design due to its ability to predict accurate binding modes of a ligand inside a given

receptor [30]. The method relies on sampling conformational space of the ligand

within protein environment, driven by a conformational searching algorithm and a

scoring function. Two popular searching strategies that have been proposed are

incremental construction algorithm [31] and genetic algorithm (GA) [32]. A scoring

function involves energetic calculations for ranking different poses of ligand, which

are derived from either molecular mechanics [33–35] or empirical free energy [36].

The pharmaceutical major interested is to identify the interactions between

blockers and protein channels. When the binding mechanism of blockers have not

been solved yet, several questions remain unclear such as where is the most

favorable binding site, how the blockers generally bind, which other types of ligand

can bind, what are the key residues, etc. Molecular docking is an approach to

answer to these questions. For instance, molecular docking has revealed the

blocking site of Kir2.1 potassium channel [37], hERG potassium channel [38],

GABA receptor [39], Torpedo nicotinic acetylcholine receptor [40], and suggested

the binding conformation of the flexible blockers such as hanatoxin [41],

bupivacaine [42], sertindole [43], and psalmotoxin-1 [44]. The key residues of

the protein channel for the binding of ligands can be revealed when incorporating

molecular docking with MD simulations [43, 45–47].

The molecular docking approach has a significant impact on high-throughput

virtual screening to search for novel blockers of ion channels [48, 49]. Not only

these characters were explored by molecular docking, but also new docking

techniques for the ion channel blockers were introduced [50]. Moreover, mole-

cular docking often generates the initial complex geometry used for later MD

simulations.
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2.1 Exploration of the Binding Sites on Ion Channels

The binding site of the ion channel can vary since the channel receptors usually

have three domains; the extracellular-loop domain, the transmembrane domain, and

the cytoplasmic domain. Molecular docking helps to predict the putative binding

site or suggest novel interactions. For example, the cardiac inwardly rectifying K+

(Kir) channels, spermine is a blocker of the Kir2.1 potassium channel, which

selected to bind in the cytoplasmic site surrounding by Asp255, Glu299, and

Glu224, rather than the pore center in transmembrane domain [37]. On the contrary,

carvedilol binds in the channel pore, where the binding site located at the cytosolic

portion of inner helix containing Cys166, causing the carvedilol to preferably block

Kir6.xs and Kir3.xs over the Kir2.xs [44].

When a combined method of docking followed by MD simulations can often

allow greater insight, such as helping to identify multiple binding sites of the Kir6.2

channel and bindingmodes of imidazoline derivatives were revealed from docking/MD

study when each blocker is accommodated in different site [51]. The open-state Kv1.5

actually contains two binding sites inside the channel pore for bupivacaine, which are

at the selectivity filter (upper cavity) and a narrower ProValPro-bends (lower cavity)

[42]. Putative binding site predicted by docking is confirmed by specific experiment.

After amiloride and its derivativeswere docked into the human acid-sensing ion channel

(hASIC-1), the putative potential binding site was experimentally confirmed using

whole-cell patch clamp [52]. A complex of the tarantula toxin PcTx1/hASIC-1a is

first introduced by docking/MD technique. Moreover, novel binding recognition is

also revealed when four domains participated in the binding but only two subunits of

hASIC-1a directly interact with the PcTx1 [44].

For the Cys-loop family, when docking the g-aminobutyric acid (GABA) into the

specific site of the GABA receptor, the binding pocket is any region that supports

cation–p interaction [39]. The glycine receptor (GlyR) is a target for ginkgolide A

and ginkgolide X, where docking predicts that the putative binding site is formed by

the 60 M2, 20, 100 and 130 residues, instead of only 60 M2 residue [53]. Docking

diverse molecules consisting of agonists and antagonists into a7-nAChR showed

that the putative binding site consists of evolutionary conserved residues Ser34,

Gln55, Ser146 and Tyr166. Virtual mutations of S34A/T/Y, G55A/E/N, S146A/T/Y,

and Y166A/F/S generate class-specific residues that form H-bond to antagonists

indicating the high sensitivity of ligand binding. In a large pocket such as that of the

hERG potassium ion channel, where diverse molecule can bind and activate the

gating mechanism, docking of propafenone derivatives into the closed and open

state of the hERG provided the first insight into ligand binding [38].

2.2 Exploration of the Bound Blocker Conformation

Molecular docking can also be used to identify the blocker binding conformation to

the ion channel. The gating modifier toxins such as Hanatoxin (HaTx1) bind
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selectively to the carboxyl terminus of S3 segment (S3C) in voltage-gated potas-

sium (Kv) channel and have been studied by Lou and co-workers. Docking of the

helix drk1 S3C onto the HaTx1 generated several possibilities for the drk1 S3C

orientation. The best energetic configuration revealed that the important region of

interaction were the hydrophobic patch between drk1 and HaTx1. Therefore, the

hydrophobic Val271, Tyr274, Leu275 and Val282 of drk1 S3C should be located at

the boundary of membrane rather than located at the aqueous phase [41]. Move-

ment of drk1 S3C toward S4 upon conformational change of Kv channel occurs

after HaTx1 binding. Therefore, the structural roles of S3C-S4 proximity in inter-

fering with S4 translocation were investigated by docking shaker with HaTx1

comparing with drk1. A significant movement of drk1 S3C, but not the Shaker

S3C, in the direction presumably toward S4 during drk1 gating in the presence of

HaTx1 was suggested [54].

Docking scorpion toxin – charybdotoxin (ChTX), kaliotoxin (KITX), and

agitoxin (AgTX) – into the homology voltage-gated potassium channel (Kv1.3)

explained the pore model when positioning two contacts of toxin residues: the side

chain of Lys27 in its extended conformation into the central axis of the pore, and the

side chain of Arg24 in close steric contact with the carboxyl group of Asp386 of the

channel. The best conformation obtained after docking and minimization involved

interaction with Asp386 of the channel i.e., Arg24 of the toxin forms a hydrogen

bond with Asp386 of one subunit and Asn30 is in immediate contact with Asp386

of the opposing subunit in the tetramer [55].

Ten homology models of NR2B subunit in the NMDA receptor, composed of the

R1-R2 domain in the open and closed conformation, were created prior to dock the

ifenprodil. The binding pose of the ifenprodil antagonist for the NMDA receptors

(glutamate-gated ion channels, iGluRs) was revealed at the atomic level by

Marinelli and co-workers [56]. Further insight into the ifenprodil mechanism of

action was discovered by MD simulations followed by MM-PBSA calculations,

confirming that ifenprodil stabilized the closed conformation of the R1-R2 domain

[56]. The significant structural conformation of ligand was revealed when agonists

such as GABA and Muscimol were placed into the GABAA receptor model using

distance-screen filtration in easyDock program. Calculation of the electrostatic

potential complementarity is useful to discriminate multiple docked configurations

especially for charged ligands. Muscimol has greater affinity than GABA because

of its structural conformation, which sees the oxazolo ring sandwiched between the

faces of Tyr181 and Tyr229 in the bound state [57].

2.3 Discovery of Novel Blockers by Virtual Screening

Novel blockers can be obtained from several approaches including high-throughput

screening and combinatorial synthesis. A receptor-based virtual screening per-

formed by docking is an additional method to search for either novel ligands or

investigate novel binding pockets.
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In the absence of a three-dimensional structure of nicotinic acetylcholine recep-

tor (nAChR), crystal structures of acetylcholine binding protein (AChBP) from

three species of sea snails: Lymnaea stagnalis (Ls); Aplysia californica (Ac); and

Bulinus truncates (Bt) were used instead. Ligands from the National Cancer

Institute Diversity Set (NCIDS) were docked into three species of AChBP using

relaxed-complex method, which involved MD simulations and docking. These

yielded 15 different conformations of the AChBP. Most ligands were found to

bind behind the C-loop between two subunits. Novel blockers with significant

potential were identified either for the common binding to all receptor confor-

mations or were shown to selectively bind to specific receptor conformations [49].

Screening agonists against a7-nAChR using a combination of docking and MD

simulations, and in conjunction with an analysis of hydrophobic/hydrophilic inter-

actions, yielded seven compounds as possible leads for Alzheimer’s disease

therapy: gx-50, gx-51, gx-52, gx-180, open3d-99008, open3d-51265, open3d-

60247 [58].

Sixteen agonists with known activity for homomeric a7 channels of nAChR

were used to validate a simplified combination of docking, cluster analysis, and

MM-PBSA method. Using the relative binding free energy from the structurally

different compounds in test set, morpholine-containing compounds did not appear

to improve the affinity at the a7-nAChRs while two novels structurally related

analogues were predicted to have a high affinity for a7 subtype and were subse-

quently assayed in binding experiments [59]. A ligand-based virtual screening

approach can also be useful to obtain novel blockers. ATP-sensitive potassium

channels (KATP channels) are a target in the treatment of diabetes, where potassium

channel openers (KCOs) such as the yanoguanidines, benzopyrans, and 1,2,4-

thiadiazines stimulate potassium currents. 65,208 compounds were carefully

assessed for chirality, protonation state, and tautomerism was filtered using the

VolSurf procedure, which are descriptors related to the GRIND, FLAP, and TOPP

approaches. While final 32 hits found, the top-ranked ligands from each methods

could be different. Carosati and co-worker suggested that parallel application

needed to enhance the probability of finding novel KCOs [48].

3 MD Simulations of Ion Channels Blockers

An MD simulation is a theoretical method to assess dynamic aspects associated

with molecular systems. Whilst changing of the molecular coordinate is determined

by motions including translation, rotation and vibration causing by atomic

interactions, the energy function is the key factors driven atomic movement [60].

Several energy functions are available through simulation packages such as

AMBER, CHARMM, Gromacs and Tripos force field. Therefore, the particular

dynamics of a system like ease of and type of conformational changes as well as

thermodynamic properties can be obtained from MD simulations making this

technique popular for the biomolecule systems [61]. In this section, we discuss
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aspects of MD simulations as applied to ion channels blockers. There are 71

unrelated structures of ion channels reported in the protein data bank. Species,

mutation, and ligand complex differences can generate several hundred structures,

for instance, few 3D structures were solved experimentally; voltage-gated potas-

sium channel [1, 62–64], proton channel [65]; ligand-gated ion channels [66–69];

acid-sensing ion channel [70].

Because of the lack of suitable experimental structures, homology modeling is

generally required before exploring the interactions between an ion channel blocker

and its target. MD simulations are essential for the evaluation of these models of ion

channels, while additional information can be associated from mutagenesis experi-

ment. Gating or blocker binding mechanisms can also be revealed using MD

simulations. MD simulations allow us to explore the configuration of the entire

protein, thus demonstrate the conformational change of the channel gate, which is

of course key to the function of ion channels. To observe the physiological

properties of the ligand/ion channel complex, MD simulations are often used in

conjunction with molecular docking methods.

3.1 Homology Modeling of Ion Channel Models

Acquiring crystallographic structures of ion channels is a major challenge due to the

difficulty in obtaining suitable protein crystals for X-ray diffraction. Only a few

proteins are available, for example, the bacterial KvAP channel [71] and the

acetylcholine binding protein (AChBP) of Lymnaea stagnalis [68]. The unknown

structures of targets, such as hERG potassium (Kv) channel, p7 of Hepatitis C, and

b-amyloid aggregation, can only be studied using models derived from homology

modeling and MD simulations. As the formation of the ion channel is generally

based on protein–protein interactions, we have selected a small number of the

systems to be reviewed, for example, bundles of tetramer, pentamer and hexamer,

which are typically formed to function as the ion channel.

The b-amyloid peptide (Ab) is proposed to aggregate into a tetramer or pentamer

quaternary structure according to the favorable electrostatic interactions between

the monomers. The model adopts a slightly distorted C4 symmetry structure when

monomers rotate their acidic face of itself to the basic face of neighboring mono-

mer, driven by inter-subunit interaction with lysine, glutamic, aspartic, histidine,

and tyrosine [72]. Viral protein U in HIV-1 (Vpu) exists in high stability

homopentameric bundles where tryptophans residues are directed out of the pore

facing the lipid layer [73]. Simulations of tetrameric bundles of hERG potassium

channel provide good agreement with experimental observation [74]. A well-

constructed model must be maintained the structural stability during 10 ns of

simulations as indicated by the small root-mean-square fluctuations (RMSF) of

the Ca atoms [47]. The benefit of these homology models is shown in docking

technique, which is an important process in drug design [49]. Validation of the

macrobiomolecular model is generally considered with the NOE from NMR
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spectroscopy or compared to biochemical activity, however, for the uncomplexed

channel model; channel conductance is used as the experimental reference [72].

The conductance value (g) as obtained from (1) depends on the resistivity (r), pore
length (L), and pore radius (r):

g ¼ 1= Rp þ RA

� � ¼ pr2 r Lþ 0:5prð Þ½ �:= (1)

The unknown structures of the complex of blockers and ion channels can also be

predicted by MD simulations. The initial configuration of the complex is usually

obtained by molecular docking, before relaxation by MD simulations, as

exemplified in the case of the homology complex model of human voltage-gated

hERG potassium channel and its blockers [43]. When a poor scoring function from

docking cannot discriminate strong and weak blockers of Sertindole and its

derivatives against the open-state hERG channel, short MD simulations of 250 ps

was found to helpfully remove steric and electrostatic clashes, yielding more

reliable models [43]. The complex with top score from docking was sometimes

selected before merging the model into the lipid bilayer followed by standard MD

simulations [75]. The simulations not only relax the complex model but also help to

reveal the key residues involved in the binding and blocking mechanism. Validation

of the complex model can be achieved using relative thermodynamics properties

and experimental affinities such as DDGLIE versus DDGIC50 [43].

3.2 MD Simulations to Describe Ion Channel Blocking
Mechanism

MD simulations not only help to elucidate aspects of the interaction between a

blocker and an ion channel, but they can also help to describe the internal motions

and thermodynamics properties of blocking process, revealing additional aspects of

the blocking mechanism. Investigation of the voltage-gated potassium (Kv1) chan-

nel subtypes by the scorpion maurotoxin (MTX) was carried out by Brownian

dynamics (BD) simulations at 500 K under rigid body conditions. Thus, this

predicted that MTX preferred the Kv1.2 over Kv1.1 and Kv1.3 by 4–7 kcal/mol

from the more favorable electrostatic interaction between triplet contacts. Critical

residues associated with MTX blockage are all positively residues i.e. Lys23,

Lys27, and Lys30, which interact with three negatively charged aspartic acid

residues of Kv1.2 [76]. Novel blocking patterns of gambierol toxin against Kv1.5

potassium channel, which has not been reported from experiment, found that after

the gambierol was docked into the Kv1.5 and the complex was inserted into POPC

membrane with solvated waters, that the gambierol interacted with different

subunits of Kv1.5 tetramer as described above, as well as residues of Thr480,

Val505, Val512, Val516 [75].

Reportedly key residues in the experimentally undetermined model of the a7
nicotinic acetylcholine receptor we also predicted through MD simulations [47]. In
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silico mutagenesis of the influential residue (Leu118) to a negative charge residue

(glutamate or aspartate) and positive charge residue (lysine or arginine) was

undertaken, with production MD simulations performed for 10 ns. The conforma-

tional changes in the binding pocket we investigated by taking a set of snapshots

from each trajectory, with the re-docking of the agonist. The wild-type, L118E and

L118D bound acetylcholine, however L118K and L118R did not.

The blocking process leads the ion channel to undergo a large conformational

change. MD simulations have been used to assess the transition path between open

and resting (close) state. The mammalian voltage-gated potassium channel Kv1.5

has a specific region that controls the open and close states, that is the ProValPro-

type and Gly-type of bending hinge. A combination of homology, docking and

MD simulations revealed that the blocker, R(+)-bupivacaine, selectively binds to

the open-state of Kv1.5, for the K+ ion occupancy state 0101, inside the pore at

the ProValPro-type of bending hinge [42]. MD simulations also suggested that the

ProValPro-bend appeared much more flexible than the Gly-bend, however, the

open-state channel cannot turn to the close-state with bupivacaine bound. Important

residues in the Kv1.5 for ligand recognition are hydrophobic amino residues;

Val505, Ile508, Val512, and Val516 [45].

Almost blockers bind at the C-loop region of nicotinic acetylcholine receptor

(nAChR) where the C-loop plays as the flexible gate outside the pore. The C-loop is

known to have high flexibility and distinguished from other. The dynamics of

C-loop region were captured within 5 ns of MD simulations in acetylcholine

binding protein (AChBP) representing the nAChR. The C-loop has less movement

when blockers bind inside the pocket, especially blockers contained aromatic sub-

stituents, which can form the cage stabilized in the C-loop region [49]. MD simu-

lations also demonstrated that transition motion in gating of nAChR depend on the

tilting of the M2 helices [77]. Selective binding of the blockers is supported by

kinetics experiment when imipramine binds to the desensitized state of Torpedo

AChR about fivefold higher affinity than the resting state [40]. Although some part

of the channel shows high flexibility, there needs to be a very stable part also.

Comparison of the stable and deformation of ligand binding domain (LBD) in

Glycine receptor (GlyR), which is similar to the nAChR, from 500 ps MD

simulations indicated fairly similar structure. This suggested that the b-sandwich
core is relatively inflexible [78].

3.3 MD Simulation Protocols

Simulation results that provided an insight into the dynamics and other properties of

the system depend on how well the initial models were generated and the choice of

simulation protocol, which can be varied from each specific system. In this section,

we review recent MD methodology applied on ion channel and blockers.

Partial atomic charge and force field parameters must first be assigned to a ligand

[45]. Prior to the initial model, specific known state maybe loaded by carefully
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placed K+ ion and water in a specific site [37], for example, the 1010 state is where

K+ ions were present at the first and third positions of the selectivity filter [45]. The

channel models are usually merged into lipid bilayer of 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC) and solvated by SPC or TIP3P water model

[75]. After the channel is inserted into the lipid bilayer, counter ions and water

should be added, that is 102 mmol/dm3 ion concentration for Kir2.1 channel [37].

Without the lipid membrane, restraining forces need to be applied to the ion channel

peptide backbone to maintain structural stability. High temperature of 700 K can be

used [78]. In terms of solvation, a periodic cubic box is preferable to an octahedral

box [78]. For the equilibration process, a restraint is usually applied on channel

backbone or alpha carbon while temperature of the system is heated to 300 K [49].

If a simulation sphere is considered [45], multilevel restraint forces may be applied

with a certain region such as a radius of 30–35 Å from the binding site and a force

constant of 10 kcal/mol on the intermediate region and a force constant of 100 kcal/

mol [42] on the outer 35 Å region. As the channel consists of bundles of transmem-

brane helices, constraints may be applied to keep the channel symmetry as C5

symmetry in the case of b-amyloid peptide (Ab) for example [72]. The force field

applied to simulate the channel can be the united atom Gromos-87 [42], OPLSAA

[49] and AMBER99 [40]. In the production dynamics phase, bond constraint by

SHAKE or LINCS algorithms is used [49]. After minimization with or without

restraint, and equilibration at 300 K, the production phase was carried at 8–10 ns.

MD simulations with the multiple time step method can be an alternative approach

to study the binding between ligand and ion channel, where non-bonded inter-

actions are divided into multiple regions. According to the multiple time step

approach, time step of 1 and 2 fs are applied for intramolecular and intermolecular

force, respectively, to observe the impramine/nAChR binding. Several energy

evaluation methods are used in the biomolecular system such as thermodynamic

integration (TI), molecular mechanic/Poisson Boltzmann surface area (MM/PBSA)

and scoring function, however, to quantify the binding between blocker and the ion

channel, are mostly determined by MD/LIE calculations [42, 43, 45] because of its

compensation between simplicity and accuracy over others.

4 QSAR Study on Ion Channels Blockers

Quantitative structure–activity relationships (QSARs) [79] are mathematical model

that describe the relationship between the structure and physical properties of

chemicals and their biological activities. This method has been highly utilized in

the drug design area. QSAR studies have been reported to identify important

structural aspects associated with the inhibition of human ion channels blockers

located in heart tissue [80–86]. The obtained results illustrate the applicability of

binary QSAR methods for the classification of the human ether-a-go-go related

gene (hERG) potassium channel blocker activities and for identification of potential

toxicity risks [87]. The drug-related adverse events (AEs) were highly correlated
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with known drug class warning, predicted of target activities of drug and specific

subset of clinical indication for which the drug may have been prescribed [88] such

as QT-prolonging drug [89], antidepressant [90], antiarrhythmic drugs [91], and

chloroquine groups [92]. The advantages of QSAR are that they can reduce research

time, cost and the numbers of animals required to study the properties and toxicity

of chemicals. QSAR is useful for assessing the properties of that are experimentally

very difficult to determine as well as being relatively easy to interpret, thereby

allowing the decomposition of the terms involved to allow the design and prediction

of novel chemicals. However, a disadvantage of all QSAR models are that an

accurate prediction may not be possible if there are not enough compounds in the

training datasets used to build the initial model. The advantages and disadvantages

of 2D- and 3D-QSAR studies have been critically analyzed by comparing statistics

[93]. For the prediction of the hERG-channel blockers affinities, 2D-QSAR seems

to be more robust than 3D-QSAR [94].

4.1 Principle of QSAR Methodology

The QSAR models have been widely used in the field of pharmaceutical chemistry,

toxicology, and agro chemistry. A QSAR is the mathematical model that describes

the relationship between structure and physical properties of chemical and its

activity. The general formula of QSAR model is shown in (2):

A or P ¼ f ðmolecule structureÞ (2)

where A is Activity, P is Properties and f( ) is a function, which depend on the

structure of chemical or molecular descriptors.

The QSAR technique has been described in the context of the development of

the model to predict hERG inhibition [85]. Fragment-based QSAR descriptor

methods such as support vector regression, partial least squares, and random forests

[95] have been used. The alignment of molecules and active conformation selection

were the successful 3D-QSAR model by CoMFA approach such as the develop-

ment of antiarrhythmic drugs, the blockade of the rapidly and slowly activating/

delayed rectifier K+ currents has been specifically studied [91]. However, QSAR

analysis was successfully performed using the lipophilicity adjusted hERG

potency, pIC50
hERG � Log D, to identify moieties [96].

4.2 2D-QSAR of Ion Channels Blockers

We have reviewed two-dimensional quantitative structure–activity relationship

(2D-QSAR) models reported in the literature and discuss the nature of the models

and the descriptors involved. The descriptors for 2D-QSAR [97] can also be
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categorized according to their nature, such as constitutional, topological, geometri-

cal, electrostatic, quantum-chemical, and thermodynamic descriptors. 2D-QSAR

has been used on hERG channel blockers with diverse structures [94]. For example,

for 2D-QSAR of Tocainide and Mexiletine were studied using lipophilic and basic

molecular properties for voltage-gated sodium channels (VGSCs) [98]. 2D-QSAR

modeling was carried out on ion channels blockers of the inactive form of the

human skeletal muscle sodium channel isoform Nav1.4. The chemometric analysis

suggested that a pharmacophore hypothesis highlighting the structural charac-

teristics needed for an enhanced phasic block (PB) activity. Thus, it appears that

2D-QSAR models can help in determining which parts of a molecule can be modi-

fied to increase (or decrease) affinity and efficacy, providing valuable guidance

in the drug discovery process [99].

4.3 3D-QSAR of Ion Channels Blockers

The initial alignment of molecules is critical to the success of three-dimensional

quantitative structure–activity relationships (3D-QSAR) model such as Compara-

tive Molecular Fields Analysis (CoMFA). Therefore, in this regard, several

attempts have been made to find the most appropriate molecular alignment to

obtain more predictive models. Cavalli et al. (2002) attempted to develop a quanti-

tative model correlating the 3D stereoelectronic characteristics of a set of molecules

with hERG blocking activity [89]. They first considered an initial set of QT-

prolonging drugs for which the hERG potassium channel blocking activity was

measured on mammalian transfected cells. The models gave a general description

of the molecular features associated with the QT-prolonging ability as well as a

quantitative model to predict the hERG potassium channel blocking potential of

new compounds. The CoMFA model presented an acceptable level of predictivity

but cannot yet be proposed as a rapid and efficient in silico tool for the early

identification of the long QT syndrome (LQTS) inducing activity. Furutani et al.

(2009) demonstrated a 3D-QSAR model of antidepressants at the Kir4.1 channel,

which suggested that their structures share common features including a hydrogen

bond acceptor and positively charged moiety [90]. Additionally, they suggest that

this charged moiety interacted with the inwardly rectifying potassium (Kir) 4.1

channel pore residues by hydrogen bond and ionic interactions, which account for

preferential inhibitory action on Kir4.1 [100]. In particular, the presence of a polar

negatively charged group was predicted to be important for the general

pharmacophore associated with hERG blockage.

4.4 4D-QSAR of Ion Channels Blockers

In four-dimensional quantitative structure–activity relationships (4D-QSARs), each

blocker is represented an ensemble of different conformations, orientations,
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or protonation states [101]. The resultant 4D-QSAR models can be graphically

displayed and used to virtually screen libraries of compounds [102]. 4D-QSAR

methods were shown to perform better than CoMSIA and CoMFA in the past [103]

because the CoMFA and CoMSIA models do not generalize beyond the molecules in

the training set. This study was done to explore the relationships of molecular level

physicochemical properties to in vivo antiarrhythmic activity [104]. These results

suggested that the log P descriptor was of particular importance in the 4D-QSAR

model, whichwas developed on a set of analogs ability to displace adsorbedCa2+ ions.

5 ADMET Prediction of Ion Channels Blockers

Absorption, Distribution, Metabolism, Excretion and Toxicity is an acronym for

key biological properties in the fields of pharmacokinetics, pharmacodynamics and

pharmacology. An understanding of the relationships between important ADMET

parameters and molecular structure and properties has been used to develop in silico

models [105, 106]. This includes issues such as high plasma protein binding

requiring extra studies for FDA approval [107]. The Meta-Drug system represents

a prototype for integrative or ADMET systems that builds on the database- and

network-building tools such as MetaCore [108, 109]. Studies reported the use of

Gaussian process methods for the prediction of ADMET properties associated with

the human ether-a-go-go related gene (hERG) channel inhibition [110].

The accumulated data make it possible to construct models for predicting the

ADMET properties of compounds before structural modifications are made [111].

ADMET modeling was used to derive a quantitative relationship between channel

blockers and physicochemical properties [112]. The computational models based

on antiarrhythmics could have helped prevent some companies from selecting

noncardiovascular drugs with hERG inhibitory activity [113] and is a cheaper

alternative approach to in vitro and in vivo testing [114].

Thermodynamic descriptors describe the important features associated with

hERG potassium channel blockers are hydrophobic groups, the number of aromatic

rings and hydrogen bond acceptor [110]. Others also suggest that hERG inhibition

increases with increasing molecular weight, logP, or both, with ionization state

playing a beneficial or detrimental affect depending on the parameter in question

[107]. Oprea et al. (2004) expected advances in this area, as more tailored ADMET

prediction software that gives proper treatment to charge functional groups will

yield improved predictivity [115]. An understanding of the profile of drug metabo-

lism has increasingly become an important consideration in early stages of drug

development and the profound effect of metabolism has been important drug

properties as metabolic stability, toxicity, and drug–drug interactions [116]. Simi-

larly, the prediction of molecules hERG channel activity is becoming increasingly

important in the drug discovery process because blockade of the hERG channel

may lead to life-threatening cardiac arrhythmias [117]. To identify ADMET

properties, data relating to molecular structures tested in animal or human tissues

in vitro or in vivo [103].
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6 Quantum Chemical Calculations of Ion Channels Blockers

6.1 Applications of Ab-Initio and DFT Methods

Quantum chemical (QC) calculations while not so frequently used in drug discov-

ery due to their computation costs are nonetheless important tools in computer-

aided drug design research. The use of QC calculations provides a more accurate

description of how molecules interact and their three-dimensional conformation,

which in turn is important in determining their biological function. This approach

can therefore also show the connecting link between experimentally determined

structures and biological function.

QC calculations can be used to understand ion channels mechanism of action,

hydrogen bonding, polarization effects, spectra, ligand binding and other funda-

mental processes both in normal and in aberrant biological contexts. With the

advancement of parallel computing and progress in computer algorithm design,

more realistic models of ion channel and its blockers are possible. For example,

Density Functional Theory (DFT) based on B3LYP/6-31G (d,p) calculations were

used for identification of the receptor site for the blocking of the voltage depen-

dent K+ channels by protonated aminopyridines [118], and calculate the geometry

of alkaloids obtained from Aconitum and Delphinium sp. [119]. Furthermore,

specific DFT calculations of charged ryanodine receptor (RyR) calcium channel

were used to study the binding energy and selectivity of Ca2+ versus monovalent

cations [120].

The precise conformation of a blocker is important for binding to all receptors

including ion channels. The complementarity of molecular surfaces and electro-

static potentials between ligand and the receptor site is essential for forming stable

low binding energy complexes, as the total binding energy results from the local

interactions between each part of the ligand and the surrounding protein. For

instance, conformational properties and partial atomic charges of bupivacaine

were determined from quantum chemical calculations at the HF/6-31G* level

with inclusion of solvent effects. The binding of bupivacaine to the KcsA structure

was found to prefer the closed channel state [121]. Another example can be

appreciated by considering the Ab–initio Hartree–Fock molecular orbital calcu-

lations, which produced complete geometry optimizations on some phenylalk-

ylamines (PAAs) [122].

In case of the Ca2+–benzene complex, optimized in the gas phase using the

Hartree–Fock model with the split valence 6-311G** basis set, it was found that the

attraction between small metal cations and an aromatic residue would enhance

single-channel conductance [123]. Another important example that demonstrates

the utility of QC methods is in modeling the carbonyl oxygen atoms that surround

permeating ions is the most important factor in determining ion selectivity rather

than the size of the pore or the strength of the coordinating dipoles. Geometry

optimizations were performed at the HF level using the 6-311G* basis set, and final

interaction energy calculations were made using MP2/6-311G* with counterpoise
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correction to minimize basis set superposition error [124]. Due to the large molec-

ular system, HF/6-31G calculations coupled with intermolecular interaction

calculations can be successfully applied to study mechanistic aspects of

benzothiazepine class of calcium channel blockers. [125]

6.2 Applications of QM/MM Method

Due to the large size of ion channels, quantum chemical calculations of the type

describe previously cannot be applied to the full protein-complex at present.

However, recently more accurate molecular modeling of larger molecules, such

as in molecular biology and surface chemistry, has become feasible due to

developments in computational chemistry such as the hybrid quantum mechanics/

molecular mechanics (QM/MM) technique. This method is becoming increasingly

popular for modeling large molecular systems. In this approach, a large molecular

system can be partitioned into a small model system for the chemically important

active site, where a reaction or binding event occurs, and a large model system for

chemically inactive part. The active site is treated at a high level of quantum

calculation with more accurate methods, while the chemically inactive part is

modeled using only a molecular mechanics method.

To discover insight into how the K+ channel promotes ion conduction was

provided by the structure of the KcsA potassium channel in complex with a

monoclonal Fab antibody fragment at 2.0 Å resolution [126]. The electronic struc-

ture of the selectivity filter of KcsA potassium channel was investigated by density

functional theory (DFT/BLYP) and QM/MM methods. The electronic distributions

were then analyzed in terms of: (a) Wannier functions, (b) local dipole moments of

cations and ligands and (c) atoms in molecules analysis on the electronic structure

calculations obtained from the QM/MM simulations [127].

Another example is a cation–p interaction in ion channels that can discriminate

sodium channels that are either sensitive to tetrodotoxin (TTX). This structure was

further refined by a mixed-mode QM/MM optimization in which the Tyr401 side

chain and TTX were treated at the QM level (HF/6–31G*), and the rest of the

structure was treated at the MM level (OPLS2001 force field) with water repre-

sented as a continuum [123]. To address the question about the ionization state of

the Glu71/Asp80 residues of the KcsA potassium channel, QM/MM simulation

scheme was used where the two residues and their surroundings were treated by first

principle MD while the rest of the protein and environment was described at the

force-field level [128].

Moreover, QM/MM calculations can be used to compute the molecular electro-

static potential (MEP) inside the selectivity filter of the KcsA potassium channel.

An effective procedure is proposed to refine the charge parameterization of a force

field to reproduce a QM/MM reference potential along an MD trajectory [129].

More importantly, the QM/MM method has been successfully applied to assist the

development of improved force fields for ion channel studies. QM/MM simulations
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described the coordination numbers of K+ and Na+ ions in the KcsA channel [130].

However, this field of research has been opened for more accuracy of the para-

meterization of ion channels systems.

7 Outlook and Conclusion

Molecular modeling techniques are being used to understand aspects of the

structures and interactions of ion channels and their blockers. As complex structures

of ion channels and their blockers are not easily determined, there are opportunities

for molecular modeling to be applied in novel ion channel blocker discovery. The

QSAR approach is an important method to design for high potent blockers. MD

simulations and combination of molecular docking are also useful approaches to

obtain the ligand binding orientation, estimation of binding energies and ranking of

virtual structures prior to syntheses. Moreover, with the high powerful of computer

technology, the application of quantum chemical calculations is possible for large

biomolecular systems such as ion channels. The combined quantum mechanics/

molecular mechanics methods are also of interest for the mechanistic investigations.

However, more accurate parameters for such system are needed for further deve-

lopment. Taken into account, molecular modeling methods, as reviewed above,

should be helpful to suggestions for new and improved candidates for ion channels

blockers discovery.
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Abstract The voltage-gated sodium channels (VGSCs) play a fundamental role in

controlling cellular excitability. Abnormal activity of sodium channels is related to

several pathological processes, including cardiac arrhythmias, epilepsy, chronic

pain, neurodegenerative diseases, and spasticity. In view of this, VGSCs are

considered important therapeutic targets for the treatment of these disorders. To

date, nine functional VGSC isoforms have been identified and have a distinct

pattern of expression within the human body. In addition, VGSC also have distinct

electrophysiological profiles with differing activation and inactivation states. As
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such, there is a concerted effort to develop not only isoform selective blockers, but

also blockers that exhibit state selectivity, particularly to the inactivated state of the

channel. This article provides a brief historical perspective and primarily focuses on

recent advances in the development of isoform specific and state selective sodium

channel blockers and the medicinal chemistry involved, surveying the emerging

therapeutic fields.

Keywords Voltage-gated sodium channels • Blockers • Epilepsy • Pain •

Migraine • Myotonic syndromes • Cardiovascular diseases • Neurodegenerative

diseases • Psychiatric disorders • Cancer

Abbreviations

AEDs Antiepileptic drugs

AFib Atrial fibrillation

ALS Amyotrophic lateral sclerosis

BD Bipolar depression

BPD Borderline personality disorder

BrS Brugada syndrome

CAMs Neural cell adhesion molecules

CIP Congenital insensitivity to pain

CNS Central nervous systems

CSD Cortical spreading depression

DMC Dilated cardiomyopathy

DRG Dorsal root ganglion

FHM Familial hemiplegic migraine

GEFS+ Generalized epilepsy with febrile seizures plus

HD Huntington disease

IEM Inherited erythromelalgia

IFM motif Isoleucine, phenylalanine, and methionine

LAs Local anesthetics

LQT-3 Long QT syndrome type 3

MS Multiple sclerosis

PAMs Potassium-aggravated myotonias

PCCD Progressive cardiac conduction disease

PD Parkinson disease

PEPD Paroxysmal extreme pain disorder

PMC Paramyotonia congenita

PNS Peripheral nervous systems

PPs Periodic paralyses

SIDS Sudden infant death syndrome

SMEI Dravet syndrome
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SSS Sick sinus syndrome

TCAs Tricyclic antidepressants

TTX Tetrodotoxin

VGSCs Voltage-gated sodium channels

1 Introduction: A Brief Mention of All Ion Channels

Ion channels are membrane protein complexes allowing the passive flow of ions

across biological membranes [1]. Differently from ion pumps, ion channels

do not use the energy of ATP hydrolysis to transport ions against their electro-

chemical gradient. The majority of ion channels possess a pore loop, a region of

the protein that repeatedly crosses the membrane to form the selectivity filter

that discriminates among ion species. The passage of a specific ion takes place

when the channel is open. The conformational change between closed and open

state is called gating. Channel gating is controlled by multiple factors and ion

channels can be classified according to which chemical or physical modulator

controls their gating activity. The most common groups of channels are listed

as follows:

– Voltage-gated channels [voltage-gated potassium channels, voltage-gated

sodium channels, voltage-gated calcium channels], whose gating mechanism is

guided by membrane potential

– Ligand-gated channels [nicotinic acetylcholine receptors (nAChRs), ionotropic

glutamate receptors (NMDA, AMPA, Kainate), GABAA receptors, glycine

strychinine-sensitive receptors (GlyR), ATP-gated P2X receptors, and the

5-HT3 serotonin receptor], whose gating mechanism is guided by a ligand

– Mechanosensitive channels, for which gating occurs in response to variation in

osmotic pressure and membrane curvature

By regulating ion fluxes, ion channels govern membrane potential and

excitability, determine the shape of the action potential, trigger muscle contraction

and exocytosis (through Ca2+ influx), keep cell volume under control and are

involved in many other cellular processes. As a consequence to that, they play

important roles in multiple physiological processes as nerve and muscle excitation,

hormone secretion, cell proliferation, sensory transduction, learning and memory,

regulation of blood pressure, salt and water balance, lymphocyte proliferation,

fertilization, and cell death. Noteworthy, abnormalities in ion channel expression,

structure and function are tightly related to pathological states present in a number

of disorders. Therefore, we can conclude that due to their important functional

roles, their membrane location, structural heterogeneity and the specific tissue

expression of some channel types, ion channels represent interesting targets for

drug discovery. In this chapter, we focus our attention on voltage-gated sodium

channels (VGSCs).
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2 Sodium Channels: Their Structure and Functions, Diseases

Related to Na-Channels

2.1 VGSC Structure

VGSCs are a family of membrane proteins forming a pore, through which they

selectively conduct sodium ions inward and outward cell’s plasma membranes in

response to variations of membrane potentials [2–4]. They are composed of a

central a-subunit and of two auxiliary b-subunits; the former is endowed with

characteristics, which make the channels fully functional, whereas the latter ones

mediate the linkage of the a-subunit to the plasma membrane and influence

biophysical properties of the channels [5]. The a-subunit is a large polypeptide of
about 1,800 amino acids and of 260 kDa, which consists of four domains (I–IV or

D1–D4), each developed through six a-helical transmembrane segments (S1–S6) as

shown in Fig. 1. Toxin bindings on the external pore, mutational analysis and

parallel studies carried on for voltage-gated potassium channels suggest that the

four S5–S6 linkers, one from each domain, which are designed as P-loops, form the

extracellular portion of the channel, a ring of suitable size and charge that works as

the selectivity filter for sodium ions. There are evidences indicating that each S5–S6

loop contributes to the selectivity pore with a single crucial amino acid (aspartate

from domain I, glutamate from domain II, lysine from domain III, and alanine from

domain IV), all negatively charged. Similar to other ion channels, S6 segments, in

each domain of VGSCs, form the cytoplasmic end of the ion pore. Mutagenesis

studies have shown how local anesthetics (LA) have high affinity for the inactivated

state of VGSCs due to their interaction with critical amino acid residues located on

the inner portion of the pore, on S6 segments of domains I, III, and IV (Fig. 1) [6].

Antiarrythmic and antiepileptic sodium channel blockers also bind to the same site

as LA [7, 8]. The S4 segments, one in each domain of the VGSC heterotetramer,

contain positively charged amino acids regularly spaced along the a-helix and

function as voltage sensors. Mutational analysis suggests that upon membrane

depolarization the four S4 segments cross the membrane by an outward rotational

movement and start the gating process by inducing the channel opening [9]. Site-

directed antipeptide antibodies indicate that the intracellular loop between domain

III and IV closes the cytoplasmic end of the pore of the VGSC a-subunit leading to
the fast-inactivation of the channel (Fig. 1) [10, 11]. The C terminus of the a-subunit
contributes to the stabilization of the VGSC inactivated state by influencing fast-

inactivation and by binding interacting proteins [12, 13]. b-Subunits are transmem-

brane glycoproteins of about 35 kDa, playing an accessory role in VGSC functioning

(Fig. 1). Four different subtypes have been identified so far (b1–b4), each one

composed of a single a-helix stretching through the plasma membrane. b-Subunits
are endowed with a short cytoplasmic C terminus and with a large extracellular

N terminus, which resemble an immunoglobulin outer domain capable to bind

external proteins and thereby is believed to influence VGSC migration. b-Subunits
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have similar primary structure to neural cell adhesion molecules (CAMs), whereas

they share no homology with their counterparts of calcium and potassium channels.

b1 and b3 covalently bind to the a-subunit by a disulfide bridge; conversely, b2 and

b4 associate with the a-subunit only weakly.

2.2 VGSC Functions

The primary role of VGSCs is to trigger the rising phase of action potential in most

excitable cells in mammals [3, 14]. The transition from a resting state (Fig. 2a),

when the channel is closed, to an active state (Fig. 2b), when the channel is open

and Na+ ions can enter the pore, is called gating [2]. In the case of VGSCs, gating is

governed by voltage signals. The highly conserved S4 transmembrane segments

contain a motif of three positively charged amino acids (Fig. 1), which are exposed

to the intracellular surface in the resting state and move outwardly in response to

depolarization. Details on the S4 movement toward the outer face of the membrane

are currently controversial. Nonetheless, it is commonly accepted that consequen-

tial conformational changes cause the pore to open [15, 16]. Within a few

milliseconds after the channel opening, an inward Na+ current is generated and
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Fig. 1 VGSC subunit structure: VGSC a-subunit consists of four domains, I, II, III and IV, each

one developed through six a-helical transmembrane segments, S1–S6 (cylinders 1–6). S4

segments in each domain contain positively charged amino acids and function as voltage sensors.

Black solid circles represent negatively charged amino acids forming the ion selectivity loop. The

intracellular loop between domain III (S6) and domain IV (S1) closes the cytoplasmic end of the

channel pore leading to fast inactivation. P in circles and diamonds represents phosphorylation
sites by kinases. Each VGSC b-subunit displays a large extracellular immunoglobuline-like N

terminus. Reprinted with permission from [3]. Copyright 2000 Cell press
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then the channel turns into a nonconductive inactivated state by a mechanism

denominated fast inactivation. Immunohistochemical studies revealed a highly

conserved intracellular loop connecting domains III and IV of the a-subunit
(Fig. 1). Mutagenesis experiments suggest that a hydrophobic triad of amino

acids (isoleucine, phenylalanine, and methionine) present in the loop, which is

called IFM motif, play a crucial role in fast inactivation by closing the intracellular

entrance of the conductive pore (Fig. 2c). Moreover, the C terminus of the a-subunit
is likely to take part in the stabilization of the inactivated state. A number of

evidences support the existence of functional coupling between activation and

fast inactivation and indicate that the outward movement of the transmembrane

segment S4 in domain IV is most likely the signal to initiate fast inactivation. A

functionally and structurally different type of inactivation is slow inactivation. This

kinetic process occurs during either prolonged depolarizing plateaus or high fre-

quency repetitive firing and does not depend on the intracellular loop containing the

IFM motif, but involves a significant conformational change of the channel. During

slow inactivation, the channel continues to display residual conductance even at

very positive membrane potentials [17].

2.3 VGSC a-Subunit Subtypes and Their Localization

Nine functional a-subunits, indicated as Nav1.1–Nav1.9, have been cloned and

functionally expressed. SCN1A–SCN5A genes encode proteins Nav1.1–Nav1.5,

= Na+ ions
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Fig. 2 VGSC functional states: (a) VGSC a-subunit in the resting state; (b) VGSC a-subunit in
the active state, when an inward Na+ current is generated; (c) VGSC a-subunit during fast

inactivation, when the intracellular loop connecting domains III and IV closes the inner entrance

of the conducting pore. Reprinted with permission from [4]. Copyright 2010 Elsevier
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whereas SCN9A–SCN11A genes codify proteins Nav1.6–Nav1.9 (Table 1). The

expression of the various subtypes is both cell and tissue specific, and in some

cases it changes during development [4]. Nav1.6 is the main subunit expressed in

mammalian brain during adulthood, but also Nav1.1 and Nav1.2 are present in

axons and neuronal somata. Nav1.3 subunits are expressed primarily in embryonic

neurons in rodents, although they can be found in adult human brain for an extended

period after embryogenesis. Nav1.4 subunits are the main VGSC subtype expressed

in the skeletal muscle, whereas Nav1.5 subunits are located in cardiac muscle.

Finally, proteins Nav1.7–Nav1.9 are present in peripheral primary sensory afferents.

The nine a-subunits have been classified according to the dose of tetrodotoxin that

blocks them. Namely, Nav1.1–Nav1.4, Nav1.6 and Nav1.7 are tetrodotoxin-sensi-

tive (TTXs) as they are inhibited by nanomolar concentration of the toxin; con-

versely, Nav1.5, Nav1.8 and Nav1.9 are tetrodotoxin-resistant (TTXr) as they

require much higher concentrations to be blocked.

2.4 Diseases Related to VGSCs

Sodium channelopathies are inherited disorders caused by mutations in genes

encoding VGSCs, which have proven to be particularly interesting as they provide

significant insights into the physiological function of each VGSC and help

clarifying molecular processes underlying normal and malfunctioning electrical

excitability [18, 19]. Mutations in VGSC also provide medicinal chemists with

useful cues, which could be treasured for the identification of selective modulators

for different VGSC isoforms, as each channelopathy involves specific alterations

either in the expression or in the function of individual channels. On the contrary,

the present scenario urge scientists to search for specific blockers, since nonselec-

tive drugs induce undesired side effects [20]. Mutated VGSC genes have been

found both in the central (CNS) and in the peripheral (PNS) nervous systems as well

Table 1 VGSC a-subunit subtypes
VGSC a-subunit nomenclature Gene Tetrodotoxin sensitivity Major tissue expression

Nav1.1 SCN1A TTXs CNS, PNS

Nav1.2 SCN2A TTXs CNS, PNS

Nav1.3 SCN3A TTXs CNS, PNS

Nav1.4 SCN4A TTXs Skeletal muscle

Nav1.5 SCN5A TTXr Heart

Nav1.6 SCN8A TTXs CNS, PNS

Nav1.7 SCN9A TTXs PNS (SNS and PAs)

Nav1.8 SCN10A TTXr PNS (PAs)

Nav1.9 SCN11A TTXr PNS (PAs)

Nax SCN6/7A Non-functional Glia

CNS central nervous system; PNS peripheral nervous system; PAs primary afferent neurons; SNS
sensory nervous system
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as in heart, skeletal muscles and, recently, in certain types of cancer cells. Conse-

quently, a number of disorders affecting different areas of the human body and

ranging a wide spectrum of severity have been linked with mutated human VGSC

genes. The clinical manifestations of these disorders depend primarily on the

expression pattern of the mutant gene at the tissue level and the biophysical

character of VGSC dysfunction at the molecular level (Table 2).

2.4.1 Epilepsy

Growing evidences suggest that abnormal VGSCs are involved in the pathophysi-

ology of both acquired and inherited epilepsy. Hundred mutations in VGSC genes

have been identified as responsible for inherited epileptic syndromes. Most epilep-

togenic mutations lie within SCN1A (encoding the Nav1.1 a-subunit), whereas only
a few are in SCN2A (encoding the Nav1.2 a-subunit), in SCN1B (encoding the

auxiliary b1-subunit), and possibly in SCN3A (encoding the Nav1.3 a-subunit) and
SCN9A (encoding the Nav1.7 a-subunit) [4, 21–26]. Nav1.1 mutations have been

associated with generalized epilepsy with febrile seizures plus (GEFS+); they are

missense mutations and are characterized by both a loss and a gain of function,

depending on the type of cells where they are expressed [27]. Nonetheless, a loss of

function has been found as the main effect induced by Nav1.1 mutations, which

leads to decreased Na+ currents. For instance, severe myoclonic epilepsy of infancy

or Dravet syndrome (SMEI), a more serious form of epilepsy related to SCN1A
mutations, is mostly caused by Nav1.1 loss of function [28], although it also

exhibits biophysical defects due to persistent Na+ current [29]. The apparently

paradoxical link between VGSC loss of function and epilepsy could be explained

by the evidence that Nav1.1 is the predominant isoform in various types of inhibi-

tory interneurons, such as hippocampal GABAergic interneurons [30, 31]. In fact, it

is possible that malfunctioning VGSCs compromise the network inhibition by

Table 2 VGSC channelopathies

Mutated VGSC genes (subunits) Effects of channelopathies References

SCN1A (Nav1.1) Epilepsy, migraine, neuropsychiatric disorders [20, 21, 55, 82]

SCN2A (Nav1.2) Epilepsy [22]

SCN3A (Nav1.3) Epilepsy, pain [25, 40, 41]

SCN4A (Nav1.4) Myotonic syndromes [56–62]

SCN5A (Nav1.5) Cardiovascular diseases, cancer [64–66]

SCN8A (Nav1.6) Neurodegenerative diseases [73–76]

SCN9A (Nav1.7) Epilepsy, pain, cancer [26, 45–51]

SCN10A (Nav1.8) Pain, neuropsychiatric disorders [41, 45, 80, 81]

SCN11A (Nav1.9) Pain [45]

SCN1B (Navb1) Epilepsy, cardiac disorders [23, 24, 34, 70]

SCN2B (Navb2) Pain, cardiac disorders [42, 70]

SCN3B (Navb3) Cardiac disorders [43, 70]

SCN4B (Navb4) Cardiac disorders [70]
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reducing excitability of inhibitory interneurons, thus inducing epileptic seizures.

Mutations in SCN2A, found in benign neonatal familial seizure, induce a mild

clinical condition and convulsions that disappear into adulthood, in agreement

with the transient expression of Nav1.2 in myelinated axons of excitatory neurons

early during postnatal development [32]. The related symptoms are generally

associated with a decrease in channel density in the membrane, leading to a lower

magnitude of whole-cell currents [33]. Mutations in SCN1B have been the first to be

associated with GEFS+ [34]. Mutated b1-subunits are characterized by a reduced

function, which impairs their modulation of a-subunits and probably decreases the

level of channel expression in the membrane [23, 24, 34].

2.4.2 Pain

The perception of pain is a physiological process, which contributes to the mainte-

nance of body integrity as it alerts to forthcoming harms. Nociception is the

physiological system that conveys somatic information along the pain cascade

from peripheral receptors to the spinal cord and to the brain, and can discriminate

potentially damaging from innocuous stimuli. Conscious awareness of such senso-

rial signaling results into pain. Nociception is encoded by action potentials and

specific VGSC subtypes are involved in their outset and propagation [35]. Abnor-

mal expression and/or functioning of VGSCs, typical of certain inherited

channelopathies, have been linked with inflammatory or neuropathic pain

[35–37]. In contrast to inflammatory or nociceptive pain, which is caused by actual

tissue damage or potentially tissue damaging stimuli, neuropathic pain is produced

either by damage to, or pathological change in, the PNS or CNS, the system that

normally signals pain. The key role of VGSCs in pain has been empirically

confirmed by symptomatic relief in patients treated with sodium channel blockers

[38, 39], but the nonspecific nature and side effects of existing blockers have

limited their clinical utility. At least five subunits are expressed in human dorsal

root ganglion (DRG) neurons, Nav1.7, Nav1.8, Nav1.9, Nav1.1, and Nav1.3. Chronic

injury to sensory neurons triggers neuropathic pain possibly due to the upregulation

of embryonic Nav1.3 in the somata and of Nav1.8 in DRG neurons [40, 41], to an

abnormal redistribution of Nav1.8 and Nav1.9 from the somata to the peripheral

axon at the site of the lesion, and to the upregulation of b2 and b3 subunits [42, 43].
These changes induce spontaneous firing of nociceptive neurons at abnormally

elevated frequencies and from ectopic sites. Upregulation of Nav1.3 within sec-

ond-order spinal cord dorsal horn neurons and third-order thalamic neurons seem to

be involved in central neuropathic pain occurring after spinal cord injury. It is

possible that the abnormal functioning of the VGSC subunit makes the host neurons

hyperexcitable so that they act as pain amplifiers and generators [44]. There are

strong evidences that Nav1.7-1.9 contribute to inflammatory pain [45]. Nav1.7 has

recently gained particular interest in pain research as a genetic link has been found

between the VGSC subtype and certain hereditary pain disorders in humans. In

particular, dominant gain-of-function mutations in SCN9A, the gene that encodes
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sodium channel Nav1.7, cause two rare but extremely severe pain syndromes:

inherited erythromelalgia (IEM) and paroxysmal extreme pain disorder (PEPD)

[46–48]. In IEM, pain is localized to feet and hands and electrophysiological studies

have linked painful states in this disorder with hyperpolarization of the mutated

channel and to increased current magnitude. In contrast to IEM, PEPD-related pain

affects mostly rectal but also ocular and mandibular areas and has been linked with

delayed or absent inactivation of mutant channels. Congenital insensitivity to pain

(CIP), a hereditary syndrome in which affected individuals are unable to experience

pain, is characterized by recessive loss-of-function mutations in SCN9A. Notewor-
thy, CIP patients report normal sensory function, with the exception of impaired

olfaction, and do not display any motor, cognitive, sympathetic, or gastrointestinal

deficits [49–51].

2.4.3 Migraine

Familial hemiplegic migraine (FHM) is a severe autosomal dominant inherited

headache characterized by visual aura and hemiparesis during attacks [52]. A large

body of evidence indicates that cortical spreading depression (CSD) is the electro-

physiologic event underlying migraine aura and possibly leading to headache [53].

CSD is a slowly propagating wave of transient neuronal and glial depolarization

accompanied by increases in potassium ion concentrations, which can activate the

meningeal trigeminovascular system and downstream pain pathways and thus cause

headache [54]. FHM type 3 is associated with mutations in the SCN1A gene

encoding the a-subunit of Nav1.1 VGSCs [55]. The reported effects range from

gain of function to complete loss of function and the pathogenic mechanisms have

not been entirely clarified yet. Nonetheless, a current hypothesis suggests that

mutated channels engender neuronal hyperexcitability, increased neurotransmitter

release, and abnormal accumulation of extracellular potassium, contributing to

CDS and thus to migraine [52].

2.4.4 Myotonic Syndromes

Sodium channelopathies involving skeletal muscles are characterized by mutations

in SCN4A [56, 57]. Under physiologic conditions, muscular Nav1.4 channels

transform nerve stimulation into action potentials that trigger muscle contraction.

Immediately after that, the sodium channel subunits undergo fast inactivation to

prevent recurrent discharges and persistent depolarization of muscle fibers. The

majority of SCN4A mutations, typical of myotonias and periodic paralysis, are

located in regions of the Nav1.4 channels associated with fast inactivation, and

lead to an impairment of the channel ability to inactivate. Muscular disorders

associated with sodium channelopathies include paramyotonia congenita (PMC),

potassium-aggravated myotonias (PAMs), and periodic paralyses (PPs). Gain-of-

function mutations in PMC and PAMs generate either altered channel gating, which
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causes slower or incomplete inactivation, or enhanced Nav1.4 activation [58].

Interestingly, low temperatures could worsen certain types of myotonias, by

disrupting slow channel inactivation, and lead to flaccid paralysis [59, 60]. PPs

are inherited sodium channelopathies, categorized as either hyper- or hypo-kalemic

according to associated circulating potassium concentrations, which induce muscle

weakness and transient inability to move. HyperPP is characterized by a strong

depolarization leading to inactivation of Nav1.4 channels and depolarization block,

which cause paralysis. High potassium serum levels are a specific feature of

hyperPP [61]. In contrast, hypoPP loss-of-function channel mutations induce

Nav1.4 channel inactivation, by stabilizing the inactivated state [62].

2.4.5 Cardiovascular Diseases

Nav1.5, located in the sarcolemma of atrial and ventricular myocytes and the

Purkinje fibers, is the VGSC subunits responsible for the large inward depolarizing

currents (INa) occurring during phase 0 of the cardiac action potential. By doing so,

INa regulate cardiac excitability and conduction velocity of electrical stimuli

through the heart [63]. The importance of VGSC in the normal cardiac electrical

function has been accentuated by the discovery of channelopathies linked with

mutations in SCN5A, the gene encoding the cardiac Nav1.5 subunits [64, 65]. These
diseases include long QT syndrome type 3 (LQT-3), Brugada syndrome (BrS),

progressive cardiac conduction disease (PCCD), dilated cardiomyopathy (DCM),

sick sinus syndrome (SSS), atrial fibrillation (AFib), sudden infant death syndrome

(SIDS), and overlap syndromes. LQT-3 is a condition where most SCN5A
mutations typically disrupt fast inactivation of the sodium current, allowing for

sodium channels to reopen, resulting in a persistent (or sustained) inward current

during the action potential plateau phase [66]. Consequently, delayed repolarization

and action potential prolongation occurs, and early after-depolarizations may

subsequently trigger torsades de pointes and sudden death. Alternatively, certain

mutated Nav1.5 subunits less commonly cause LQT-3 through increased window

current, reduced or destabilized slow inactivation, faster recovery from inactivation

(causing increased sodium channel availability), and/or increased peak sodium

current density. BrS is a familial disorder characterized by ventricular fibrillation

sometime causing sudden cardiac death in otherwise healthy individuals at a

relatively young age. Numerous SCN5A mutations displayed by BrS patients

have been identified, most of which produce loss of function, either through

decreased trafficking and membrane surface channel expression, or through altered

channel gating properties. VGSC b-subunits are also expressed in the heart, where

they play multiple roles. Briefly, b-subunits increase the density of Na+ channels at
the cell membrane, modulate their biophysical properties, and play a role in cell

adhesion and recruitment of anchoring proteins such as ankyrins. Recently, mutated

SCN1B–SCN4B have been found in sodium channelopathies displaying phenotypic

cardiac disorders [67]. Besides being characteristic of mutated channels associated

with genetic channelopathies, cardiac VGSC dysfunctions also occur in acquired
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pathological states such as myocardial ischemia and heart failure, where they

produce conduction disturbances and ventricular arrhythmias [65]. During both

acute and chronic myocardial ischemia, local metabolic changes take place within

the myocardium, which lead to inactivation of sodium currents and to consequent

inhibition of cardiac excitability and electrical conduction. In particular, conduction

slowing is considered a pro-arrhythmic factor [68, 69]. Cardiac electrophysiologi-

cal properties, including changes in ion channels, are altered also in heart failure. In

such condition, VGSC impaired functioning is part of a complex pathological

network and may contribute to arrhythmogenesis by different pathways. For

instance, sodium channel inability to inactivate, arising during heart failure, induces

persistent sodium inward currents during zero phase, which may delay repolariza-

tion, prolong action potential duration, and alter intracellular sodium and calcium

homeostasis, potentially predisposing to arrhythmogenesis [70]. In addition to

increased inward current, loss of cardiac VGSCs may occur during heart failure,

generating conduction slowing and ventricular reentrant arrhythmias [71].

2.4.6 Neurodegenerative Diseases

VGSCs have been proposed to play a role in processes involving either acute or

progressive neuronal loss, typical of stroke, ischemia and neurodegenerative

diseases such as amyotrophic lateral sclerosis (ALS), multiple sclerosis (MS),

Parkinson disease (PD), and Huntington disease (HD) [72, 73]. It was hypothesized

that in all those cases, characterized by a decreased energy supply, causing

impaired activity of Na+/K+-ATP-depending pumps and membrane depolarization,

there may be a greater persistent Na+ conductance, most likely mediated by Nav1.6

subunits. Na+ overload inside the axon, combined to K+ efflux, may lead to Ca2+

accumulation via reversal of the Na+/Ca++ exchanger, thus triggering a pathogenic

cascade, which ends with axonal injury and eventually with neuronal loss. An

increase in the persistent Na+ conductance, operating at rest in motor axons, is

likely to contribute to the peripheral hyperexcitability in ALS, leading to the typical

symptoms of cramps and fasciculations, and possibly causing abnormal glutamate

release, which may have a major role in neurodegeneration [74, 75]. Moreover,

VGSCs (in particular Nav1.5 and Nav1.6) are upregulated in activated microglia

and microphages in models of autoimmune and inflammatory disorders, such as

MS, and might be involved in the phagocytic ability or contribute to the migration

of those cells, thus playing a role in the propagation of the inflammatory cascade

[76, 77].

2.4.7 Psychiatric Disorders

VGSC blockers have displayed beneficial effects in the treatment of various

psychiatric disorders such as bipolar depression (BD) and borderline personality

disorder (BPD) [78, 79]. Lately, mutated sodium channels have been found in
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patients suffering from certain psychiatric conditions, although those studies need

to be confirmed by the analysis of a higher number of individuals. Preliminary data

suggest that mutations in SCN8A may result in motor and cognitive deficits of

variable expressivity and that SCN8A may be a potential susceptibility gene for

bipolar disorder [80, 81]. Results from a recent study, carried on with subjects

suffering from Dravet syndrome, a severe form of epilepsy often caused by

mutations of SCN1A gene, are consistent with the hypothesis that SCN1Amutations

can be responsible not only for epilepsy, but also for early and progressive severe

mental impairment [82].

2.4.8 Cancer

Over the past decade, VGSCs have been reported to be involved in various types of

cancer, such as breast cancer, prostate cancer, small and nonsmall cell lung cancer,

lymphoma, mesothelioma, neuroblastoma, and cervical cancer [83, 84]. In particu-

lar, remarkable functional expression of VGSCs has been found in cancer cells with

strong metastatic potential. For instance, Nav1.5 subunit is highly expressed in

human metastatic breast cancer cells [85]. The activity of that subunit is thought to

enhance tumor invasiveness due to increased cysteine cathepsin activity [86]. A

different VGSC subunit, Nav1.7, is highly expressed in prostatic cancer, where it

contributes to the metastatic cascade by potentiating cell migration [87, 88]. The

functional expression of VGSCs might be an integral component of the metastatic

process in both human small and nonsmall lung cancer cells, probably through their

involvement in the regulation of intracellular sodium homeostasis [89, 90]. In

summary, VGSCs could serve in cancer research both as novel markers of the

metastatic phenotype and as potential new therapeutic targets.

3 Advances in the Development of Sodium Channel Blockers:

A Few Introductory Lines

Many of the most common neurological disorders, such as epilepsy, migraine,

neurodegeneration, and chronic pain, involve abnormalities in neuronal

excitability. VGSCs play a fundamental role in originating the rising phase of cell

membrane action potential and many experimental data indicate that the functional

VGSCs could be implicated in the pathogenesis and/or the progression of such

disorders. VGSC-interfering drugs have been used for decades to treat epileptic

seizures, the most common disease related to abnormal neuronal excitability, and it

has become evident that VGSC blockers could also be beneficial in the therapy of a

broad range of disorders.
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3.1 As Antiepileptic Drugs

Epilepsy is a very common neurological disease that affect about 0.5–1.0% of

worldwide population [91]. It consists of a disorder of neuronal excitability,

characterized by episodes of excessive synchronized neuronal activity. Electroen-

cephalograms from patients suffering from epileptic disorders reveal two types of

anomalous activity: interictal events, which are short asymptomatic episodes recur-

ring periodically between seizures and consist of periods of relative inactivity, and

ictal discharges, which are protracted abnormalities in neuronal activity [92]. Both

ictal and interictal discharges are characterized by sustained firing of Na+-depen-

dent action potentials riding on a slow depolarized potential, mainly generated by

synaptic ligand-gated cation currents [92]. It is possible to distinguish epilepsies

based on the entity of seizures. In generalized seizures, the origin is in both

hemispheres, while focal seizures involve only a portion of the brain, in particular

structures in the temporal or frontal lobes. Current pharmacological approaches to

the treatment of epilepsy try to control seizures, the major symptom of this

pathological condition. Antiictogenic pharmacostrategies can free patients with

established epilepsy from seizures, but in approximately one-third of all cases

seizures cannot be controlled [93, 94]. In particular, voltage-gated ion channels

are of great importance as targets for antiictogenic drugs. Sodium and calcium

channels, in fact, regulate firing of action potentials and contribute to the paroxys-

mal depolarization shift, and they also regulate neurotransmitter release that is

required for synaptic transmission [95].

3.1.1 VGSC Blockers for Epilepsy (AEDs)

The block of sodium channel currents is the most common and well-characterized

mechanism of action of currently available AEDs. These drugs prevent the return of

the channels to the active state by stabilizing the inactive form. The presynaptic and

postsynaptic blockade of axonal sodium channels stabilizes neuronal membranes,

blocks or prevents the potentiation of the electrical signal propagation, limits the

maximal seizure activity and reduces the spread of seizures. The most used AEDs

inhibit VGSCs at therapeutic concentrations; their capability to attenuate Na+

currents is thought to be the main mechanism underlying their therapeutic efficacy

[95]. All the drugs proposed for the therapy are potentially effective in the maximal

electroshock seizure test, a model of tonic-clonic seizures that assesses the ability of

AEDs to suppress seizures induced in normal rodents by electrical stimuli, and/or

they are potentially effective in pentetrazol-treated rodents, a model used to identify

drugs that are efficacious for absence seizures.

Phenytoin (Fig. 3): since its introduction in clinical practice, more than 70 years

ago, phenytoin has been the major VGSC-specific AED in the treatment of partial

and secondary generalized seizures. Its ability not to interfere with normal cogni-

tive function conferred great importance to this drug in the treatment of epilepsies
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[95]. Phenytoin is a weak blocker of VGSCs at hyperpolarized membrane potentials

and low rates of channel activation, but its inhibitory action is greatly enhanced by

sustained membrane depolarization and during high frequency channel activity

[96]. As experimentally demonstrated, closed VGSCs, which are predominant at

hyperpolarized membrane potentials, have a low affinity for phenytoin, whereas

inactivated channel states, which are prevalent at depolarized holding potentials

and during high frequency channel activation, bind phenytoin in low micromolar

range [95, 96]. Voltage-dependent and frequency-dependent inhibition suggests a

basis for the ability of phenytoin to suppress seizures while having minimum effects

on cognition. According to this hypothesis, phenytoin only weakly suppresses Na+

currents during the intervals between seizures, in which neurons depolarize tran-

siently and fire single or short bursts of action potentials. Otherwise, during

seizures, neurons have prolonged discharges of action potentials riding on sustained

depolarizing episodes, which is the optimum condition for phenytoin inhibition of

VGSC activity.

Carbamazepine (Fig. 3): carbamazepine, similar to phenytoin, inhibits VGSCs in

a voltage-dependent and frequency-dependent manner at clinically relevant

concentrations and it is one of the major AED for partial seizures and generalized

tonic-clonic seizures but it is not effective against absence seizures [95]. The main

mode of action of carbamazepine is to block sodium channels during rapid, repeti-

tive, sustained neuronal firing. Hence, this drug might be more effective than

phenytoin at inhibiting seizures characterized by relatively brief depolarizing shifts;

this could explain the better responses of certain patients to phenytoin while others

are more effectively treated with carbamazepine.
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Zonisamide (Fig. 3): zonisamide is chemically unrelated to any of the other

AEDs. It was approved in the USA for the treatment of partial seizures in adults.

The principle mechanism of action of zonisamide seems to be the block of the

repetitive firing of VGSCs and the reduction of the T-type calcium currents. It is

effective not only in adult focal epilepsies, but also it may represent an option in the

difficult-to-treat epilepsy syndromes. Moreover, its favorable pharmacokinetic

characteristics and its broad range of mechanism of action turns zonisamide into

an important tool in combined therapy with other AEDs [95, 97].

Valproate (Fig. 3): valproate is an AED introduced in the 1970s, which has an

exceptionally broad range of anticonvulsant efficacy: it is effective against partial

and generalized tonic-clonic seizures, absence seizures, and myoclonic seizures

[98]. The mechanism of action of valproate remains undefined, but it is evident that

VGSCs are among the brain targets hit by the drug [98].

Lamotrigine (Fig. 3): lamotrigine represents an effective treatment for partial

and generalized tonic-clonic seizures and also for the management of absence

attacks in primary generalized epilepsies [95]. As for phenytoin, the demonstrated

efficacy of lamotrigine in clinical practice is primarily due to its ability to block

both in a voltage-dependent and in a frequency-dependent manner the VGSCs.

However, its effectiveness cannot depend only on VGSC inhibition, but its capa-

bility to manage absences is probably due to its action on different targets [99, 100].

Topiramate (Fig. 3): topiramate is characterized by a phenytoin-like profile in

maximal electroshock seizure and pentetrazol tests, and it presumably acts by

depressing sustained repetitive firing and voltage-gated Na+ currents [101]. How-

ever, topiramate antiepileptic effects may not depend exclusively on VGSCs

blockade and it probably exerts its effect by others mechanisms, comprising the

interaction with excitatory amino acid transmission [102, 103].

Riluzole (Fig. 3): riluzole was at first developed as an AED but approved for the

treatment of amyotrophic lateral sclerosis. Its mechanism of action is most likely

related to its antiglutamatergic properties; however, this drug has also been

characterized as a classic VGSC blocker [104].

Lacosamide (Fig. 3): lacosamide is effective in patients with uncontrolled partial

seizures and demonstrates an important efficacy in controlling seizure activity in

several in vivo and in vitro models of epilepsy [105]. Lacosamide inhibits VGSCs

by enhancing channel slow inactivation [106]. Voltage-clamp experiments have

also revealed that this drug decreases the frequency of both inhibitory and excit-

atory postsynaptic currents without influencing membrane passive properties [107].

Therefore, lacosamide targets VGSCs, although with a different mechanism respect

to phenytoin and carbamazepine.

3.2 As Pain-Relieving Drugs

Pain is a complex sensory phenomenon characterized according to duration (acute

or chronic), intensity (mild, moderate, or severe), and type (nociceptive,
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inflammatory, or neuropathic) [108, 109]. Chronic neuropathic pain may derive

from a previous nerve or tissue damage or may have unknown etiology and seems

to have no apparent utility [110–112]. Neuropathic pain occurs, at least, as a result

of primary lesion or chronic dysfunction in PNS or CNS pathways. It becomes a

pathophysiological condition that may persist indefinitely, also in absence of tissue

damage or noxious input, and can manifest as hyperalgesia (increased sensitivity to

normally painful stimulus) or allodynia (pain resulting from a normally sub-thresh-

old physical stimulus) [113]. In other words, neuropathic pain is associated with

severe painful sensory responses to innocuous or acute pain stimuli as well as to a

painful sensation, often of long duration, with no particular trigger [111, 114, 115].

The most common forms of neuropathic pain have been not clearly understood;

nonetheless they seem to involve important remodeling of pathways in both PNS

and CNS [110, 111, 116]. In particular at the beginning of pain sensation, peripheral

primary sensory afferent nerves are involved; specifically, those are medium-sized

thinly myelinated Ad-fibers and small unmyelinated C-fibers, which have their

bodies in the dorsal root ganglia (DRG), that finally interface with the CNS

[117]. DRGs are connections located in the spinal column, they comprise the cell

body of sensory neurons which dendrites are situated in the skin, muscles, tendons,

joints, and internal organs. These afferent fibers are responsible of sensation as

touch, stretching, temperature, and pain [118]. Considering that chronic pain affects

about 1.5 million people worldwide and that despite the numerous treatment

options it is very difficult to practically achieve its handling, the possibility to

discover new treatments for neuropathic pain represents a great challenge. In fact,

to date, opioids are the best solution for the management of these syndromes;

nevertheless, their use in long-term therapy is not a suitable choice due to their

abuse potential and the wide range of side effects comprising low safety margins

[111, 119, 120]. It has been established that sodium channels are essential for the

capacity of DGR to transmit pain sensations. In fact, DRG neurons are

characterized by a complex pattern of sodium currents: they express both TTX-R

and TTX-S sodium currents characterized by a mixture of channels with slow and

fast kinetics [121]. As a consequence to trauma or injury these neurons exhibit

abnormal spontaneous activity and increased responses to a large variety of noxious

stimuli. Consistent data support the fact that hyperexcitability and spontaneous

firing are mediated by VGSCs.

3.2.1 VGSC Blockers for Neuropathic Pain

The current efforts to promote the use of sodium channel blockers in the treatment

of neuropathic pain translate the merging of multiple advances in related scientific

understanding. In fact, historically local anesthetics were used systemically to

alleviate pain since 1944 and phenytoin was employed for trigeminal neuralgia in

the early 1950s [122, 123]. In 1962 it was reported, for the same pathology, the use

of the anticonvulsant carbamazepine [124]; although only in 1975 a common

mechanism of action for these drugs, involving their ability to block sodium
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channel currents, was recognized [125]. From early 1980s, it was demonstrated that

sodium channel blockade contributes to the efficacy of amitriptyline and other

tricyclic antidepressant used to treat pain [126–128], and the use of sodium channel

blockers became a great focus of attention for the treatment of neuropathic pain

[129–131]. Sodium channel blockers have currently been included not only in

therapies controlling surgical pain, but they are also employed for the management

of chronic pain conditions. In fact, there are several experimental evidences

concerning the capacity of LA, tricyclic antidepressant and other sodium channel

blockers to relieve neuropathic pain [132–136]. Anticonvulsant, antiarrythmics,

LAs and tricyclic antidepressants are currently used to treat this pathology, by the

virtue of their ability to modulate VGSCs. All the drugs currently used are sodium

channel antagonists with analgesic properties acting as state-dependent blockers.

Their actual efficacy is, to date, under investigation due to their low tolerability and

to the numerous adverse effects observed. In fact, all the available sodium channel

blockers used to treat chronic pain have shown severe tolerability limitations: the

off-target adverse effects of these drugs made very narrow their therapeutic margin

causing CNS liabilities as seizures, ataxia, confusion and sedation. For example,

phenytoin is associated with rash, gingival hypertrophy, horizontal nystagmus, and

teratogenicity, while carbamazepine can produce bone marrow suppression and

tocainide can provoque bone marrow suppression and pulmonary fibrosis so it is no

longer marketed in US. Mexiletine is poorly tolerated due to induced gastrointesti-

nal upset and the sedative and anticholinergic side effects of tricyclic antidepressant

can limit their therapeutic use. As a consequence to that, to maintain plasma

therapeutic levels of sodium channel blockers a medical follow-up and often

titration are necessary. Hereafter are presented the most interesting compounds

recognized as useful drugs in the treatment of several chronic pain conditions.

Lamotrigine (Fig. 3): lamotrigine is clinically used for the treatment of epilepsy,

schizophrenia, bipolar disorder and Huntington’s chorea, and it is under evaluation

for the treatment of neuropathic pain even if with often diverging results. For

instance, a 2006 clinical trial, involving patients with neuropathic pain induced

by chemotherapy did not show a significant difference between drug and placebo

efficacy but, in a previous study, conducted in 2001 on patients suffering from

diabetic neuropathy, lamotrigine showed a remarkable efficacy in pain control

[137]. Again, in a similar study involving patients with spinal cord injury-induced

neuropathic pain, lamotrigine was ineffective. In 2000 lamotrigine was used to treat

HIV-associated neuropathy and it was effective only on patients exposed to neuro-

toxic antiretroviral therapy [138]. Lamotrigine was also effective in the treatment of

post-stroke pain [139].

Topiramate (Fig. 3): topiramate has been used for the treatment of epilepsy,

schizophrenia, bipolar disorder, and migraine. Recently, it has produced unclear

results in the treatment of neuropathic pain; in particular, the results obtained from

studies on diabetic neuropathy were not encouraging [140]. The most important

drawback for the use of topiramate in the treatment of neuropathic pain is its broad

and severe side effects such as dizziness, ataxia, speech disturbance, and visual

impairment [140].
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Ralfinamide (Fig. 4): while the ability of ralfinamide as analgesic is still under

investigation, the result obtained in animal models for neuropathic pain is encour-

aging [141].

Lidocaine (Fig. 4): lidocaine is a local anesthetic of wide use and its intravenous

injection has proven to be effective in reducing neuropathic pain [142] and diabetic

pain [143]. It was also demonstrated that subcutaneous injection of this drug

reduces cancer-related neuropathic pain in patients, who are insensitive to opioid

treatment [144]. It is also important to highlight phenomenon that occurs in patients

treated systemically with lidocaine. After brief exposures to the drug, patients

report days or even weeks of pain relief. This observation is supported by data

from animal models [133, 134].

Oxacarbazepine (Fig. 4): oxacarbazepine is a derivative of carbamazepine useful

in the treatment of trigeminal neuralgia and diabetic neuropathies [145, 146].

Nevertheless, it seems to lack the severe side effects typically induced by carba-

mazepine; in fact, oxacarbazepine was developed to avoid hepatic enzyme induc-

tion while retaining anticonvulsant activity of carbamazepine [146, 147].

Amitriptyline and tricyclic antidepressants (TCAs) (Fig. 4): amitriptyline is a

TCA recently used for neuropathic pain by virtue of its capability to block sodium

channels [148]. It was demonstrated the drug capacity to relief patients from

diabetic neuropathy and postherpetic neuralgia [135, 149, 150]. Moreover, a large

number of TCAs are commonly used in the treatment of neuropathic pain and other

chronic pain states [135, 151]. They bind, similar to LAs, to the inactivated state of

VGSCs, although experimental evidences demonstrated that there are differences

between the two classes of drugs to relieve pain [148].

Lacosamide (Fig. 3): lacosamide is a new anticonvulsant, which is thought to

bind to a novel site of action that enhances slow inactivation. Lacosamide displays

enhanced channel inhibition, and it has provided promising results in the treatment

of painful diabetic peripheral neuropathy [106].
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A-803467 (Fig. 4): is a subtype selective blocker of Nav1.8 discovered by

Abbott and Incagen [152]. In vivo, this compound reduces spontaneous and evoked

firing of spinal dorsal horn neurons in spinal nerve ligated rats [153]. A-803467 is

able to reduce pain in several animal models. The observation that this compound

do not significantly alter motor coordination may provide the first experimental

evidence that a subtype selectivity would translate into safer sodium channel

blockers.

3.3 For the Treatment of Other Diseases

3.3.1 Migraine

As specified above, FHM3 is a rare subtype of FHM due to a mutation in SCN1A,

the gene encoding for the voltage-gated NaV1.1 channel [19, 154–156], and some

sodium channels blockers (i.e., topiramate, carbamazepine, and lamotrigine) seems

to be efficacious in the treatment of migraine, reducing aura and migraine attacks

(Fig. 3) [4, 157, 158]. Nevertheless, the mechanism of action of these drugs in the

treatment of this disease has to be clarified.

3.3.2 Myotonic Syndromes

Mutations in the gene encoding COC-1, a chloride channel, together with mutations

in SCN4A, the gene encoding the a-subunit of the skeletal muscle sodium channel

NaV1.4 seem to be involved in the physiopathology of myotonic dystrophy

[159–162]. At the moment it is impossible to cure the cause of the disorder and

only symptomatic treatments are available, such as sodium channel blockers, that

reduce the excitability of the cell membrane. Nevertheless, these drugs, such as

procainamide, tocainide, mexiletine, flecainide, and phenytoin are not selective

toward the NaV1.4 VGSC isoform, and they could have serious side effects (Figs. 3

and 4) [163, 164]. Instead, several studies suggest that mexiletine is the agent of

choice in the treatment of nondystrophic myotonia, even if its use is restricted by

the side effects on cardiac functions, on the CNS and on the hematopoietic system

[165–167]. Considering that sodium channels on cardiac and skeletal muscle tissues

are different, there is the possibility to design use-dependent sodium channel

blockers that preferentially block skeletal muscle isoforms. Many efforts have

been made to develop this class of molecules but, so far, it has been impossible to

obtain a pharmacological differentiation, even by synthesizing compounds more

potent than mexiletine in vitro [168]. Similar, flecainide, an IC class antiarrythmic,

improves myotonia, still retaining the same side effects observed for mexiletine.

However, the drug seems useful in situations where mexiletine is less efficient

[169–171]. Also, tocainide is among the few drugs clinically used for the symp-

tomatic treatment of muscle hyperexcitability in myotonic syndromes, but with the
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well-known side effects of this class of drugs [172, 173]. Several tocainide analogs

were designed and synthesized to obtain novel potent voltage- and use-dependent

skeletal muscle sodium channel blockers, also with the aim of identifying the

structural requirements for ameliorating the therapeutic profile [174–177].

3.3.3 Cardiovascular Diseases

The ideal Na+ blocker for the treatment of cardiac diseases should interact selec-

tively with the NaV1.5 isoform but, unfortunately, the sodium channel blockers in

clinical use are neither isoform nor even channel selective [82, 178]. For example,

class I antiarrhythmics, such as quinidine, procainamide, and disopyramide (class Ia

agents) as well as lidocaine, mexiletine, tocainide and phenytoin (class Ib agents)

and encainide, flecainide, moricizine, and propafenone (class Ic agents) are poten-

tially pro-arrhythmic and with many other side effects due to their nonselective

action, thus resulting contraindicated in several diseases (i.e., encainide is no longer

used) (formulas of these molecules are reported in Figs. 3–6).

KC12292 (Fig. 7) is a thiadiazole derivative with antiischemic properties in the

early stages of development [179]. This compound inhibits the inward peak INa also

by inducing a reduction of the sustained component (or slowly or noninactivating)

of sodium current [180]. These characteristics distinguish KC12291 from conven-

tional VGSC blockers with no cardioprotective properties, making this molecule

particularly promising for the treatment of ischemic conditions [181].

Ranolazine, approved in the USA by the FDA in 2006, is a new drug useful for

the treatment of chronic angina pectoris in patients with ischemic heart disease

[182, 183] (Fig. 7). It reduces the late INa and, consequently, it affects the sodium-
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dependent calcium channels, reducing calcium uptake via the sodium/calcium

exchanger [184–187]. But ranolazine is only weakly potent against the persistent

sodium current and it is poorly selective versus several potassium channels and, for

these reasons, it is possible to suppose a combination of effects for this drug [188].
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In contrast, F15845 is a benzoxathiepine derivative in phase II clinical trials for

the treatment of angina that blocks selectively the sodium current (Fig. 7) [178,

189]. Moreover, it exerts short- and long-term cardioprotection after myocardial

infarction and, at pharmacologically active doses, F15845 does not affect peak Na+

current in normal polarized myocytes. This feature clearly distinguishes this

promising compound from the commercially available NaV1.5 blockers, as class I

antiarrhythmics [188, 189].

RSD1235 (Vernakalant, Fig. 7) is a novel antiarrhythmic drug currently in

clinical trials for the acute conversion of atrial fibrillation [190]. It achieves action

potential interference through blockade of sodium and potassium currents, also

having only minimal effects on ventricular repolarization at therapeutic

concentrations [191, 192].

AZD7009 is a mixed ion channel blocker, acting on potassium and sodium

currents, with electrophysiological effects predominantly on the atrial tissue

(Fig. 7) [193].

3.3.4 Neurodegenerative Diseases

VGSCs are probably involved in the neurodegeneration that occur in several

diseases, such as multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS),

Huntington, Parkinson, and Alzheimer disease.

Patients with MS often show both positive (pain and dysesthesia) and negative

(paresis, ataxia, and hypesthesia) symptoms [194, 195]. Lidocaine and mexiletine

are able to block the positive symptoms of MS, blocking Na+ channels in a voltage-

and frequency-dependent manner, thus acting selectively on fibers that mediate

positive symptoms (Figs. 4 and 5) [196]. Moreover, several clinical trials regarding

neuroprotection using VGSC blockers are under way; in particular, riluzole,

topiramate, and lamotrigine are under investigation (Fig. 3) [197–199].

The mechanism leading to selective degeneration of motor neurons in ALS are

far from being understood, but several hypotheses have been proposed, including

altered functionality of VGSCs [200]. Riluzole is the drug used to treat ALS and it

preferentially blocks TTX sensitive VGSCs, whose abnormal function is associated

with damaged neurons (Fig. 3) [201, 202]. It seems that riluzole also exhibits a

neuroprotective action in a model of Parkinson’s disease in the rat [203]. This

pathology is a degenerative disorder of the central nervous system that often

impairs the sufferer’s motor skills, speech, and other functions [204]. Other inter-

esting sodium channel blockers in clinical trials for the treatment of this disease are

remacemide and safinamide (Fig. 8) [205–207]. Another progressive neurodegen-

erative disorder is Huntington’s disease, characterized by loss of muscle coordina-

tion, cognitive decline, and dementia [208]. Remacemide seems to improve motor

function also in this pathology [209]. Finally, there are many evidences that b-
subunits of VGSCs are sequentially processed by b-site amyloid precursor protein-

cleaving enzyme (BACE1) and g-secretase, and these results may provide new

insights into the underlying pathology of Alzheimer disease [210].
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3.3.5 Psychiatric Disorders

Several compounds among the anticonvulsant class have played a major role in

therapeutic approaches to bipolar illness and other psychiatric disorders such as

schizophrenia [95, 211, 212]. As specified in Sect. 2.4.7, genes encoding for

different VGSCs seems to have a role in BPD and other psychiatric disorders;

nevertheless, it is very difficult to believe that the block of sodium channels

expressed in key regions of the limbic system is the only mechanism of action of

these drugs and other candidate mechanisms should be explored [211].

Carbamazepine and lamotrigine are the only sodium channel blockers with a

FDA indication for the treatment of psychiatric disorders (Fig. 3) [213]. In particu-

lar, carbamazepine was approved as a treatment for acute mania and depression in

2004, while lamotrigine has been approved as maintenance treatment of BPD and

they seem also be efficacious for neuroleptic-resistant schizophrenia [214–218].

Other sodium channel blockers, such as oxcarbazepine, topiramate, and zonisamide

stabilize mood in bipolar and schizoaffective disorders (Figs. 3 and 4) [219–222].

Finally, a Newron compound having sodium channel blocker properties, NW-3509,

showed efficacy in a broad spectrum of rodent models of psychosis, mania, depres-

sion, and aggressiveness. Used in combination with current antipsychotics, NW-

3509 may improve their efficacy allowing a decrease of both their dosage and side

effects [223].

3.3.6 Cancer

Cancers are among the leading causes of death in the world, arising from genetic

alterations and/or epigenetic changes [224–226]. At the moment, the therapeutic

strategies available include the excision of the primary tumor, when cancer is at an

early stage, followed by chemo- and/or radiotherapy. Nevertheless, this strategy is

often not decisive, and it can lead to a reemergence of tumors after some years,

followed by the develop of secondary tumors [84, 227]. This evolution is due to a

process named “metastatic cascade,” in which cancer cells enter blood or lymph

circulation and invade distant site, thus forming secondary tumors.

The ion channels are new attractive targets studied for cancer therapy and, in

particular, VGSCs, that have been shown to be involved in different aspects of the
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carcinogenic process, such as cell proliferation, resistance to apoptosis, cell migra-

tion or invasiveness [83, 84, 228, 229]. In fact, the expression of these channels is

often altered in human cancers, as demonstrated by the biopsies of many epithelial

tumors, where an overexpression of VGSCs has been found [230–233].

The use of VGSC blockers in the treatment of cancer appears to be very

promising, especially considering the advantages of this therapy. In fact, they

often act extracellularly, thus having limited metabolic effects and allowing an

easier calibration of the treatment, together with an easier ability to test different

structures in vitro [83]. Some examples of sodium channel inhibitors proven to

affect tumor progression are the neurotoxin TTX that inhibits cell invasion in vitro

in breast and prostate cancer cell lines, and phenytoin and a-hydroxy-a-
phenylamides (Figs. 3 and 8), useful to treat prostate cancer by inhibiting cell

proliferation [234–239]. However, it is difficult to imagine the use of an existing

sodium channel blocker to treat cancer, because many of them (i.e., anticonvulsants

or antidepressants) can cross the blood–brain barrier and almost all the small

molecules so far known do not have selectivity between the different isoforms,

thus causing many side effects. The main goal for the treatment of cancer by using

sodium channel interfering drugs will be the discovery of new subtype-specific

blockers, especially acting on the NaV1.5 or NaV1.7 isoforms, thus able to treat the

disease though avoiding the occurrence of undesired side effects.

4 Conclusion

As indicated in the chapter, there is a wide range of VGSC pathologies, caused by

mutations in sodium channel genes, bringing to altered function of membrane ion

channels. The VGSC blockers, historically used to treat epilepsy, are now

employed also for the treatment of other diseases, although with the consequence

of many adverse side effects. As a matter of fact, these drugs are not able to

discriminate between different channel subtypes, due to a high degree of sequence

homology between them. Nevertheless, it has been proved that AEDs do not have

serious side effects, for example, on the heart, and this is due to the existence of a

state- and use-dependent block caused by certain small VGSC blockers. The design

and synthesis of selective molecules will increase the therapeutic utility of VGSC

modulators, especially considering that it is now possible to associate channel

subtype mutations to specific disorders (i.e., NaV1.5 in cardiac dysfunctions,

NaV1.7 in pain). In the last years, many new molecules have been designed with

the aim to obtain subtype selective VGSC blockers, and to avoid the side effects

affecting the safety profiles of nonselective drugs. Some among those compounds

are now in clinical trials for the treatment of various disorders.

Certainly, Accademia and pharmaceutical industry have a great degree of

interest in the search of new VGSC blockers, as demonstrated by the huge number

of articles and patents published on this topic. In fact, it is now clear that VGSC

modulators are endowed with an enormous and multifarious therapeutic potential.
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189. Vacher B, Pignier C, Lètienne R, Verscheure Y, Le Grand B (2009) F 15845 inhibits

persistent sodium current in the heart and prevents angina in animal models. Br J Pharmacol

156:214–225

190. Finnin M (2010) Vernakalant: a novel agent for the termination of atrial fibrillation. Am J

Health Syst Pharm 67:1157–1164

191. Orth PMR, Hesketh JC, Mak CKH, Yang Y, Lin S, Beatch GN, Ezrin AM, Fedida D (2006)

RSD1235 blocks late INa and suppresses early afterdepolarizations and torsade de pointes

induced by class III agents. Cardiovasc Res 70:486–496

112 V. Zuliani et al.



192. Savelieva I, Camm J (2008) Antiarrhythmic drug therapy for atrial fibrillation: current anti-

arrhythemic drugs, investigational agents and innovative approaches. Europace

10:647–665

193. Goldstein RN, Christion C, Carlson L, Waldo AL (2004) AZD 7009: a new antiarrhythmic

drug with predominant effect on the atria effectively terminates and prevents reinduction of

atrial fibrillation and flutter in the sterile pericarditis model. J Cardiovasc Electrophysiol

15:1444–1450

194. Osterman PO, Westerberg CE (1975) Paroxysmal symptoms in multiple sclerosis. Brain

98:189–202

195. Clifford DB, Trotter JL (1984) Pain in multiple sclerosis. Arch Neurol 41:1270–1272

196. Sakurai M, Kanazawa I (1999) Positive symptoms in multiple sclerosis: their treatment with

sodium channel blockers, lidocaine and mexiletine. J Neurol Sci 162:162–168

197. Bechtold DA, Miller SJ, Dawson AC, Sun Y, Kapoor R, Berry D, Smith KJ (2006) Axonal

protection achieved in a model of multiple sclerosis using lamotrigine. J Neurol

253:1542–1551

198. Kapoor R (2006) Neuroprotection in multiple sclerosis: therapeutic strategies and clinical

trial design. Curr Opin Neurol 19:255–259

199. Comi G, Filippi M (2005) Clinical trials in multiple sclerosis: methodological issue. Curr

Opin Neurol 9:220–229

200. Pieri M, Carunchio I, Curcio L, Mercuri NB, Zona C (2009) Increased persistent sodium

current determines cortical hyperexcitability in a genetic model of amyotrophic lateral

sclerosis. Exp Neurol 215:368–379

201. Song JH, Huang CS, Nagata K, Yeh JZ, Narahashi T (1997) Differential action of riluzole on

tetrodotoxin-sensitive and tetrodotoxin-resistant sodium channels. J Pharmacol Exp Ther

282:707–714

202. Miller RG, Mitchell JD, LyonM, Moore DH (2007) Riluzole for amyotrophic lateral sclerosis

(ALS)/motor neuron disease (MND). Cochrane Database Syst Rev. doi:10.1002/14651858.

CD001447.pub2 DOI:dx.doi.org
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Abstract This article highlights the development of potassium channel blockers
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Abbreviations

AERP Atrial effective refractory period

APD Action potential duration

CHO Chinese hamster ovary

ERP Effective refractory period

HEK Human embryonic kidney

IKr Rapid delayed rectifier potassium channel currents

IKur Ultrarapid delayed rectifier potassium current

IUPHAR International union of basic and clinical pharmacology

TdP Torsades de pointes

VERP Ventricular effective refractory period

1 Introduction

Potassium channels, encoded by more than eighty genes, are one of the most

diverse classes of cell membrane proteins that modulate cell membrane potential

and excitability. Potassium channels are responsible for various neurological, car-

diovascular, and other physiological processes. According to the International

Union of Basic and Clinical Pharmacology (IUPHAR) criteria, potassium channels

can be divided into four superfamilies, including voltage-gated potassium channels

(Kv) [1], calcium-activated potassium channels (KCa) [2], inwardly rectifying

potassium channels (Kir) [3], and two-pore domain potassium channels (K2P) [4].

The structures for the four potassium channel superfamilies are distinct. Kv and

KCa channel families often possess six transmembrane domains (6-TM) and could

be further subdivided into several conserved gene families. Kv channels are com-

posed of Kv1, Kv2, Kv3 and Kv4 subunits that corresponding to four genes named

Shaker, Shab, Shaw, and Shal, respectively, the silent Kv5, Kv6, Kv8, Kv9 subunits,

namely KCNQ channels (Kv7), as well as the eag-like (Kv10–Kv12) subunits [5],
while KCa channels are designated into BKCa, IKCa, and SKCa subfamilies [2]. Kir

channels contain four transmembrane regions (4-TM) that possess the property of

inward rectification, which was evoked by hyperpolarizations from the potassium

equilibrium potential and was responsible for the membrane potential and the

potassium ion transportation across membranes [3]. The K2P channel family is

structurally distinct in which each subunit contains two pore-forming domains and

four transmembrane segments. K2P channels could be modulated by many physio-

logical and chemical factors, and play a crucial role in setting the resting membrane

potential and regulating cell excitability [4].

Among the four superfamilies potassium channels, voltage-gated potassium

channels (Kv) expressed in both excitable cells and nonexcitable cells play key

roles in the maintenance of cell action potential in cardiac myocytes. They are
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usually closed at the resting potential of the cell, and opened on membrane

depolarization, and are involved in the repolarization of the action potential and

thus the electrical excitability of cardiac myocytes.

2 Biological Characterization of Potassium Channel Subtypes

That Involved in Arrhythmic Diseases

The first crystallographic data of potassium channels was resolved on bacterial

KcsA channel reported by R. MacKinnon who was honored for Nobel Prize in

the year 2005 [6]. After that, the three-dimensional structures of calcium-activated

potassium channel MthK [7], inwardly rectifying potassium channels KirBac [8],

and voltage-gated potassium channels KvAP [9] and Kv1.2 [10] have been reported.
To our knowledge, Kv1 (shaker) family channels have been extensively studied

for their biological characteristics and electrophysiological features since they

could be easily expressed in tool cells such as Chinese Hamster Ovary (CHO)

or Human Embryonic Kidney (HEK). Taking Kv1.2 potassium channel as an

example, mammalian Kv channels could be divided into three parts: extracellular

region, membrane region, and cytoplasm region. In the extracellular and membrane

region, Kv channels are assembled by the interactions of four identical or distinct

a-subunits, which constituted to the pore forming of the channel. The cytoplasm

region contains an auxiliary b-subunit that modified the functions of the pore-

forming a-subunits as well as the T1 auxiliary region, SH3 binding domain, ball

peptide, and other functional domain [11]. In shaker family Kv channel, one a
subunit contains three parts. The core region is constituted of six transmembrane

domains (6-TM) that coded by S1 to S6 in which S4 helix possess positive charges

that is related to the gating actions. The other two parts is the N terminus and the C

terminus. Among the 6-TM, the pore-forming region (P-region) located between

S5 and S6 helix possesses a specific selectivity filter amino acid sequence

(TVGYG) to form the potassium ion permeation pathway. Recently, the common

structural features for the P-region in the shaker family Kv channels were

summarized: First, the selectivity filter of the channel protein on the extracellular

side of the pore is relatively conserved, while the inner pore between the selec-

tivity filter and intracellular solution varies in its conformation [6, 9, 10, 12–14];

Besides, a highly conserved Pro-X-Pro triplet peptide sequence acts as the deter-

minate factor for gating in shaker family Kv channels [15, 16]. It was concluded

that the structural conservation of the selectivity filter underlies the conserved

mechanism of selective ion conduction in potassium channels, while the variation

of the inner pore structure relies on conformational changes between open- and

close-state illustrates the structural diversities of potassium channels blockers

(Fig. 1).
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3 The Chemical Structures and Structure–Activity

Relationships (SARs) of Potassium Channel Blockers

3.1 Typical IKr (Kv11.1) Blockers

Ever since Quinidine was isolated from Cinchona bark and subsequently identified

as effective agent for cardiac arrhythmia in the beginning of the twentieth century,

antiarrhythmic drugs have been developed for over a hundred years. According to

the Vaughan–William Scheme [17], potassium channel blockers belong to Class III

antiarrhythmic agents, which mainly blocked the rapid delayed rectifier potassium

channel currents (IKr, encoded by Kv11.1 gene which is usually called hERG)
[5, 18]. The electrophysiological properties of typical potassium channel blockers

such as Propafenone [19], Flecainide [20], Sotalol [21], Dofetilide, and Ibutilide

[22] are the prolongation of action potential duration (APD) and effective refractory

period (ERP). However, the blockade of IKr would produce negative feedback on

the ventricular repolarizations, which is widely considered as a critical risk factor of

torsades de pointes (TdP) [23]. Therefore, clinical applications of typical Class III

antiarrhythmic agents have decreased over the past decade because of its side

effects called “proarrhythmia,” which created more serious rhythm disorders than

being treated.

Fig. 1 Schematic illustration of Shake family Kv channels
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3.2 Multiple Ion Channel Blockers

During recent years, some multimechanism blockers were also applied in clinical

treatment of arrhythmic diseases. The overall efficacy of these agents on several

electronic current in cardiac myocytes may expand their therapy spectrum,

although some detailed mechanisms are still controversial.

Amiodarone is approved by the Food and Drug Administration for the treatment

of lethal ventricular arrhythmias but not for the management of atrial diseases.

Potassium Channel Blockers as Antiarrhythmic Agents 121



Nonetheless, it is widely prescribed for this indication, although its severe side

effects on thyroid should not be ignored. Dronedarone, a benzofuran derivative

of Amiodarone [24], maintained the multiple electrophysiological properties of

Amiodarone with reduced lipophilic and toxicity features. In the “Dronedarone

Atrial Fibrillation study after Electrical Cardioversion” study, 270 AF patients

were provided dronedarone daily (800, 1,200 or 1,600 mg) versus placebo, but the

significant prolongation of the time to recurrent AF was only observed in 800 mg

group [25]. The failure to see the dose-dependent phenomena might be related to the

unwanted gastrointestinal effects at high dosage. However, the spontaneous to sinus

rhythm was 5.8%, 8.2%, and 14.8% in the 800 mg, 1,200 mg, and 1,600 mg groups,

while 3.1% for placebo, which showed a dose-effect correlation. Dronedarone is

now marketed in the USA, Europe, and Canada, providing a safer, better tolerable

modification to Amiodarone for the treatment of atrial disorders.
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3.3 Kv1.5 Potassium Channel Blockers

Current treatment of atrial diseases with Class III antiarrhythmic agents by

blocking IKr in order to prolong the atrial effective refractory period (AERP)

is often associated with ventricular proarrhythmia because of the excessive

prolongation of ventricular effective refractory period (VERP) and action potential

duration (APD). Therefore, atrial selective strategies were developed. Among

shaker family Kv channels, cardiac Kv1.5 channel which is the molecular basis for

the human cardiac ultrarapid delayed rectifier potassium current (IKur) has attracted
much attention. Although Kv1.5 gene is also expressed at both mRNA and protein

levels in human ventricle, its functional activities seem to be specific to the atrium,

and the IKur currents have not yet been recorded in the human ventricle [26, 27].

Therefore, blockade of IKur may produce an atrial-selective increase in Phase I
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repolarization and refractoriness [26, 28], which represents a promising approach to

treat atrial disorders [29–31].

In 1993, Nattel reported the in vitro prolongation of APD in atrial myocytes by

50 mM of 4-Aminopyridine (4-AP) [26], which was then verified by follow-up

electrophysiological and computational experiments [32–35]. During recent years,

several pharmaceutical companies, including Icagen, Aventis, Merck, Eli Lilly,

Procter & Gamble (P&G), and Bristol–Meyers Squibb (BMS), have focused on

developing new structural types of Kv1.5 blockers [36, 37]. Many different types

of Kv1.5 blockers have been designed and synthesized, and some of them are in

clinical trials.

3.3.1 ICA-32 and Analogues

ICA-32 (1, IC50 ¼ 0.14 mM) was designed and synthesized by Icagen without any

pharmacological data published so far [38]. The framework of 1 contains a core

heterocyclic ring as well as the upper and lower ring, which were connected by

two flexible chain. Based on the structural analysis of 1, researchers in P&G

laboratories reported several series of analogues (Fig. 2), including thiazolidine-

based derivatives [39], triazol derivatives [40], tetrazole derivatives [41], and

2-amino-2-imidazolidinone derivatives [42].

Thiazolidinone-Based Derivatives

In order to determine the contribution of vicinally substituted heterocycles

in ICA-32 framework, Jackson et al. started from the thiazolidinone scaffold

with two key structural modifications: (1) ketone instead of aldehyde-derived

thiazolidinones and (2) incorporation of the carbonyl group rather than the

Fig. 2 Modification strategy towards ICA-32 (1)
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heterocyclic ring in the linker to form acylthiazolidines. Compound 2 (IC50 ¼ 0.09mM)

was obtained through replacing “–CH2–” with “–O–” in the linker between core

heterocyclic ring and the upper ring with the rationale of “me-too” strategy.

However, these thiazoline compounds were rapidly metabolized. No parent com-

pound remained after 30 min incubation with rat S9 microsomal fraction because of

the oxidation of the sulfur atom in the heterocyclic ring [39].
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Triazol Derivatives

Based on the above results, 2,4-disubstituted-1,2,3-triazoles were synthesized to

avoid the rapid metabolism induced by sulfur atom oxidation [40]. Among these

compounds, compound 3 (IC50 ¼ 0.29 mM) with ketone linker between heterocylic

ring and lower ring was selected for further investigation. In the whole cell patch

clamp experimentation, significantly decreased potency was observed at hERG
channel, Kv1.3 channel, and the L-type calcium channel. Moreover, 15 min infusion

at a dose of 30 mg/kg in an anesthetized pig model resulted in an increase of 12% in

the AERP, while the VERP remained unchanged.
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Tetrazole Derivatives

Except for triazol compounds, Wu described a replacement of the thiazolidinone

scaffold of ICA-32 with a tetrazole framework [41]. Compound 4 containing
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the cyclopropyl ring at the linker of the “lower” aromatic ring displayed potent

in vitro blockade potency against Kv1.5 (IC50 ¼ 0.33 mM) as well as atrial-selective

prolongation of AERP in vivo. Besides, it lacked hemodynamic side effects.

N
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2-Amino-2-Imidazolidinone Derivatives

Recently, Blass et al. reported a series of 2-amino-2-imidazolidinone compounds

to prevent the relative disposition of the aryl rings [42], the patents were also

announced [43–45]. Among this series of compounds, KVI-020 (5) showed suitable

physiochemical properties and was well tolerated in liver microsomal stability,

caco-2 permeability and protein binding tests. Further in vivo evaluation showed

that its pharmacokinetic and pharmaceutical properties were acceptable for late-

stage preclinical development.
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In brief, the core heterocyclic ring thiazolidinone of ICA-32 could be extended

by its bioisosters including triazol, tetrazole, and imidazolidinone. However, the

inadequate additions of hetero atom in the rings or linkers lead to the undesired

metabolic and pharmacokinetic features, which hindered the future development of

ICA-32 analogues. Till now only 2-amino-2-imidazolidinones is in development.

3.3.2 Tetrahydroindolone Derivatives

Considering the unacceptable pharmacokinetic profile of ICA-32 analogues,

Wu and collaborators in P&G research laboratories developed another type
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of Kv1.5 blockers based on tetrahydroindolone framework. However, only a

few compounds showed inhibitory effects against Kv1.5. The in vivo assay of

tetrahydroindolone-derived semicarbazones 6 (IC50 ¼ 0.13 mM) showed an

increase in right AERP by 18% at a dose of 30 mg/kg without increase in VERP

[46]. To broaden the diversity of tetrahydroindolone-derived compounds, Fluxe

et al. prepared isosteric tetrahydroindolone-derived carbamates. The most potent

analogues, compound 7 (IC50 ¼ 0.07 mM) showed over 450-fold selectivity against

L-type calcium channel and hERG channel (IC50 > 30 mM), in the meanwhile the

interestingly low activities against calcium and hERG channels were also consistent

throughout the class [47].
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3.3.3 Aryl Sulfonamido Indane Derivatives

Aryl Sulfonamido Indanes and Tetrahydronaphthyls

Icagen and BMS reported a collection of aryl sulfonamido indanes and tetra-

hydronaphthyls with different amido region-isomers to determine the Kv1.5
pharmacophore [48–52]. It was reported that the (1R, 2R) conformation of com-

pound 8 has a selectively high IC50 of 0.03 mM against Kv1.5 with high selectivity

over hERG (inhibitory ratio: 37% at 10 mM), while the Kv1.5 inhibitory IC50 value

of (1S, 2S) conformation was only 0.76 mM. Aryl sulfonamido tetrahydronaphthyl

compound 9 (IC50 ¼ 0.44 mM) also showed good inhibitory effect against Kv1.5
channel. The modification of tetrahydronaphthyl scaffold lead to compound 10

(IC50 ¼ 0.20 mM) and 11 (IC50 ¼ 0.24 mM), which underlies the replaceable of

rigid ring scaffold. However, the clinical trials of these compounds were suspended

due to the poor aqueous solubility and low oral bioavailability. In this series, the

chiral sulfonamide side chain was introduced, suggesting an asymmetry feature of
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hydrogen bond acceptor in the binding site. On the contrary, they could provide

evidences for the specification of the pharmacophore profiles.
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Benzopyran Sulfonamides

Considering that indane could be replaced by benzopyran, Lloyd and his

co-workers suggested the benzopyran core as an acceptable scaffold for potent

Kv1.5 blockers (compound 12, IC50 ¼ 0.11 mM). They explored different substitu-

ent in this scaffold, such as the amide at the 6-position of benzopyrane, the

substituent on the phenyl ring of the phenyl sulfonamide, and modifications of

the amino alcohol template, to discover several compounds with good potency of
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Kv1.5 blocking and good selectivity over hERG. The further modifications of the

benzopyran derivatives are still ongoing [53].
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NIP-142 (13), a novel benzopyran derivative developed by Nissan, was able to

moderately block hKv1.5 current (IC50 ¼ 4.75 mM) in a frequency-independent and

dose-dependent manner [54]. Electrophysiological evaluation showed that NIP-142

decreased phase I notch and increased the height of phase II plateau without making

any changes in APD [55]. Furthermore, NIP-142 could prolong AERP and APD

through blockade of IKACh [56]. Briefly, NIP-142 has distinct pharmacological

properties from other classical antiarrhythmic agents, the overall biological features

may possibly contribute to its antiarrhythmic profiles as a promising agent for the

treatment of supraventricular arrhythmia [57].
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Pyrano-[2,3b]-Pyridines

Based on the above results, Finlay reported a series of pyrano-[2,3b]-pyridine
compounds. However, the SARs of these compounds are differed from benzopyran

series, and the activities of pyrano-[2,3b]-pyridines are generally lower than

benzopyran compounds due to the introduction of polar groups. Among these

compounds, only 14 (IC50 ¼ 0.39 mM) showed moderate inhibitory effect against

Kv1.5 channel [58].
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3.3.4 Quinoline or Isoquinoline Derivatives

In 2005, Merck laboratories announced the patents of the quinoline and isoquinoline

derivatives (compounds 15 to 20) as Kv1.5 blockers [59–67]. ISQ-1 (15), obtained

by high-throughout screening approaches, was considered as lead compound [68].

The replacement of the dimethylaminomethyl moiety of ISQ-1 with a cyano group

could neutralize the alkalinity of amine and increase its selectivity over hERG
potassium channel (21, IC50 ¼ 0.07 mM). Then the optimization was continued

to discover the ethanol amide compound 22, an improved potent Kv1.5 blocker

(IC50 ¼ 0.06 mM) with excellent selectivity over hERG (over 500-folds) and good

pharmacokinetic properties (clearance 12 mL/min/kg; Vd 0.8 L/kg; oral bioavail-

ability 21%). When being evaluated in an in vivo canine electrophysiological model

in which IKur current is prominent in atrial repolarization [69], compound 22

(IC50 ¼ 0.06 mM) exhibited atrial refractory period (ARP) prolongation without

concomitant ventricular refractory period (VRP) prolongation. In consistent with

these evidences, injection of compound 22 to anesthetized dogs leads to selective

prolongation of AERP without side effect on VERP at any dose. Therefore, the

reasonable combination of pharmacokinetic properties and in vivo effects solidified

compound 22 as a promising atrial-selective agent for further investigation.
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3.3.5 1, 10-Disubstituted Biphenyl Compounds

Earlier in this century, Aventis started the rational design studies of selective

Kv1.5 blockers. After analyzing the structural feature of reported Kv1.5 blockers

including the above-mentioned aryl sulfonamido indanes and tetrahydronaphthyls,

benzopyrans, thiazolidines, and quinolines, they concluded that the key structure

features for effective Kv1.5 blocker were two to three appropriate hydrophobic

points and flexible linkers between them. Then Peukert and collaborators launched

the 2D similarity search using aryl sulfonamido indanes as template to obtain a

1,8-disubstituted naphthalene scaffold (23, IC50 ¼ 4.8 mM). After chemical modi-

fication by replacing the framework with biphenyls, potent compounds AVE0118

(24, IC50 ¼ 1.1 mM), S9947 (25, IC50 ¼ 0.4 mM), S20951 (26, IC50 ¼ 1.2 mM),

and other analogues were obtained for further investigation. The SAR analysis of

this kind of Kv1.5 blockers showed some interesting results: first, the introduction of

pyridyl group in the side chains obtained higher activity than that of the phenyl ring,

aliphatic amine or hydrophobic chains (27–29, IC50 ¼ 1.2 mM, 2.2 mM, 3.3 mM,

respectively); on the contrary, the substitution of amide group with sulfamide group

that generally existed in the antiarrhythmic agents had slight influence on the

inhibitory effect (30, IC50 ¼ 2.6 mM) [70, 71].
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Among these series Kv1.5 blockers, AVE0118 (24) was able to decrease

the steady-state hKv1.5 current and prolong APD to enhance atrial contractility

[72, 73]. Besides it can also prolong the atrial effective refractory period (AERP) in

anesthetized pigs and conscious goats without any change on the QT interval of the

ECG and any possibility of inducing TdP [74–76]. Recently, the micropuncture

studies of atrial human tissues in chronic AF patients exhibited that AVE0118 could

increase the plateau potential and prolong the APD by 20 ms at a concentration of

6 mM [77].

Another interesting compound, S9947 (25), could block the cloned human

Kv1.5 channel current expressed in Xenopus oocytes and CHO cells with IC50

values of 0.6 mM and 0.4 mM, respectively [78]. Moreover, at a concentration

of 3 mM, S9947 is served as sodium channel inhibitor since no influence on the

upstroke of the action potential was observed [79]. S9947 could also prolonged

rat ventricular action potential at both slow- and fast-pacing rates without any

influence on hERG channels. Being considered as multiple ion channel blockers,

S9947 and S20951 (26) are thought to be prior to current available class III anti-

arrhythmic agents as their maximal APD prolongation at slow rates and minimal

effects during tachycardia. Therefore, this series of blockers might have a supe-

rior antiarrhythmic profile in human atrial cells and could bear a promising

strategy against AF [80].

3.3.6 Anthranilic Amide Derivatives

Researchers in Aventis established a three-hydrophobic-point pharmacophore

model (Fig. 3) based on the biphenyl compounds 31 (IC50 ¼ 0.2 mM) and 32

(IC50 ¼ 2.8 mM). After 3D similarity search on Aventis in-house compound col-

lection, Peukert et al. reported a new series of anthranilic amides as Kv1.5 blockers

(33) [81]. The discovery of compound 33 (IC50 ¼ 5.6 mM) was recognized as

the application of an innovative scaffold hopping strategy [82] based on the
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pharmacophore model and biphenyl derivatives: the central phenyl moiety of

compound 33 matches the middle hydrophobic center, and both ends of the side

chains correspond to the remaining hydrophobic centers of the model.
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Fig. 3 A three hydrophobic

point pharmacophore model

for Kv1.5 blockers
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After the SAR analysis of different amide or sulfamide substitute groups, it was

found that the blockade effects would be influenced by the steric and electrostatic

effects of these substitutes [83]. The correlation between the inhibitory activities

and the pKa was observed. The pKa value decreased from 7.5 of compound 34

to 6.2 of compound 35 (1.21-fold), accompanied by the IC50 decreasing from 0.5 to

4 mM (eightfold). Otherwise, replacement of the acidic hydrogen by a methyl group

(36, IC50 ¼ 10 mM) resulted in further reduction of activity. These results suggest

that the hydrogen might be involved in an intramolecular hydrogen bond with

the carbonyl oxygen, which stabilizes a favorable active conformation. The replace-

ment of methyl group of 36 to pyridine group lead to a potent Kv1.5 blockers

S-0100176 (37, IC50 ¼ 0.7 mM).
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Based on the above results, Rezazadeh et al. reported a new Kv1.5 blockers,

KN-93 (38, IC50 ¼ 0.3 mM), which showed multiion channel blockade effect,

including Kv1.2, Kv1.4, Kv2.1, Kv3.2, and Kv4.2, and also an inhibitor of

Ca2+/calmodulin-dependent protein kinase II (CAMK-II) [84].
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3.3.7 Diisopropyl Amide Analogues

A novel type of blockers was discovered by Nanda et al. [85] through high-

throughput screening of the Merck sample collection [85–88]. The lead compound

39 (IC50 ¼ 0.25 mM) with a main functional group of N,N-diisopropyl amide was

structurally distinct from recent disclosed cardiac channel antagonists. Based on the

successful case in the structural modification from AVE0118 (24) to S9947 (25),

the optimization strategy was focused on the two aryl rings. It was interesting

that the replacement of either of the phenyl rings with a 3-pyridyl ring was well

tolerated, but due to the different electrostatic interactions, incorporation of other

pyridine isomers resulted in a significant decrease in potency. Compounds con-

taining two pyridine rings, including those with retained single 3-pyridyl ring,

would lose potency when compared with the 3-pyridyl and phenyl analogues.

Substitute effects were also briefly investigated: the 3-bromophenyl or

4-cyanophenyl analogues exhibited better potency than the parent phenyls but the

2-cyano substitute group was not well tolerated.

The replacement of ester group in compound 39 by 2-fluorobenzyl urea leads

to compound 40 (IC50 ¼ 0.15 mM), which demonstrated the best potency

against Kv1.5 at IC50 of 150 nM. This single active enantiomer was used for

all further evaluation. No changes at any doses in VRP or QT interval in animal

tests suggested a selective atrial effect of 40. Moreover, compound 40 is also a

P-glycoprotein (Pgp) substrate with low potential for central nervous system (CNS)

exposure.
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3.3.8 Triarylethanolamine Derivatives

Recently, Beshore et al. in Merck laboratory reported triarylethanolamine analogue

with enhanced positive ionizability to intervene p–cation interactions by intro-

ducing pyridinyl groups. Among these compounds, the most potent compound 41

(TAEA) reached an IC50 of 0.28 mM. However, further development was suspended

due to CNS side effects [89].

N

N

HO

N

TAEA (41)

3.3.9 Pyrazolodihydropyrimidine Derivatives

In view of that, the L-type calcium antagonist Nifedipine was a weak blocker

of Kv1.5 current, Vaccaro and co-workers developed a series of dihydropyrazo-

lopyrimidine blockers [90]. The lead compound 42 showed moderate Kv1.5
blockade effect (IC50 ¼ 1.1 mM) and L-type calcium channel inhibitory effect

(IC50 ¼ 6.1 mM). Compound 43 (IC50 ¼ 0.16 mM) with piperazine group instead

of ester group showed more potent inhibitory effect. Further modification showed

that dihydropyrazolopyrimidines with a C6 heterocycle substituent possessed

high potency. The introduction of benzimidazole ring and the substituent in the

5-position of the dihydropyrazolopyrimidine ring produced 44 with an IC50

of 0.03 mM without significant blockade of other cardiac ion channels [91].

Then Lloyd et al. developed pyrrolidine amides of pyrazolodihydropyrimidine

compound BMS34136 (45), which was chosen for further in vitro and in vivo

evaluation [92].
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3.3.10 Common Structural Features for Kv1.5 Channel Blockers

For the molecular simulation of protein–ligand interaction, a commonly used

method is to define three-dimensional arrangement of the structural and physico-

chemical features that are relevant to biological activity, or so-called pharma-

cophore identification. In the case of Kv1.5 blockers, prior reports had depicted a

three-hydrophobic-pharmacophore model [71, 81]. However, the classic scaffold

was not matched with novel blockers and was not in accordance with the deve-

lopment of binding mode analysis. The up-to-date four-center pharmacophore

mapping for Kv1.5 blockers, including one aromatic ring, two hydrophobic points,

and a hydrogen-bond acceptor, was derived from forty compounds with distinct

structure types of Kv1.5 blockers (Fig. 4). This recognition model, together with the

Fig. 4 Recently reported four point pharmacophore model for Kv1.5 blockers
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postulated homology model for Kv1.5 potassium channel, will be used to guide

designing new blockers with pre-determined blocking activity and selectivity [93].

3.4 Other Kv1.5 Blockers in Clinical Trials

3.4.1 Vernakalant (RSD-1235)

Vernakalant, a mixed sodium and potassium channel blockers [94, 95], is an atrial-

selective antiarrhythmic drug developed by Cardiome Pharma and Astellas Pharma

[96–98]. As simple three-hydrophobic-point Kv1.5 blockers, Vernakalant also

shared similar framework with ICA-32 (1) but with better pharmacokinetic profiles.

In this case, its stronger alkalinity triggers more interests for medicinal chemists.

The phase I trial for controlled-release oral formulation of Vernakalant has been

successfully completed in 2005. An oral formulation was then developed in phase II

clinical phase as a chronic-use product for the maintenance of normal heart rhythm

following the termination of AF symptom. This oral controlled-release formulation

of Vernakalant was expected to help prevent or slow down the recurrence of Atrial

Fibrillation (AF), and would be used as a follow-on therapy to intravenous

Vernakalant. The safety and efficacy of intravenous Vernakalant in phase III

study in approximately 120 AF patients from 30 centers in the USA, Canada and

Europe [99] was carried out since 2005 and now Vernakalant is in pre-registration

phase in American Food and Drug Administration (FDA).
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3.4.2 AZD7009

AZD7009, developed by AstraZeneca, was highly potent in terminating atrial fibril-

lation and flutter in anesthetized dog model [100]. AZD7009 blocked both hERG
channel current (IC50 ¼ 0.6 mM) and hNav1.5 channel current (IC50 ¼ 4.3 mM).

Persson et al. proposed that the combined current blockade underlies the pro-

longation of the refractoriness and the low proarrhythmic activity in vivo [101].

In the dilated rabbit atria, AZD7009 could increase AERP in a concentration

dependent manner associated with effectively prevent AF induction and rapidly

restore sinus rhythm [102]. In all, AZD7009 exhibited dose-dependent effects

138 Q. You et al.



in converting AF to sinus rhythm (SR) in AF patients with a lower risk of pro-

arrhythmia [103].
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3.4.3 Azimilide

Azimilide is a novel class III antiarrhythmic agent, which is now in the pre-

registration phase in FDA for arrhythmic disease. The prescription of Azimilide

is still controversial. As IKr, IKs dual blockers, the IKs blockade effect may result in

reduced TdP risk, however, the efficacy of Azimilide was inconsistent. The exten-

sive testing of Azimilide in AF patients did not show any risk of increased mortality

or morbidity, which might provide sense of comfort in prescribing it for high-risk

patients [104]. But according to Pritchett’s report in a large randomized clinical

trials of post-infarct patients, Azimilide neither increased nor decreased mortality

risk [105]. Otherwise, all the finished pharmacological evaluations did not demon-

strate statistically significant efficacy in reducing the risk of arrhythmia recurrence

in patients with heart disease, who suffered from atrial fibrillation and then

converted to sinus rhythm [106].
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3.4.4 Tedisamil

Tedisamil is also a class III agent developed by Solvay Pharmaceuticals. It is now in

pre-registration phase of AF therapy. As multiple potassium channels including IKr,
IKs, IKur, Ito, and IKATP, the agent could effectively terminate atrial fibrillation and

flutter symptom, at 0.4 mg/kg and 0.6 mg/kg of intravenous tedisamil versus

placebo, 41% and 51% conversion versus 7% with placebo were observed. How-

ever, QT prolongation and ventricular tachycardia were observed at high dose

[107]. Accordingly, its utility for chronic treatment of AF might be limited by the

combination of QT prolongation and sinus slowing that could result in TdP.
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4 Binding Mode Studies

Due to the absence of a determined 3D structure, researchers have to focus on the

binding modes investigation of different blockers to the transmembrane region of

Kv1.5 potassium channel by mutagenesis studies and computer modeling.

Through site-directed mutagenesis studies, the preliminary mode of ligand-

Kv1.5 binding was disclosed. Multichannel blockers such as Quinidine, Bupi-

vacaine and Benzocaine were located in a strong hydrophobic environment

consisting of Thr507, Leu510 and Val514 of the S6 domain that lines the inner

vestibule of the channel, and Thr479 near the selectivity filter, while Class Ia
antiarrhythmic agent Disopyramide interacted with Val512 residue in the Pro-

Val-Pro triplet amino acid region [108–110].
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Recently, selective Kv1.5 blockers such as S-0100176 (37) and AVE0118 (24)

were employed in the mutagenesis studies as probes to explore the ligand–Kv1.5
interactions. It was concluded that residues including Thr479, Thr480, Val505,

Ile508, and Val512 that faced the central cavity were involved in the interaction

between 37 and Kv1.5 protein [111], whereas Thr479 and Thr480 in the selectivity

filter, as well as Ile502, Val505, Ile508, Leu510, Val512, and Val516 in the S6

domain formed a hydrophobic network for 24 [112]. Compared with 37, 24 was

prone to contacting with the open-state channel and stretching its conformation

to interact with critical hydrophobic Leu510, a residue predicted to face toward

S6 helix and away from the central cavity to strengthen its binding ability, named

“foot-in-the-door” phenomenon, while 37 was proposed to be trapped within the

central cavity in the close state (Fig. 5).
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The prior computational work on Kv1.5 channel and ligands was carried out by
Luzhkov et al. The homology model of Kv1.5 channel protein was built based on

the crystal structure of KcsA potassium channel, which shared 54% sequence

identity with Kv1.5 channel, even if KcsA lacks the highly conserved Pro-X-Pro

motif in the S6 domain. S-0100176 (37) was used to validate the homology model.

The docking results showed that the aromatic framework of 37 was located in

a strong hydrophobic environment, where the pyridyl group faced downward to

Ile508, the benzamide phenyl ring faced upward to Thr479 and Thr480, and the

sulfonylamino moiety was close to Val505 while the toluene group was adjacent

to Val512 [113].

Then Pirard and co-workers established a structure-based virtual screening

protocol by using homology model of Kv1.5 potassium channel [114]. In addition,

by using Catalyst program, a three-hydrophobic-point pharmacophore was estab-

lished for the ligand-based virtual screening [71, 81]. The comparison was made

and they concluded that structure-based strategy can be treated as complementary

with the ligand-based virtual screening method because of a higher hit rate.

More recently, our research group developed Kv1.5 homology model based on the

crystal structure of Kv1.2 potassium channel [10] since they shared 70% homology

identity and highly conserved S5/H5/S6 domains. The validation of this homology

model was carried out by the comparison of mutation data of S0100176 (37) and

AVE0118 (24) reported by Decher et al. [111, 112] and KN-93 (38) reported by

Fedida [84] through molecular docking. Further researches including the in silico

prediction of Kv1.5 inhibitory effects and the design of selective agents for the

treatment of atrial disorders are still ongoing [115].

Fig. 5 The schematic binding mode of AVE0118 (24) and S-0100176 (37) with Kv1.5 channel
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5 Perspective

Most currently marketed drugs for cardiac arrhythmias are indiscriminate since that

they all target ion channels especially hERG channel in both atrial and ventricular

myocytes, thus associated with life-threatening ventricular arrhythmias. For medic-

inal chemists, the molecular basis of the ligand–Kv1.5 channel interactions and its

specific features should be deeply investigated when aiming at rational design of

atrial-selective drugs.

Kv1.5 potassium channel is an interesting topic for medicinal chemists in recent

years. Drug targeted cardiac Kv1.5 channels may have remarkably selectivity and

safety advantages over current market drugs. Among the residues involved in

ligand-Kv1.5 binding, Ile508 and Val512 are equivalent to Tyr652 and Phe656 of

hERG channel, thus underlie the possibility of hydrophobic interactions between

blockers and Kv1.5 channel. Moreover, the physicochemical property difference

between the hydrophobic residue Ile508 and Val512 of Kv1.5 channel and the

aromatic Tyr652 and Phe656 of hERG channel could provide an opportunity in

differentiation of these two channels.

In conclusion, the rapid progress in physiology, pharmacology, biochemistry,

genomics, and proteomics will significantly expedite the investigation of mecha-

nism in cardiac diseases and the development of safe and effective drugs.
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Abstract Potassium (K+) channels play a central role in the electrical activity

of excitable cells. Although there are variety of potassium channels, scientists

have developed immense interest in human ether-a-go-go-related gene (hERG)
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potassium channels due to their involvement in life-threatening cardiac arrhythmia.

hERG is a gene that encodes the pore-forming a-subunit of a voltage-gated

potassium channel expressed in nervous and cardiac tissue including atrium,

ventricles, purkinje fiber, SA node and AV node. Potassium flow through hERG
channel plays an important role in action potential repolarization, particularly in

ventricular muscle. Blockade of hERG potassium channel via pharmacological

interventions or hereditary mutations of genes encoding the channel is associated

with a prolongation of cardiac ventricular repolarization, that is long QT syndrome

(LQTS), a disorder that predisposesindividuals to life-threatening arrhythmias and

substantial risk of sudden death. Inherited or drug-induced mutations in hERG
channel lead to disruption of delayed rectifier potassium current (IKr), increase

in cardiac excitability subsequently torsades de pointes and sudden death. A large

number of putative disease-causing mutations in hERG have been identified in

affected families so far, yet mechanism behind these mutations is unspecified and

undistinguished. Therefore, entire paradigm of drug discovery has shifted towards

the safety of the new molecules to screen for potential cardiac arrhythmogenic

effects. Non-clinical assays are not sensitive enough to accurately predict QT

prolongation liabilities in humans. For this reason, International Conference on

Harmonization (ICH) safety pharmacology S7B guidelines were proposed for new

chemical entities. According to these guidelines, thorough studies (in vitro and

in vivo) on QT are required for virtually all newly developed pharmaceutical agents.

In this article, an overview on hERG channels, their functions and dysfunctions,

therapeutic agents modulating these channels and associated QT prolongation, and

assay have been discussed.

Keywords Kv11.1 • Long QT syndrome • Electrocardiogram • ICH • Tdp • Protein
Trafficking • hERG assays

Abbreviations

CFTR Cystic fibrosis transmembrane conductance regulator

cNBD C-terminal cyclic nucleotide binding domain
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HEK Human embroyonic kidney cells

hERG Human ether-a-go-go-related gene

HSP Heat shock protein

I Current

ICH International conference on harmonization

IKi Inward rectifier potassium current
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IKr Delayed rectifier potassium current

IND Investigational new drug approval

K+ Potassium

Kv Voltage-gated Potassium channel

Kv11.1 hERG Potassium channels

LQTS Long QT syndrome

NCE New chemical entity

PD Pharmacodynamic

PK Pharmacokinetic

QTc QT interval correction

Rb+ Rubidium

SERCA Sarcoplasmic ER Ca2+-ATPase

Tdp Torsade de pointes

TEA+ Tetraethyl ammonium

TMO Trimethyl amineoxide

VSD Voltage sensing domain

WT Wild type

1 Introduction

Potassium (K+) channels are the most widely distributed type of ion channel and are

found in virtually all living organisms. They have been considered to be the third

largest group of the signaling molecule after protein kinase and G-protein-coupled

receptors. K+ channels control the membrane potential (frequency and shape of

action potential), secretion of hormones (insulin secretion from b cells of pancreas)

and neurotransmitters by altering the excitability. Their activity may be regulated

by different voltage-gated ions (sodium and calcium), neurotransmitters and differ-

ent signaling pathways stimulated by potassium ions. K+ channels have been

characterized and classified into four structural types based on their activation

and their transmembrane domains (TMs): (a) Ca2+-activated K+ channels (Kca)

having 6 or 7 TM in each a-subunit and open in response to the presence of calcium
ions or other signaling molecules, (b) inwardly rectifying potassium channel (Kir)

having 2 TM and passes current (positive charge) more easily in the inward

direction, (c) Tandem pore domain potassium channel (K2P) having 4 TM and

2 pores and are constitutively open and possess high basal activation and (d)

Voltage-gated potassium channel (Kv) having 6 TM and open or close in response

to changes in transmembrane voltage (for details, please see flowchart).

Voltage-gated potassium channel (Kv) in human is encoded by 40 genes and

divided into 12 subfamilies. Kv channel was first cloned in drosophila shaker

channel. All mammalian Kv channels consist of four a-subunits, each containing

six transmembrane a-helical segments, S1–S6 and a membrane-reentering P-loop,

which are arranged circumferentially around a central pore as homotetramers or

heterotetramers (Fig. 1). This ion conduction pore is lined by four S5–P–S6
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sequences. The four S1–S4 segments, each containing four positively charged

arginine residues in the S4 helix, act as voltage sensor domains and “gate” the

pore by “pulling” on the S4–S5 linker [1, 2]. All the 40 genes that encode the Kv

channels in the human genome have been cloned and their biophysical properties

have been characterized. However, it often remains a challenge to determine

precisely which channel underlies a K+ current in a native tissue. This is because,

within subfamilies, such as the Kv1 and Kv7 families, the a-subunits can

Fig. 1 Schematic diagram of hERG K+ channel. Structure of the different regions of hERG K+

channel has been shown with their different subunits, which are involved in QT prolongation
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heteromultimerize relatively freely, resulting in a wide range of possible channel

tetramers with different biophysical and pharmacological properties. The properties

of Kv channel a-subunit complexes can be further modified by association with

intracellular b-subunits. As voltage-gated K+ channels play important parts in defin-

ing the action potential waveform, modulators of these channels are expected to have

therapeutic utility. Under conditions in which action potential firing is decreased

(specifically, in depression and cognitive dysfunction), Kv channel blockers should

restore normal firing. By contrast, Kv channel activators should be useful to reduce

pathological hyperexcitability (specifically, in epilepsy and pain) by reducing action

potential firing. In addition to this “mixing and matching” of a- and b-subunits,
Kv channel properties can be further modified by phosphorylation, dephosphorylation,

ubiquitylation, and palmitoylation [3]. Although a number of K+ channels contribute

to the process of action potential in cardiac tissue, voltage-gated K+ channels 7.1

(commonly known as Kv7.1 or KCNQ1) and Kv11.1 (commonly known as hERG and

KCNH2) play important role in cardiac repolarization, especially in the later phases of

the action potential owing to its unique kinetics (Flowchart).

1.1 hERG K+ Channels

Upon depolarization, in the ascending phase of the action potential, Kv 11.1 opens

rapidly, but K+ flux is quickly terminated by channel inactivation. Following

repolarization, release of inactivation is fast and is followed by slow deactivation.

In this way, the channel is active during the depolarization of the action potential

and during part of the diastolic phase of the cardiac cycle. In the later phase,

membrane potential is set at values at which driving force for K+ flux is low, but

K+ conductance buffers incoming depolarizations [4, 5]. Therefore, Kv11.1 has

a pivotal role in setting the duration of effective refractory period of cardiac

action potential. Mutations in Kv11.1 can cause LQTS type 2 because deficient

Kv11.1 function reduces repolarization and increases the possibility of torsades

de pointes (Tdp), ventricular fibrillation and sudden death. The considerable interest
of pharmaceutical industry in Kv11.1 is due to the involvement of this channel

in drug-induced or acquired LQTS [6, 7]. The hERG inhibitors which inhibit

the hERG channels includes astemizole, dofetilide and imipramine, while some

of the hERG activators which activate hERG channel include NS1643, NS3623,

PD307243, A935142 and RPR26024 [8].

1.2 Structure of hERG K+ Channels

A detailed crystal structure for hERG K+ channel is not yet available, so structural

details for this channel are based on analogy with other ion channels, computer

models, and pharmacology and mutagenesis studies. Fundamentally, hERG K+
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K+ channel 

Kir1.1 K2P1.1 KCa1.1 Kv1.1- 1.8 

Kir2.1-2.4 K2P2.1 KCa2.1-2.3 Kv2.1- 2.2 

Kir3.1-3.4 K2P3.1 KCa3.1 Kv3.1- 3.4 

Kir4.1-4.2 K2P4.1 KCa4.1- 4.2 Kv4.1- 4.3 

Kir5.1 K2P5.1 KCa5.1 Kv5.1 

Kir6.1-6.2 K2P6.1 Kv6.1- 6.4 

Kir7.1 K2P7.1 Kv7.1- 7.5 

K2P9.1 Kv8.1- 8.2 

K2P10.1 Kv9.1- 9.3 

K2P12.1 Kv10.1- 10.2 

K2P13.1 Kv11.1- 11.3 

K2P15.1 Kv12.1- 12.3 

Subfamily

Inwa rdly rectifying 
K+ channel (Kir)
2TM/1P  

Two P K+ channel
(K2P)
4TM/2P    

Voltage gated
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K+ channel (KCa) 
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Sudden Death
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varying the repolarization 
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•
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•
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•

Flowchart Classification of the K+ channels on the basis of IUPHAR and role of hERG channel

causing QT prolongation and sometimes Tdp. A standardized nomenclature for K+ channels has

been proposed by NC-IUPHAR subcommittees on K+ channels. They have been grouped into

different families and subfamilies based on their structure and function. The relevant group/family

is given for each subfamily
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channel is a homotetramer having each of its subunit consisting of six transmem-

brane a-helices viz. S1-S6 and a pore helix situated between S5 and S6 through

which ion conduction takes place (Fig. 1). Voltage sensing domains (VSDs) are

integral components of hERG ion channels. The S1–S4 transmembrane domains

from each subunit form the VSD, which move within the membrane in response to

transmembrane voltage and regulate opening and closing of pore of voltage-gated

K+ channel [9, 10]. Between S5 and S6 helices, there is an extracellular loop

(known as “the turret”) and the pore loop, which begins and ends extracellularly

but loops into the plasma membrane; the pore loop for each hERG subunits in one

channel face into the ion-conducting pore and are adjacent to the corresponding

loops of three other subunits and together they form selectivity filter region of the

channel pore [11]. In addition to these transmembrane regions, hERG has intracel-

lular N-terminal and C-terminal domains. The N-terminal region contains a

Per–Arnt–Sim (PAS) domain, where they play important role in deactivation of

the channel. The C-terminal tail contains a cyclic nucleotide binding domain

(CNBD) whose function is not well characterized. Binding of cAMP to this

domain has relatively little effect on gating [12]. However, this region is still an

important consideration with respect to arrhythmogenesis since mutations in this

region have been shown to cause trafficking defects [13, 14].

1.3 Functions and Dysfunctions of hERG K+ Channels

hERG K+ channel plays a key role in regulation of cardiac excitability and mainte-

nance of normal cardiac rhythm. One-third of all cases of congenital long QT

syndrome (LQTS) are primarily caused by mutation in hERG. In addition, hERG
channel protein is the molecular target for almost all drugs that cause acquired form

of long QT syndrome. Due to significance of hERG gating kinetics in both normal

and abnormal cardiac function, much of the work has focused on understanding the

voltage-dependent molecular rearrangements of channel protein [15]. hERG kinetic

is distinct showing slow activation and rapid voltage-dependent inactivation

resulting into outflow of small current through these channels. This is of importance

in maintenance of plateau phase in cardiac action potential. In phase 3, a sharp

outflow of K+ current takes place as a result of quick recovery of channels from

inactivated state. The current then decreases slowly until stimulus for second action

potential arrived. Sequence alignments and hydropathy plots recommend that the

overall structure of the VSD is homologous to that of other Kv channels, and it is

suggested that S4 helix is loosely packed and most likely lipid exposed, much as it

is presented in the crystal structure of Kv1.2. hERG channel dysfunction arising out

of mutation may have adverse effects on cardiac electrical activity, and therefore its

understanding may be helpful for knowing the correct functioning of Kv11.1 and

designing proper therapy to avoid it. Till date about 300 mutations have been

reported in Kv11.1 channel. Mechanisms of mutations mainly due to reduced or

defective gating or synthesis or trafficking or ion permeation or single channel
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conductance are described [16–18]. The genetic mutations reduce hERG channel

function, which could have a deleterious effect on cardiac electrical activity. These

mutations will not only contribute to a better understanding of channels function-

ing, but also form the basis of developing therapies aimed at correcting hERG
channel dysfunction. The magnitude of hERG current in a cardiac myocyte is

mainly determined by total number of channels on the plasma membrane, proba-

bility that any given channel is open and conductance of a single channel.

1.4 hERG Protein Trafficking

hERG channel biogenesis involves synthesis of a core-glycosylated monomer in the

endoplasmic reticulum (ER) (135 kD band on western blot) followed by co-

assembly into a tetramer that is subsequently transported to the Golgi. In the

Golgi-complex glycosylation occurs resulting in the addition of sugar moieties to

each subunit [19]. Therefore, western blot analysis of hERG channels expressed

in mammalian cells gives two bands at 135 kD (ER) and 155 kD (Golgi and

plasma membrane) if the channels are properly assembled and trafficked to

the plasma membrane but only one band (135 kD) appear if they do not traffick

from the ER. Mutations that affect either subunit assembly in the ER or trafficking

from the ER to the plasma membrane will result in a trafficking failure. To date

there are very few studies that have addressed the molecular basis of subunit

assembly and domain interactions in hERG [20, 21].

Various approaches have been used to restore normal hERG trafficking in vitro
and in vivo under different physiological and pathological conditions. Especially

the trafficking-deficient mutations have become a focus of interest recently, since

most of these mutations give rise to channel proteins capable of conducting IKr

current when intracellular trafficking is restored in vitro [22]. Mutations that affect

either subunit assembly in ER or trafficking from ER to plasma membrane will

result in a trafficking failure. hERG channel proteins are synthesized in the ER then

it is transported to the cell surface of the Golgi apparatus. During this process,

hERG proteins undergo two crucial steps of glycosylation. Initially newly

synthesized immature hERG channels undergo asparagine (N)-linked core glyco-

sylation in the ER. Consecutively, immature proteins are transported to Golgi

apparatus, where complex glycosylation occurs. Finally, the fully glycosylated

form of the hERG wild-type (WT) channel is inserted into the cell membrane

[23, 24]. Misfolded and incompletely assembled proteins are common side products

of protein synthesis in the ER. Analysis of the hERG sequence showed a putative

ER retention signal present in the C terminus of hERG. Despite its presence in wild-
type hERG proteins, these channels are not trafficking deficient. The C-terminal

104 amino acids mask and inactivate this retention signal in wild-type channels

and that truncation of the C terminus leads to exposure of the R-G-R sequence,

resulting in mistrafficking [25, 26]. In mammalian cells, another of quality control

mechanisms consist of ER-associated and cytoplasmic chaperones. Identified two
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cytosolic chaperones, heat shock protein (Hsp 70 and Hsp 90), interact dynamically

with immature core-glycosylated ER-resident form of hERG, thereby forming a

transient complex. During protein synthesis, large portions of the hERG protein

are exposed to cytoplasm and thus possible binding partners for chaperones.

These partners include N-terminal Per, Arnt and Sim (PAS) domain, the putative

C-terminal ER retention signal R-G-R and the C-terminal cyclic nucleotide binding

domain (cNBD), whereas small parts of the hERG tetramer point towards ER lumen

[27]. The role of Golgi apparatus within the machinery is required for normal

protein processing. During maturation in Golgi apparatus, hERG proteins associate

with GM130/golgin-95, a Golgi-associated protein that is involved in vesicular

transport [25, 28, 29]. The changes in temperature have opposing effect on

activation and inactivation of channel. In voltage-dependent activation causes

hyperpolarizing shift while inactivation results in depolarizing shift. The majority

of identified trafficking-deficient mutants have been shown to be temperature-

sensitive. The temperature-dependent induction of channel folding and processing

in hERG R752W has been shown to be accompanied by a reduction in Hsp70 and

Hsp90 association as well as by reduced synthesis and trafficking process [30]. The

improved channel folding at lower temperatures might be due to an increased ER

retention time at lower temperatures. In addition, reversal of the mutant’s effects on

hERG currents could be due to inhibition of proteasomal degradation at reduced

incubation temperatures [19, 31].

Few studies have investigated the effects of a transcriptional regulator (4-phen-

ylbutyrate) on hERG channel maturation. Despite markedly enhanced synthesis of

mutant hERG R752W protein at 37�C upon application of 4-phenylbutyrate, trans-

port of the mature protein to the cell surface could not be restored, indicating that

the quality control machinery held the mutant protein in the ER, until it underwent

degradation. Furthermore, in a study of five patients with hERG R752W-associated

long QT syndrome treated with 4-phenylbutyrate (19 g/day) for 1 week; a dose

that has proven successful in cystic fibrosis transmembrane conductance regulator

(CFTR) rescue in vivo, cardiac repolarization was not significantly improved.

These results suggested that enhanced protein expression may not be sufficient

in restoring protein transport. Although data are limited, additional factors such

as prolonged ER retention time and/or interactions with molecular or pharmaco-

logical chaperones seem to be required for successful rescue of hERG LQT2

mutants [2, 29, 32].

Chemical chaperones such as glycerol, dimethyl sulfoxide (DMSO), and

trimethyl amine oxide (TMO) are believed to stabilize protein conformations

during their maturation and restoration of trafficking by chemical chaperones

such as glycerol has been indicated for hypomorphic hERG N470D channels.

However, hERG R752W trafficking could not be corrected by incubation with

glycerol indicating that rescue by chemical chaperones depends on the severity

of mutation in hERG, which is determined by the protein domain affected by

a mutation and by properties of introduced amino acid residue. Further inves-

tigations (e.g., mutagenesis studies on the effects of different amino acid sub-

stitutions at a certain position) need to be carried out to distinguish between
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amino acid- and domain-related success and failure of chemical chaperones.

Finally, the high concentrations of chemical chaperones required for restoration

of protein trafficking (e.g., 10% glycerol) restrict their clinical use [33, 34]. In

another sense, trafficking of mutant G601S and F805C channels was restored by

application of sarcoplasmic/ER Ca2+-ATPase (SERCA) inhibitor thapsigargin,

which did not cause hERG current inhibition. It is speculated that in this

mechanistically different case, alterations in the activity of calcium-dependent

chaperone proteins in the ER promote the relocation of intracellular hERG protein

to the cell surface. The underlying mechanism requires an intact Golgi apparatus.

Further studies are required to investigate the precise mechanism of rescue by

thapsigargin and to identify the chaperones involved in this rescue pathway [35].

Pharmacological rescue of trafficking-deficient hERG mutants appears to be the

most promising approach. It has been revealed that trafficking of some Class 4

hERG mutants (e.g., hERG T65P, hERG N470D, hERG G601S) can be restored by

application of high-affinity hERG channel ligands (i.e., inhibitors) such as

methanesulfonanilide, and E4031, antihistamines agents such as astemizole and

terfenadine, or gastrointestinal prokinetic drug such as cisapride. In contrast,

attempts to rescue mutant hERG A561V, hERG R752W, hERG F805C or hERG
R823W channels by incubation of pharmacological chaperones failed, suggesting

that these channels represent a group of hERG LQT2 mutants, which is resistant to

pharmacological rescue. More recently, the molecular determinants and the binding

site for hERG channel ligand serving as pharmacological chaperones have been

investigated. Nonetheless, pharmacological restoration of hERG channel matura-

tion with high-affinity inhibitors of hERG currents requires application of the drug

to the culture medium for a certain incubation time, followed by removal of the

hERG-blocking drug prior to electrophysiological measurements, which prevents

their clinical use [36–38]. Trafficking defects are present in a significant group of

hERG mutants associated with LQT2. Since many of the trafficking-deficient

channels give rise to functional channels when inserted into the cell membrane,

restoration of normal channel trafficking is an attractive strategy for treating

patients carrying Class 4 hERG mutations [39]. Among the strategies investigated

to date, pharmacological restoration of hERG maturation with low-affinity channel

antagonists seems to be most promising. However, limitations may derive from the

fact that in each LQTS patient, the underlying mutation needs to be analyzed and

characterized in vitro and the efficacy of specific therapies should be evaluated for

each individual mutation prior to treatment [40–42].

2 QT Interval Prolongation and Torsade De Pointes

Lengthening of ventricular repolarization (Figs. 2 and 3) is known to be a risk factor

for development of Tdp, a form of ventricular tachycardia thought to be initiated by

an early after depolarization (EAD). Tdp is a potentially lethal arrhythmia that

develops as a consequence of amplification of electrical heterogeneities intrinsic to
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ventricular myocardium. Heterogeneity in development of prolongation of action

potential and early after depolarizations results in a myocardium that is vulnerable

to reentrant excitation, the probable immediate cause of Tdp in human [43].

2.1 QT Interval Correction (QTc)

The QT interval (Fig. 3) and heart rate have an inverse, non-linear relationship,

which varies among and within species. Thus, change in heart rate exerts an effect

on QT interval, which can confound the assessment of effect of test substance on

ventricular repolarization and the QT interval [44]. Therefore, the interpretation of

data from in vivo test systems should take into account the effect of coincident

changes in heart rate. There are two important situations where variability in heart

Fig. 2 Schematic diagram of an action potential recorded from a myocyte and involvement of Na+

(INa), K
+ (IKr, IKs, and IKi) and Ca2+ (ICa) ion channel currents, which underlie each of its phases

(0, 1, 2, 3, and 4). The cardiac electric events are outcome of different biologically important ionic

pumps, exchangers and, most importantly, voltage-gated ion channels. The cardiac action poten-

tial recorded from either an atrial or a ventricular human myocyte can be classified into five

distinct phases. (a) The phase 0, phase 0, or action potential upstroke, is generated by the rapid,

transient influx of Na+ into myocytes via Na+ channels (inward current: INa). (b) Phase 1 describes

the early repolarization process and is mediated by the efflux of K+ from the cell through the

opening of a distinct K+ channel. The transient outward current (Ito) contributes to the termination

of the upstroke of the action potential by causing an early phase of rapid repolarization. (c) Phase

2, or plateau of the action potential, is essentially because of the entry of extracellular Ca2+ into the

cells through L-type Ca2+ channels (inward current: ICa). (d) Phase 3 describes the late repolariza-

tion process and is mediated by the efflux of K+ from the cell through the opening of distinct K+

channels. Two distinct K+ channels contribute to Phase 3 repolarization [IKr or hERG current and

IKs] by opposing Ca
2+ influx during the plateau phase. (e) Phase 4, resting potential, is maintained

by the inward rectifier (IKi). Besides maintaining phase 4, the inward rectifier also plays a

prominent role in the final repolarization process in many species, although to a lesser extent in

the human heart and clamps the cardiac myocyte at its resting potential [144, 145]
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rate among animals occurs which is either difference in autonomic tone or effects of

test substances on heart rate ideally. QT interval data obtained after administration

of a test substance should be compared with control and baseline data at similar

heart rates. When the heart rate variability is not due to the test substance, it can be

reduced by acclimatization, or by use of anesthetized animal models [45].

2.2 Drug-Induced QT Prolongation

Drug-induced QT prolongation and the accompanying proarrhythmic risk are

major regulatory concerns in drug development [44]. Drugs that delay ventricular

repolarization and prolong. QT interval are associated with an increased risk of

Fig. 3 A schematic diagram of electrocardiogram (ECG), recorded at the body surface, represents

series of waves generated by electrical events of different chambers and conduction pathways

within the heart. A typical ECG tracing of a normal heart beat consists of P wave, QRS complex

and T wave [44]. P wave is the electrical signature of current that causes atrial contraction. Both

the left and right atria contract simultaneously. The change in shape of P wave may indicate atrial

problems. The QRS complex corresponds to the current that causes contraction of the left and right

ventricles, which is much more forceful than that of the atria and involves more muscle, thus

resulting in a greater ECG deflection. The Q wave represents the small horizontal current as action

potential travels through interventricular septum. The R and S waves indicate contraction of the

myocardium. The T wave represents the repolarization of the ventricles. The ST segment connects

QRS complex and T wave. This segment lasts about 0.08 s and is usually level with the PR

segment. The QT interval (time from the beginning of the QRS complex to the end of T wave) of

the ECG is a measure of the duration of ventricular depolarization and repolarization [146].

Ventricular repolarization, determined by duration of cardiac action potential, is a complex

physiological process. It is the net result of activities of many membrane ion channels and

transporters. Under physiological conditions, the functions of these ion channels and transporters

are highly interdependent. The activity of each ion channel or transporter is affected by multiple

factors including, but not limited to, intracellular and extracellular ion concentrations, membrane

potential, cell-to-cell electrical coupling, heart rate and autonomic nervous system activity.

The rapidly and slowly activating components of IKr and IKs seem to have the most influential

role in determining the duration of the action potential and the QT interval [147–150]
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life-threatening ventricular tachyarrhythmia, in particular Tdp. Cardiac repolariza-
tion is a complex physiological process terminating the cardiac action potential and

it results from the activities of multiple membrane ion channels and transporters.

These ion channels and transporters interact through membrane potential and

intra/or extra-cellular ionic concentrations, but are also affected by systemic factors

including hormone regulation, metabolic state and autonomic nervous tone.

Prolongation of action potential can result from inhibition of one or more of

outward K+ currents or by increasing inward currents (Na+ or Ca2+). Since IKr

plays a key role in repolarization of cardiac action potential, selective inhibition of

this current slows repolarization and this is manifested as a prolongation of the QT

interval on the ECG (Figs. 3 and 4). It is now widely accepted that the blockade of

IKr current by drugs is at least in part responsible for their proarrhythmic effect;

however, this risk may be modulated by blocking other channels [46]. The spectrum

of drugs associated with Tdp involves antiarrhythmic drugs, non-antiarrhythmic

cardiovascular drugs and non-cardiovascular drugs (Table 1). Only 26% cases were

associated with cardiac agents out of the 2,194 cases reported to the American Food

and Drug Administration regarding Tdp. The other drug classes with proarrhythmic

adverse effects are central nervous compounds comprising 22%, antiinfectives 19%

and antihistamines 12%. Class-III antiarrhythmic drugs such as sotalol, dofetilide

Fig. 4 Schematic diagram of a ventricular action potential showing effects of long QT syndrome

by pharmacological inhibitors of voltage-gated K+ channel 7.1 (Kv7.1; also known as KCNQ1) or

Kv11.1 (also known as hERG or KCNH2) on action potential duration by alteration of the different

gene, which alters the ion channel currents, in different phases (0, 1, 2, 3 and 4)
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and ibutilide prolong cardiac repolarization mainly by reducing outward

repolarizing potassium currents, notably IKr at the level of single myocytes [47].

The exact incidence of drug-induced Tdp in general population is unknown.

Most of our understandings of incidence, risk factors and drug interaction of

Table 1 List of hERG K+ channels (Kv11.1) activators

Name Structures

PD307243

N
H

NNCl

Cl

O
OH

NS3623

H
N N

H

O

F3C

NH
NN

N

Br

NS1643
H
N N

H

O

OH

CF3
CF3

OH

A935142

HN
N

F3C O

OH

RPR26024
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OHO

F

F

F
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proarrhythmic drugs are derived from epidemiological studies, anecdotal case

reports and clinical studies during drug development and post-marketing surveil-

lance. The awareness of drug-induced Tdp in last few years has resulted in increase

in the number of spontaneous reports. Nevertheless, the absolute total number

remains very low, although it has been suggested that the system of spontaneous

reporting under-reports the true incidence of serious adverse reactions by a factor of

at least 10 [48]. Between 1983 and December 1999, 761 cases of Tdp, of which 34

were fatal, were reported to the World Health Organization Drug Monitoring

Centre by the member states. WHO data provide an insight into the incidence of

Tdp on most commonly reported proarrhythmic drugs. However, such a reporting

system is undermined by the widely variable content and clinical information

between different countries and sources. It is also compounded by various factors

such as the patient’s underlying disease, whether adverse drug reaction is well

known or has not been previously described and the amount of attention paid by the

medical community on a specific adverse drug reaction [49, 50].

3 hERG K+ Channels as a Therapeutic Target

hERG potassium channels are essential for normal electrical activity in the heart.

Inherited mutations in the hERG gene cause long QT syndrome, a disorder that

predisposes individuals to life-threatening arrhythmias. Arrhythmia can also be

induced by a blockage of hERG channels by a surprisingly diverse group of

drugs. This side effect is a common reason for drug failure in preclinical safety

trials. Insights gained from the crystal structures of other potassium channels have

helped our understanding of block of hERG channels and the mechanisms of gating

[51]. Many drugs have been withdrawn from the market and a large number of

promising compounds have been stopped during development due to suspected or

confirmed adverse events, including fatalities. Cardiac, hepatic and hematological

abnormalities are the major causes of withdrawal of drugs or restriction in their

labeling. Among these unintended effects, drug-induced arrhythmogenic death is

the most dramatic. The common cause of the withdrawal or restriction of drugs

produced delayed ventricular repolarization and the prolongation of QT interval

associated with fatal polymorphic ventricular tachycardia, or Tdp. A convergence

of data obtained from clinicians, basic electrophysiologists and geneticists who

have studied the congenital long QT syndrome (also characterized by Tdp) has
resulted in some understanding of the mechanisms, whereby drugs may cause this

type of arrhythmia. Guidelines, which are still evolving, are aimed at predicting

whether a new drug carries this risk. Paradoxically, however, increased knowledge

has also illuminated the fact that the current predictors of this serious side effect

are imperfect, both for individual patients and for populations of patients who are

exposed to a given drug. Thus, although clinicians, members of regulatory bodies

and drug developers, may be able to predict that a given drug may carry some risk,

they can neither assess nor quantify it accurately [23, 52, 53].
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Inhibition of the hERG channel can increase the QT interval and the likelihood

of arrhythmias. If untreated, this undesired QT prolongation can lead to Tdp and

may be fatal. Genetic mutations in the hERG channel can result in LQTS, a disorder

in which the patient has a substantial risk of sudden death due to an arrhythmia

known as Tdp [43]. Several drugs have recently been withdrawn as a result of

multiple fatalities connected to hERG blockade. It is becoming increasingly neces-

sary to assess a compound’s effect on hERG channel activity at the initial stages of

drug discovery process. High-throughput methods, such as rubidium (Rb+) flux,

make it possible to perform this hERG assessment during lead generation and

optimization [54].

IKr is important in determining the timing of electrical repolarization of the

action potential in ventricular myocyte. Typically, an LQTS patient will have no

clinical signs except prolongation of QT interval on the electrocardiogram (ECG)

and the patient will appear otherwise healthy, having no other symptoms except

some patients will suffer from occasional syncope [7, 55, 56]. The hERG channel

has been shown to be the target antiarrhythmic drugs (e.g., amiodarone, sotalol and

dofetilide; Table 2), which reduce the risk of re-entrant arrhythmias by prolonging

the AP duration and the refractory period without slowing conduction velocity in

the myocardium. hERG also promiscuously interacts with many other drugs, and it

is the inadvertent target of myriad non-cardiac drugs [37, 57], a phenomenon that

can under some circumstances lead to severe fatalities including acquired LQTS

and its concomitant risk of sudden death. As a result, since the mid-1990s a wide

variety of drugs found to be spoiled by this safety issue they have been reclassified

or withdrawn from the market. Intensive efforts in drug development are continuing

to root out compounds that might also suffer from this problem [13].

4 hERG K+ Channels Activators and Inhibitors Which Alters

QT Interval

The recent discovery of several structurally diverse hERG activators could be an

immense breakthrough in treating the clinical conditions with hERG targets. Some

of the compounds have been described as activators (Table 1) i.e., RPR260243,

PD-118057, NS 1463, NS 3623 and mallotoxin [58, 59]. First, QT prolongation is

associated with those drugs that predictably prolong QT interval. They are used to

treat arrhythmias and include quinidine, procainamide, terfenadine, amiodarone,

sotalol and dofetilide (Class I drugs). Second, those drugs which have been shown

to prolong the QT interval, often at elevated serum concentrations may produce

arrhythmias (Class II such as amitriptyline, cisapride, erythromycin, pimozide and

thioridazine ). There are a large number of drugs with limited or minimal ability to

prolong the QT interval (Table 2) (Class III).

All of these drugs associated with QT prolongation could interact based on

pharmacodynamic (PD) and/or pharmacokinetic (PK) mechanisms. Following
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general approaches are considered to minimize the QT prolongation associated

with drug interaction. Combinations of drugs such as two drugs from Class I (PD

interaction) quinidine plus dofetilide or a Class I drug plus a Class II drug when

there is also a PK interaction (PD plus PK), for example quinidine with thioridazine

should be avoided. The combinations can be recommended when benefit outweighs

the risk, a Class I drug plus Class II drug when there is no PK interaction (PD only)

e.g., procainamide with cisapride. Within Class II drugs when there is also a PK

interaction (PD plus PK) such as erythromycin with cisapride should be avoided.

Class II drugs when there is no PK interaction (PD only) e.g., amitriptyline plus

cisapride combinations of Class III drugs may result in increased QT prolongation

should be avoided. Patients with pre-existing QT prolongation, prolonged baseline

QT, abnormally prolonged QT interval, QTc during drug and T-wave lability

changes during drug treatment are probably at increased risk of developing arrhy-

thmias. Patients with the risk factors including bradycardia, female sex, genetics

(gene mutations in cardiac ion transport), heart disease (heart failure, ischemia),

electrolyte disturbances (hypocalcemia, hypokalemia, hypomagnesemia and hypo-

thyroidism) cardiac hypertrophy and increased age should be monitored carefully

and therapy with alternative agents posing no risk for delayed repolarization should

be considered [60–62]. Terfenadine and ketoconazole are most widely used positive

reference drugs in non-clinical cardiac repolarization safety studies. Study reports

have suggested the effects of terfenadine, ketoconazole alone and their combina-

tion on QT prolongation using conscious guinea pigs and QT were recorded using

a telemetry system. Neither terfenadine nor ketoconazole produced any effect on

the respiratory rate (RR), QT intervals, heart rate (HR). However, a combination

of terfenadine and ketoconazole significantly prolonged RR and QT intervals

and decreased HR in a time-dependent manner [63].

4.1 hERG Activators

RPR260243: (3R,4R)-4-[3-(6-methoxyquinolin-4-yl)-3-oxo-propyl]-1-[3-(2,3,5-

trifluoro-phenyl)-prop-2-ynyl]-piperidine-3-carboxylic acid), is a novel activator

of hERG. By using patch-clamp electrophysiology, it dramatically slowed cur-

rent deactivation when applied to cells which were stably expressing hERG
(Table 1) [58].

PD-118057: After RPR260243, another potent hERG channel enhancers i.e.,

2-{4-[2-(3,4-dichloro-phenyl)-ethyl]-phenylamino}-benzoic acid (PD-118057)

was reported, which increases the peak tail hERG current in human embryonic

kidney cells [59]. PD-118057 did not affect the voltage dependence and kinetics of

gating parameters, nor did it require open conformation of the channel. In isolated

guinea pig cardiomyocytes, PD-118057 showed no major effect on INa, ICa and IK.

PD-118057 shortened the action potential duration and QT interval in arterially

perfused rabbit ventricular wedge preparation in a concentration-dependent manner

(Table 1).
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NS1643: A diphenylurea compound i.e., 1,3-bis-(2-hydroxy-5-trifluoromethyl-

phenyl)-urea (NS1643) also increases the activity of hERG channels expressed in

Xenopus laevis oocytes. NS1643 (Table 1) (EC50-10.5 mM) increased both steady-

state and tail current at all voltages tested in the hERG expressed in Xenopous and
hERG channels expressed in mammalian HEK 293 cells [64]. In guinea pig

cardiomyocytes, NS1643 significantly activated delayed rectifier potassium current

and decreased the action potential duration. This effect were reversed after appli-

cation of the specific hERG channel inhibitor 40-[[1-[2-(6-methyl-2-pyridyl)ethyl]-

4-piperidinyl]carbonyl]-methanesulfonanilide (E-4031).

NS3623: N-(4-bromo-2-(1H-tetrazol-5-yl)-phenyl)-N0-(30-trifluoromethylphenyl)

urea (NS3623) also has the ability to activate hERG channels expressed in Xenopus

oocytes. Exposure of NS3623 affects the voltage-dependent release from inactiva-

tion, resulting in a half-inactivation voltage is rightward-shifted in Xenopus oocytes
[65]. Moreover, the compound affects the time constant of inactivation, leading to a

slower onset of inactivation of the macroscopic hERG currents [65]. Application of

NS3623 to hERG mutants did not result in increased hERG current. In contrast,

applications of NS3623 to the mutant F656M have shown to increase hERG current

to a larger extent as compared with wild-type hERG1 channels. NS3623 (Table 1)

also has the ability to shorten action potential durations in guinea pig papillary

muscle.

Mallotoxin: Mallotoxin (MTX) is recently introduced as a naturally occurring

hERG channel activator. MTX increases both step and tail hERG currents. MTX

leftward shifted the voltage dependence of hERG channel activation to less

depolarized voltages [66]. MTX also increased hERG deactivation time constants

without altering the half-maximal inactivation voltage of hERG channel, but it

reduced the slope of voltage-dependent inactivation curve. All of these factors

contribute to the enhanced activity of hERG channels. Application of MTX

increases the flow of potassium ions through hERG channels (Table 1).

4.2 hERG Inhibitors

Amiodarone: Amiodarone is an antiarrhythmic drug used to treat ventricular and

supraventricular (atrial) arrhythmias, the IC50 is around 0.7 mM. It prolongs QT of

cardiac ECG (Table 2). It shows beta-adrenoreceptor and potassium channel

blocking action on sinoatrial and atrioventricular node, which increases effective

refractory period via sodium and potassium channel that subsequently reduce

conduction of cardiac action potential. So it may lead to polymorphic ventricular

arrhythmia [67].

Astemizole: A non-sedating and selective H1-receptor antagonist, astemizole,

causes acquired longQT syndrome (Table 2).Astemizole blocks the rapidly activating

delayed rectifier K+ current IKr and the hERG K+ channels that underlie it. The

principalmetabolite is desmethylastemizole and norastemizole. Desmethylastemizole
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and astemizole cause equipotent block of hERG channels and these are among the

most potent hERG channel antagonists so far. Because desmethylastemizole becomes

a dominant compound in serum, it is confirmed that it becomes the principal cause

of long QT syndrome observed in patients following astemizole ingestion.

Norastemizole block of hERG channels is comparatively weaker; thus the risk of

producing ventricular arrhythmias may be lower [27]. IC50 for astemizole on hERG
expressed in Xenopus oocytes is 69 nM to 0.33 mM; in HEK cell; 0.9–22 nM and in

the guinea pig/ventricular myocytes approximately 1.5 nM were reported [68].

Bepridil: It is a non-selective calcium channel blocker used to treat angina

pectoris. It improves left ventricular performance and is found to be effective as

monotherapy for treatment of patients with exertional angina. Its use is associated

with increased exercise capacity and decreased angina frequency and nitroglycerine

consumption as well as improved LV systolic and diastolic performance at rest

and during peak exercise (Table 2). Bepridil produces prominent bradycardia-

dependent QT prolongation with special attention in patients having structural

heart disease [69].

Cisapride: Cisapride (IC50, 0.02 mM) is a widely used prokinetic agent and has

attracted much recent attention because of reports of QT prolongation and Tdp
(Table 2). Approximately 23 cases of QT prolongation associated with cisapride

were reported to the Food and Drug Administration from 1993 to 1996 with four

deaths and 16 resuscitated cardiac arrests [48]. Many of the patients were also

taking imidazole or a macrolide antibiotic, which could inhibit the P-450 CYP3A4

isoenzyme responsible for cisapride metabolism [70–72].

Domperidone: Several cases of QT prolongation and ventricular tachyarrhyth-

mia have been reported with domperidone, a gastrokinetic and antiemetic agent

available worldwide but still under investigation in the USA (Table 2). Although

electrolyte disturbances such as hypokalemia could account for some of these

events, it possesses cardiac electrophysiological effects predisposing some patients

to proarrhythmia. These effects are observed at clinically relevant concentrations of

the drug [73, 74].

E-4031: It is a methanesulfonanilide, class III antiarrhythmic drug that was

initially reported to prolong cardiac action potential duration and block IKr in

ventricular cells at submicromolar concentration (Table 2). E-4031 is a specific

blocker of hERG K+ channels in heterologous systems, cardiac cells and cardiac

preparations [75].

Fluconazole: Fluconazole, a commonly used azole antifungal drug, can induce

QT prolongation, which may lead to Tdp and sudden death (Table 2). It is indicated
that fluconazole may cause acquired LQTS and ventricular arrhythmia through

a direct inhibition of hERG current and by disrupting hERG protein trafficking

and the mutations Y652 and F656 may be obligatory determinants in inhibition of

hERG current for fluconazole [76, 77].

Fluoxetine: Fluoxetine, a selective serotonin reuptake inhibitor, is widely used as
an antidepressant compound (Table 2) [78]. Recent studies revealed that the complex

pharmacological profile of fluoxetine includes various additional effects, such as

inhibition of muscular and neuronal nicotinic acetylcholine receptors, blockade of
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monoamine oxidase A and B [79] and reduction of neuronal Kv1.1 potassium and

sodium currents [80]. It has been suggested that fluoxetine might inhibit the K+-

induced serotonin release by decreasing the voltage-dependent Ca2+ entry into nerve

terminals [81]. Furthermore, it had been demonstrated that delayed rectifier K+

channels and Na+ channels in human corneal epithelium are blocked by fluoxetine

[82] and, finally, inhibitory effects of fluoxetine on cardiac Ca2+ and Na+ channels.

Selective serotonin reuptake inhibitor antidepressant drugs are generally believed to

cause fewer proarrhythmic side effects compared with tricyclic antidepressants [83].

However, serious concerns have been raised by case reports of tachycardia and

syncope associated with fluoxetine treatment [84]. In addition, a patient with mark-

edly prolonged QTc interval due to fluoxetine has been reported, whereas previous

experimental and clinical studies did not reveal any prolongation of the QTc interval

[85]. But still the QTc prolongation seen during application of fluoxetine suggests

that cardiac repolarization might be affected by this drug. Repolarization of cardiac

ventricular myocyte is mainly due to outward potassium currents [86].

Grepafloxacin: It is well known to prolong cardiac repolarization and has been

reported to increase the QT interval by an average of 10 ms in clinical trials at

therapeutic doses (Table 2). Grepafloxacin was withdrawn from the market because

of concerns over QT interval prolongation and rare cases of ventricular arrhythmia,

including torsades de pointes, in patients receiving the drug [87, 88].

Ketoconazole: Ketoconazole is a synthetic antifungal drug and blocker of

potassium rectifier current, which prolongs the QT interval (Table 2). It has been

associated with QT prolongation and Tdp when co-administered with QT interval

prolonging drugs (e.g., astemizole, terfenadine). Oral dose of 50 mg/kg terfenadine

with ketoconazole 200 mg/kg combination results in immediate QT prolongation

but none of them alone increased QT prolongation in telemetred conscious guinea

pigs orally [63]. There is a pharmacokinetic component, both compounds use the

same cytochrome-P450 metabolic pathway, resulting in an increase in plasma

concentration of terfenadine. The voltage- and time-dependent characteristics of

hERG blockade by ketoconazole indicated dependence of block on channel gating,

ruling out a significant role for closed-state channel inhibition. Thus, ketoconazole

accesses hERG channel pore-cavity on channel gating and S6 residue F656 is an

important determinant of ketoconazole binding [63, 89, 90]. However, ketocona-

zole can block potassium currents mediated by hERG and Kv1.5, another cardiac

potassium channel. The IC50 were reported 15.5–49 mM in Xenopus oocytes and

approximately 2.5 mM in cat ventricular myocytes [90].

Levacetylmethadol: Opioids have capability to block hERG current in patients

with or without any cardiac abnormalities and are responsible for QT interval

prolongation (Table 2). Levacetylmethadol is a metabolite of methadone, causes

Tdp, and its use requires electrophysiographic screening before treatment and

during titrations. It is indicated as a second-line regimen drug for the treatment

and management of opioid dependence if patients fail to respond to drugs such as

methadone or buprenorphine [91].

Macrolides (erythromycin): Macrolides are a group of closely related com-

pounds characterized by a macrocyclic lactone ring to which sugars are attached.
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In contrast, little is known about the effects of these macrolides on the hERG
channel [92]. They have been widely used as effective antibiotics against gram-

positive organisms [93]. In fact, it is also the most thoroughly characterized with

respect to effects on cardiac repolarization that seems to be mediated by cardiac

potassium channel blockade [94–96]. The cardiac adverse effects of macrolides,

especially erythromycin (Table 2) have been reported elsewhere [93]. It is also the

most thoroughly characterized with respect to the effects on cardiac repolarization

that seems to be mediated by cardiac potassium channel blockade [94–96]. With

increasing reports of QT prolongation and arrhythmias associated with these drugs

is by inhibiting hERG channels [97, 98].

Mesoridazine: Mesoridazine is used to treat the symptoms of schizophrenia and

reduce restlessness, anxiety and tension. It can also reduce hyperactivity and

uncooperativeness. Mesoridazine has been shown to prolong the QT interval in a

dose-related manner which increases the risk of life-threatening arrhythmias such

as Tdp and sudden death consequently its use in schizophrenia has been restricted

(Table 2). Its use in other psychiatric disorders was abandoned after it was felt that

there was an unacceptable balance of risks and benefits as a result of its cardiotoxic

potential and it is no longer available in many countries [99].

Methadone: It is a synthetic opioid, used medically as an analgesic, antitussive

and maintenance antiaddictive for use in patients on opioids (Table 2). Methadone

inhibits the cardiac potassium channel hERG and can cause a prolonged QT interval.

Methadone is chiral but its therapeutic activity is mainly due to (R)-methadone.

Whole-cell patch-clamp experiments using cells expressing hERG showed that (S)-

methadone blocked the hERG current 3.5-fold more potently than (R)-methadone

[100–102].

Mibefradil: It is a calcium channel blocker that selectively blocks T-type

calcium channel, useful in cardiovascular conditions such as hypertension, angina,

or heart pain and congestive heart failure. It is also reported to cause QT

prolongation and Tdp by blocking hERG potassium channel in concentration-

dependent manner [103]. Also, KvLQT1 is inhibited by bepridil and mibefradil,

explains that Ikr is that sensitive target to most of the calcium channel blockers,

which further depicts the proarrhythmic effect of these drugs (Table 2). Shortly

following its introduction, mibefradil was withdrawn from the US market because

of potentially harmful interactions with other drugs (e.g., amiodarone, quinidine,

sotalol, erythromycin, desimipramine and thioridazine), which collectively prolong

QT interval [104].

Nelfinavir: It is a potent HIV protease inhibitor class of antiretroviral drug that

causes unpredicted adverse effects by changing elements of normal cellular metab-

olism (Table 2). Drug-induced QT prolongation is usually caused by block

of hERG potassium channels and nelfinavir shown to cause dose-dependent block-

ade as heterologously expressed in HEK293 cells in vitro. Block by lopinavir of

repolarizing IKr channels in neonatal mouse cardiac myocytes suggests that prote-

ase inhibitors could predispose individuals to QT prolongation and Tdp [105].

Pimozide: It is well another known antipsychotic which causes QT prolongation

and Tdp. Forty cases (16 deaths) of serious cardiac reactions (predominantly
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arrhythmias) of QT prolongation and ventricular tachyarrhythmia have been

reported with pimozide by Committee on Safety of Medicines from 1971 to

1995, which is a potent neuroleptic useful in the management of motor and phonic

tics associated with Tourette syndrome. The effects of pimozide on monophasic

action potential duration were increased and concentration-dependent block of the

rapid component of the delayed rectifier potassium current and tail current was

decreased [106–109]. Pimozide possesses cardiac electrophysiological effects sim-

ilar to those of class III antiarrhythmic drugs (Table 2). These effects are concen-

tration dependent and observed at recommended dosages of the drug. Since

pimozide is strongly metabolized by CYP3A4, special care should be taken to

avoid potential pharmacokinetic interactions leading to high plasma levels of

pimozide and proarrhythmia.

Prenylamine: It is a calcium channel blocker, which is used as a vasodilator in

the treatment of angina pectoris. It has been shown to partially metabolize to

amphetamine and can cause false positives for it in drug tests. Prenylamine also

appears to act as a vesicular monoamine transporter inhibitor and has been

demonstrated to deplete vesicular monoamine neurotransmitter stores similarly to

reserpine (Table 2). It is well known fact that long use of prenylamine causes

LQTS, ventricular premature beats and short run of ventricular tachyarrhthmia with

Tdp pattern [110].

Risperidone: It is commonly used for the treatment of psychosis. Risperidone

exerts antagonistic effects on 5-hydroxytryptamine (5-HT2), dopamine (D2),

a-adrenoceptors and histamine (H1) receptors. In contrast with other antipsychotics

such as haloperidol and chlorpromazine, it allows a clear improvement of the

quality of life of patients by a reduction in specific extrapyramidal effects [111].

Risperidone has been implicated in several cases of QT interval lengthening, the

majority of them occurring with risperidone over-dosage [112]. However, to our

knowledge, no case of Tdp was reported with risperidone at therapeutic doses. In

most of the cases, QT prolongation by non-cardiac drugs such as risperidone

involved a reduction of repolarizing K+ currents, particularly the rapid component

of delayed rectifier current IKr. At cellular level, this results in prolongation of

cardiac action potential duration [113]; 0.3 mM risperidone reduced by about 50%

the IKr current in rabbit ventricular myocytes and 0.1 mM risperidone lengthened

significantly action potential duration recorded both in rabbit Purkinje fiber and in

ventricular myocardium [114, 115]; 3 mM risperidone prolongs the action potential

duration at 90% repolarization recorded in ventricular guinea pigs myocardium by

about 27% [116] and 10 mM risperidone also prolonged the final action potential

repolarization by about 20% in guinea pigs papillary muscle and by about 10%

in isolated cardiac canine myocyte, concurrently with a reduction of IKr current

[117, 118]. In hERG cloned channel that expresses K+ channel underlying IKr in

human heart, risperidone showed blockade of this channel at IC50 value of 1.6 mM,

0.39 mM, and 0.15 mM [119]. IKr and IKs have also been described in human atrial

myocyte [120] but not in all myocytes and with only relatively small densities in

comparison with the densities of potassium currents. In clinical practice, adverse

effects of QT prolonging drugs can be prevented by not exceeding the
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recommended dose; by restricting the dose in patients with pre-existing heart

disease or other risk factors; and by avoiding concomitant administration of drugs

that inhibit drug metabolism or excretion, prolong the QT interval, or produce

hypokalaemia [121]. When the patient develops Tdp, the offending drug should be

stopped and electrolyte abnormalities corrected [60].

Sertindole: Sertindole is a new indolylpiperidine antipsychotic agent, which has

nanomolar affinities for dopamine D2, serotonin 5-HT2 and a-1 adrenergic

receptors (Table 2). Sertindole blocked the hERG currents on two cloned human

cardiac potassium channels, hERG and Kv1.5, in a stably transfected mammalian

cell lines with an IC50 value at 14 nM. Sertindole enhanced the rate of current decay

during these prolonged voltage steps and displayed a positive voltage dependence.

Sertindole was approximately 1,000-fold less active at blocking Kv1.5 displaying

an IC50 value of 2.1 mM. Sertindole is a high affinity antagonist of the human

cardiac potassium channel hERG and blockade underlies the prolongation of QT

interval [122].

Terfenadine: It is a second generation of histamine receptor antagonists

(IC50 ¼ 56.0 nmol/l), widely used as non-sedating antihistamines that differ phar-

macologically from first-generation antihistamines by having preferential affinity

for peripheral H1 receptors versus the brain H1 and cholinergic receptors (Table 2)

[123]. Terfenadine at 0.3 mg/kg (IV) produced no effect on QT interval, but at

1 and 3 mg/kg, it significantly prolonged QT interval in dogs [124]. In guinea pig,

10 mg/kg IV infusion also results in QT prolongation.

Terodiline: Terodiline is used to treat urinary incontinence (Table 2). It was

removed from the market in 1991 for proarrhythmia. Terodiline depresses the

action potential plateau and induces triangulation without affecting action potential

duration (APD90). The triangulation ratios (normalized ratio of APD50 over APD90)

for terodiline were 0.94 and 0.59 for 1.0 and 10 mM. However, at supratherapeutic

concentrations, preclinical data predict risk of QT prolongation. It is suggested that

hERG block and triangulation are among multiple factors that must be considered

in preclinical cardiac safety assessments [125, 126].

In addition to hERG inhibitors discussed above, several other drugs including

chloroquine, chlorpromazine, disopyramide, dofetilide, droperidol, halofentrine,

haloperidol, ibutilide, pentamidine, probucol, procainamide, quinidine, sotalol,

thioridazine, and sparfloxacine have potential to produce QT prolongation.

5 Cardiovascular Safety and Guidelines

Accurately assessing the pro-arrhythmic potential of drug candidates should be

done early in preclinical development to avoid the economic and public health

consequences of late-stage failures of drug candidates, unfavorable labeling, and

withdrawals of approved products. Regulatory authorities are focusing on safety

issues associated with drugs where there is evidence of QT interval prolongation

risk. The underlying basis for this stance is the observation that most drugs
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associated with Tdp prolong the QT interval, though it should be noted that not all

drugs known to prolong QT interval have been connected with Tdp. Although a

variety of in vitro and in vivo experimental models are available for assessing the

QT prolongation and proarrhythmic potential of drug candidate, no single preclini-

cal model has been proven to be a predictive surrogate for human heart, that is

clinical exposure. Recognizing this need, pharmaceutical regulatory agencies

worldwide together with industry and academic scientists have developed guidance

urging an integration of several assays in hope that their combination will provide a

superior measure of true proarrhythmic risk. There are two documents developed

by the working group under ICH. One guideline is dealing with the non-clinical

strategy and another with clinical approach. Both recognize that the field of drug-

induced alterations in ventricular repolarization and proarrhythmia will undergo

changes as researchers are continuously gathering data, which in turn should adjust

the guidelines [127, 128].

5.1 Preclinical Guidelines

1. Safety Pharmacology Studies for Human Pharmaceuticals (ICH S7A) ICH S7A

describes the “core battery” of methods used to characterize the safety pharma-

cology profile of a compound. The goal of the ICH S7A guideline is to describe

studies designed to assess the effects of drug molecule on vital physiological

functions prior to first testing in man. The undone business of ICH S7A guide-

line, namely, the description of studies to assess the proarrhythmic potential of

drugs through the prolongation of repolarization, was left for a secondary

guideline, ICH S7B [129].

2. The Non-Clinical Evaluation of Potential for Delayed Ventricular Repolariza-

tion (QT Interval Prolongation) by Human Pharmaceuticals (ICH S7B). Unlike

ICH S7A, ICH S7B heralds a new era for pharmaceutical industry since it now

sets out how to address safety concerns of a new chemical entity (NCE), in

relation to adverse reactions on ventricular repolarization, topic that has vexed

industry and regulatory authorities for many years. This guideline applies to

NCEs for human use and marketed pharmaceuticals when appropriate (e.g.,

when adverse clinical events, a new patient population, or new route of admin-

istration raises concerns not previously addressed). The objectives of the ICH

S7B studies are to identify the potential of a test substance and its metabolites to

delay ventricular repolarization and relate the extent of delayed ventricular

repolarization to the concentrations of a test substance and its metabolites.

The study results can be used to elucidate the mechanism of action and, when

considered with other information, estimate risk for delayed ventricular repolariza-

tion and QT interval prolongation in humans [130]. These guidelines describe a

non-clinical testing strategy for assessing the potential of a test substance to delay

ventricular repolarization. These guidelines also include information concerning

non-clinical assays and integrated risk assessments. The assessment of the effects of
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pharmaceuticals on ventricular repolarization and proarrhythmic risk is the subject

of active investigation. The ICH S7B guideline, in the primary non-clinical testing

strategy for assessing evidence of the risk of compounds to prolong the QT interval,

has recommended the use of an in vitro IKr assay that evaluates the effects on IKr or
the ionic current through a native or expressed IKr channel protein, such as that

encoded by hERG and an in vivo QT assay that measures indices of ventricular

repolarization, such as QT interval [129, 131].

5.2 Clinical Guidelines

In 2005, the International Conference on Harmonization released a document ICH

E-14 concerning the clinical evaluation of QT and/or QTc interval prolongation and

proarrhythmic potential for non-antiarrhythmic drugs. The guideline calls for a

clinical thorough QT/QTc study (typically conducted in healthy volunteers), which

is intended to determine whether a drug has a threshold pharmacological effect on

cardiac repolarization, as detected by QT/QTc interval prolongation [132]. The ICH

E-14 recommendations are generally applicable not only to new drugs that have

systemic bioavailability but also to approved drugs when a new dose, route of

administration, or target population that may result in an increased risk is explored.

According to ICH E14 guideline, every drug should receive an extensive electro-

cardiographic evaluation in man. Although the guideline acknowledges the fact that

QT prolongation is a poor marker for proarrhythmic risk, it postulates that there is a

rough correlation between the mean degree of QT prolongation and the observed

clinical proarrhythmic events [128]. Furthermore, non-clinical and especially

proarrhythmic assays will be able to estimate whether concurrent observations of

non-clinical and clinical repolarization delay is likely to impose a risk of Tdp. This
also reflects the point that proarrhythmic conclusions should not be drawn from

neither preclinical nor clinical QT studies. The objective of the guideline is to offer

recommendations regarding the design, execution, analysis, and interpretation of a

clinical study to evaluate the potential of a drug to delay cardiac repolarization

[129, 133].

6 hERG Assay to Predict QT Prolongation

6.1 In Silico Methods

An alternative approach that can be applied during the earliest stages of the drug

design and discovery process is in silico prediction of hERG channel blockade, based

on pharmacophore models and knowledge of the drug-binding site of hERG
channels. This approach is controversial because it has a significant potential for
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false-positive and false-negative findings with respect to QT prolongation, the clini-

cally relevant endpoint. In silico hERG -SAR assay is best for investigations within

chemical class. The advantages of this approach include ability to rationalize

predictions based on structural similarity to, as well as presence or absence of specific

pharmacophore features shared by known hERG blockers [134, 135]. Computer

modeling of electrophysiological information is an important technique for

organizing and integrating generated data. The role of in silicomodeling in predicting

Tdp arrhythmia is likely to become increasingly important, as a vast amount of data

needs to be exploited. An important strength of computer models is to reach down to

the genetic level connecting the physiome with the genome [136, 137].

6.2 In Vitro Assay

Numerous structurally and functionally unrelated drugs block the hERG K+ chan-

nel. hERG channels are involved in cardiac action potential repolarization and

reduced function of hERG lengthens ventricular action potentials, prolongs the

QT interval in an electrocardiogram and increases the risk for potentially fatal

ventricular arrhythmias. To reduce the risk of investing resources in a drug candi-

date that fails preclinical safety studies because of QT prolongation, it is important

to screen compounds for activity on hERG channels early in the lead optimization

process [7, 11]. A number of hERG assays are available, ranging from high-

throughput binding assays on stably expressed recombinant channels to very time-

consuming electrophysiological examinations in cardiac myocyte. Depending on

the number of compounds to be tested, binding assays or functional assays measur-

ing membrane potential or Rb+ flux, combined with electrophysiology on a few

compounds, can be used to efficiently develop the structure–function relationship of

hERG interactions. The inhibition of the hERG-encoded potassium channel can lead

to prolongation of the cardiac action potential-manifested as a prolongation of QT

interval on the ECG. Although QT interval prolongation is not dangerous per se, in

a small percentage of cases, it is associated with a potentially fatal arrhythmia, that is

Tdp. This channel type is pharmacologically promiscuous, so many compounds

have caused QT interval prolongation in man, and this has led to drugs being

withdrawn from the market following evidence of Tdp. From a drug discovery

perspective, focusing as early as possible on screening out hERG activity is impor-

tant. Retrospective analysis of hERG potency versus clinical incidence of Tdp
suggests provisional safety margins that could be used as target values by medicinal

chemists [129, 138]. Large safety margins will not always be possible; however and

in such circumstances, if the risk-benefit ratio still favors developing the compound,

a pre-clinical assessment of the likelihood that any QT interval prolongation will or

will not lead to Tdp in man may be important. An isolated rabbit heart model of

arrhythmia shows promise in this respect, based on a comparison of clinical

data with that obtained from this assay. Clinical guideline (E14) suggests that
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irrespective of the pre-clinical data, a thorough clinical ECG study will be required

at some point during development [56, 139].

6.3 Electrophysiological Studies Using Mammalian Cell Lines

Some of the emerging methods involving channel proteins and isolated cells

include automated patch clamp, hERG assay under pathophysiological conditions,

pharmacodynamic interactions at the hERG channel, test for stereoselectivity,

expression of hERG protein on the cell surface and effects on other cardiac ion

channels can be good approaches to predict the risk of QT prolongation. Emerging

automated patch-clamp methodologies promise to greatly enhance screening effi-

ciency. It has the potential to become valuable high-throughput (HTP) screen

during lead identification/optimization. PD interactions at hERG channel may

involve binding at active or allosteric interactions. The effects can be synergistic

or antagonistic. Test for stereoselectivity can be considered if racemate of NCEs is

used. Effects on other cardiac ion channels can also be assessed if hERG block at

relevant concentrations does not translate into effects on action potential duration/

QT or if non-hERG effects on APD and ECG are seen [11, 32, 140].

6.4 In Vivo Methods

Beat-to-beat variability, T-wave morphology, effects on autonomic tone and intra-

cardiac accumulation and metabolism are some of the emerging foci of research

involving preclinical in vivo studies. Conscious anesthetized non-rodents are

increasingly being studied using parameters derived from in vitro proarrhythmia

indices. It is hoped that these models will give rise to better surrogate markers such

as beat-to-beat variability and T-wave morphology. The latter has the potential to

become a highly predictive for human torsadogenesis hence can be used for safety

margin calculation [124, 141]. Effects on autonomic tone may be investigated on a

case by case basis, while intra-cardiac accumulation, transporters and metabolism

can be considered if effects on repolarization are unexpectedly seen at doses that

should have high enough safety margin according to hERG assay [13, 142, 143].

7 Strategies to Tackle QT Prolongation Associated with hERG
Inhibitors

Tdp is typically not seen during the development of a new drug until the filing of

IND (Investigational New Drug Approval), which includes testing in typically less

than 5,000 patients during clinical phase I–III. Following registration, evidence of
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torsadogenic potential of a new drug can accumulate during post-marketing; a

much higher number of patients are exposed over longer periods of time, including

patients with risk factors, cardiovascular diseases, co-medication, metabolic

impairment and genetically determined enhanced susceptibility. The role of

inherited disturbances of the “rhythmome” (genes involved in the regulation of

cardiac rhythm) is increasingly better understood. It is estimated that 5% of patients

with drug-induced Tdp are silent carriers of gene mutations of cardiac ion channels.

In other words, we know which drugs are associated with Tdp and something of

how these drugs act to produce Tdp, but we do not understand individual patient

variability very well. Safety biomarkers, identified via pharmacogenetic testing of

patients with Tdp, help to characterize these individual liabilities for Tdp? The

repolarization reserve of the human heart is difficult to quantify, but it is the result

of a redundancy of physiological mechanisms. It is likely that risk factors and/or

genetic alterations in the target population reduce the repolarization reserve of the

heart and this leads in rare and specific cases to Tdp. Following this concept, it may

be questionable to use healthy young animals with an intact repolarization reserve

to predict the torsadogenic potential that occurs in very rare cases under specific

conditions in man. It appears difficult to mimic the different conditions that may be

involved in the initiation of Tdp in man. On the contrary, rare, poorly understood

side effects occur with many highly effective drugs and the withdrawal of these

medications from the market would probably harm more patients than it would

help. Our partial understanding of the mechanisms underlying Tdp is a two-edged

sword. On the one hand, drug safety has been improved: we are unlikely to see more

new drugs that unexpectedly result in a high risk of Tdp after they have reached the
market. On the other hand, as the molecular markers of risk for this and other

unusual actions of drugs are elucidated, there is a great risk of paralyzing the drug

development process in what is probably a fruitless effort to develop drugs that are

entirely devoid of adverse effects.

8 Summary

After the discovery of role of voltage-gated potassium channels particularly hERG
channels in the QT interval, there is no doubt that the level of awareness and

understanding of the problems of drug-induced QT interval prolongation has

progressed tremendously over last decade. ICH S7A, S7B and E-14 guidelines

have been framed to avoid reaching any drug to the market, which has the potential

to cause QT prolongation and ventricular arrthymia. We hope that ongoing rapid

genetic advances will allow populations at higher risk to be identified, so that

detection of risk becomes a practical means of screening. Hence, together with

regulatory authorities, the pharmaceutical industry needs to identify the criteria

needed to demonstrate the predictive value of new tests in such a way as to mitigate

the need for a clinical assessment of Tdp potential.
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Abstract Drug-induced long QT syndrome still represents a major risk for late-

stage clinical failure of drug candidates. One of the main factors inducing long

QT is inhibition of cardiac hERG channels. Early prediction of potential hERG
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inhibitory activity of hits and lead compounds thus is of major importance in the

drug discovery and development process. Both structure- and ligand-based

approaches were used to develop models, which shed light on the molecular basis

of hERG channel inhibition. In this article, an overview on recent approaches for

prediction of hERG channel blockers has been provided.

Keywords hERG • Pharmacophore • QSAR • Classification • Homology

model • Docking
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1 Introduction

The ensemble of properties, which describe absorption, distribution, metabolism,

elimination and toxicity (ADMET) are of utmost importance for the drug discovery

process. In light of the studies on antitarget proteins responsible for poor ADMET

properties of drug candidates, many high-throughput methods have been developed

for early identification of compounds with a bad ADMET profile. In the past

decade, many strategies were developed to screen libraries of compounds and to

assess the risk of a bad ADMET profile. There is overwhelming evidence that the

inhibition of the hERG potassium channel is directly correlated with a lethal

arrhythmia called Torsade de Points. Thus, the discovery of unwanted interactions

between compounds under development and the hERG channel is a killing criteria.

One of the main challenges of antitarget proteins such as hERG, cytochrome P-450,

P-glycoprotein and serum albumin is their polyspecificity. Even though the binding

sites of many hERG blockers were indentified through docking into homology

models, the molecular basis of the hERG polyspecificity is not clear yet. Due to the

lack of crystal structures, ligand-based approaches were developed to predict the

hERG activity of candidate compounds. Recent studies show that a combination of

different methodologies, such as 2D- and 3D-QSAR with pharmacophore modeling

and classification algorithms was quite successful and might be a powerful tool in

the in silico screening of compound libraries. In this chapter, we will present

selected in silico models developed to predict hERG channel blockers.

2 Long QT Syndrome

The cardiac action potential is composed of five phases. Phase 0 is characterized by

rapid depolarization due to an inward Naþ current. This phase is followed first by an

initial short repolarization (phase 1) due to an outward Kþ current and then by a

plateau (phase 2), which is characterized by a slow repolarization rate. During the

plateau phase, an inward Ca2+ current is balanced by an outward Kþ current. In

phase 3 of the cardiac action potential, the rapid and the slow delayed rectifier Kþ

(IKr and IKs, respectively) determine the repolarization of the myocyte with its

membrane potential to the resting state (phase 4). A long cardiac action potential

is a safeguard mechanism that prevents the onset of potentially dangerous

arrhythmias. However, this mechanism is not perfect, as a delay of cardiac repolar-

ization prolongs the QT time.

Through the electrocardiogram is possible to register the electrical activity of the

heart. The P wave registers the atrial depolarization, followed by the QRS complex,

which registers the ventricular depolarization. The T wave finally corresponds

to the ventricular repolarization. During the interval between the Q and T waves

(QT interval), which is a measure of repolarization duration, the heart is refractory

to new excitations. A delay in ventricular repolarization is registered in the ECG as
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a prolonged QT interval. The Long QT syndrome (LQTs) is associated with

increased risk of occurrence of potentially lethal arrhythmias called Torsade de

Pointes (TdP). The LQTs is estimated to affect 1 person every 5,000–10,000 people

[1]. The LQTs is mostly due to mutations of the hERG channel, a potassium-

selective voltage-gated channel that conducts the IKr current, and to the KCNQ1

channel that encodes the Kv7.1 channel, which is responsible for the IKs current. Up
to now, there are almost 300 mutations known to affect the hERG potassium

channel.

Many classes of compounds known to block the hERG potassium channel

prolong the QT interval and thus also might be involved in potentially dangerous

arrhythmias such as TdP [2–21].

3 Structure of the hERG Channel

The name of the hERG potassium channel origins from the human homologous

gene ether-a-go-go (eag) found in Drosophila melanogaster. The human-related

ether-a-go-go-related gene is also called KCNH2 according to the new nomencla-

ture, and the protein encoded is often referred to as hERG, even if the official

annotation according to the new nomenclature name is Kv11.1.

The hERG potassium channel has a tetrameric architecture, where each subunit

is formed by six transmembrane domains (S1–S6). Up to date two forms of hERG

are known, hERG1a and hERG1b, which can form a homo- or hetero-tetrameric

structure with different kinetic proprieties. Each subunit is formed by a voltage-

sensing transmembrane domain (S1–S4), and the Kþ-selective pore (S5–S6), which
is responsible for the Kþ conduction.

The Kþ channel can be divided into three regions: the Kþ-selectivity filter, the

central cavity and the inner pore [22]. The Kþ-selectivity filter is a narrow cylinder

built to mimic perfectly an aqueous environment and to conduct specifically Kþ

ions. The highly conserved signature sequence in the Kv channels (Thr/Ser-Val-

Gly-Tyr/Phe-Gly) at the C-terminal end of the selectivity filter is responsible for the

creation of the aqueous environment. The hydroxyl groups of Thr as well as the

carbonyl groups of the other four amino acids form several octahedral binding sites,

which coordinate the Kþ ions analogous to a water filled environment. The diame-

ter of the cylinder is too large for the Naþ ions and thus they cannot be well

coordinated, so they stay in the aqueous environment where the water molecules

coordinate the ions.

The central cavity is a wide water-filled pore located below the selectivity filter,

whose size changes in the open and in the closed conformation.

The inner pore is located at the cytoplasmatic side of the membrane and connects

the central cavity with the cytoplasm of the cell. It consists of two concentric rings

made by four Tyr652 and four Phe656. The four Phe656 form the first ring located at

the cytoplasmatic side of the hERG channel. The four Tyr652 build the second ring,

which faces the central cavity. These two concentric rings are considered the main
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feature responsible for the polyspecificity of the hERG channel, mainly due to the

possibility to make multiple and compound specific interactions. In the closed

conformation, the S6 domains intersect at the cytoplasmatic side of the channel,

closing the inner pore and preventing the flow of Kþ ions. During channel activa-

tion, the S6 domains rotate outward, opening the inner pore and allowing ions to

flow.

The hERG channel and other K+-channels contain a PAS domain on the cyto-

plasmic N-terminus, [23] which is involved in protein-protein interactions.

Although the function of the PAS domain in the hERG channel is not understood,

mutagenesis studies show that disruption of this domain reduces the outward

current and prolongs the QT interval [24].

Also, the role of the C terminus domain is not yet completely clarified, although

a cAMP-binding domain is located there. cAMP accelerates the deactivation

kinetics of the hERG channel [25].

4 Ligand-Based Approaches

4.1 Pharmacophore Models

Several pharmacophore models have been published up to date. They provide

a powerful tool for the identification of potential hERG blockers by virtual screen-

ing of compound databases. Some pharmacophore models were already reviewed

elsewhere [26, 27].

Morgan and Sullivan [28] analyzed a set of class III antiarrhythmic drugs. In the

pharmacophore model, the charged nitrogen is linked by 1–3 atoms to two features,

which might be an aromatic ring or an alkyl moiety. A third feature, consisting of

a para-substituted ring, is linked with the charged nitrogen through a chain of 1–4

atoms. The model derived by Ekins et al. [29] was generated from a training set of

15 compounds taken from the literature. The pharmacophore model contains one

positive ionizable feature connected with four hydrophobic moieties. A “construc-

tionist approach” was used by Cavalli et al. [30] to develop a pharmacophore

model. The crystal structure of astemizole was used as template on which

molecules with similar geometry were aligned, leading to the addition of new

pharmacophoric features, which were not present in the previous pharmacophore.

To the initial pharmacophore consisting of a basic nitrogen (N) and two aromatic

features (C0 and C1), a fourth feature defined by the aromatic ring (C2) of an

astemizole derivative was added. Thus, the charged nitrogen group (N) is connected

to three aromatic groups (C0–C2). The authors noted that all the hERG blockers

tested have the C0 feature, while some molecules lack the C1 or C2 moieties. They

also found that a polarizable function in C0, such as a carboxylic or a sulfonamidic

group, may also influence the activity.
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Pearlstein et al. [21] developed a “drain plug” model through a combination of

hERG homology modeling and the CoMSIA analysis of 22 sertindole derivatives

and 10 structurally diverse hERG inhibitors. The analysis of the hERG homology

model reveals a “drain plug” picture, which is complementary to the shape of the

cavity, where the amino acids responsible for the interactions are located. The

“drain plug” pharmacophore model consists of two aromatic groups that can

interact with Phe656, and a basic nitrogen that might interact with Tyr652. They

also suggest that a hydrophobic or an aromatic substituent in this portion of the

molecule might improve the potency of hERG blockers through the interaction with

Tyr652.

Aronov et al. [31] used a set of 85 hERG blockers to develop three hypotheses of

three-point pharmacophores. The first two hypotheses are in agreement with the

C0–N–C2 and C0–N–C1 pharmacophores published by Cavalli et al. [30]. In the

third pharmacophore model, there is a hydrogen bond acceptor feature placed

between the charged nitrogen and the aromatic ring, at a distance of 1.8–3.7 Å

from the latter one. Similarly, Testai et al. [32] found that an acceptor feature is

normally placed within 4–6 Å from an ionizable center.

Aronov et al. [33] also used the pharmacophore elucidation module implemented

in MOE to analyze an in-house dataset of 194 uncharged compounds. At the

beginning, two-point queries are generated and used to make more complex

n-point queries through a “build up”method. Two five-point pharmacophore models

containing three hydrophobic/aromatic features and two hydrogen bond acceptors

were selected from all generated pharmacophore models. These two five-point

pharmacophore models, which differ only in the position of one of the hydrogen

bond acceptors, were merged into a six-point pharmacophore. The two five-point

pharmacophores were able to correctly classify 78% and 69% of potent hERG

blockers of the dataset. The six-point pharmacophore matched 21% (IC50 < 10 mM)

and 44% (IC50 < 30 mM) of hERG blockers and 4% of nonblockers. Applying a

ClogP > 1 cutoff, the number of false-positives was reduced in all three models.

Crumb et al. [34] developed a qualitative pharmacophore model through the

analysis of 11 antipsychotic drugs. The model, which consists of one aromatic

query surrounded by three hydrophobic moieties, is matched by the most potent

hERG blockers present in the dataset.

A collection of 1,075 hERG inhibitors was used by Johnson et al. [35] to develop

a series of pharmacophore and QSAR models. As seen in previous studies, the basic

nitrogen, which is placed 6–9 Å apart from a centroid of an aromatic ring, was

found to be an important feature for hERG blockers. In the second pharmacophore

model, the effect on the activity of the basic nitrogen is attenuated by the presence

of two hydrogen bond acceptors and a lipophilic group. This might be a useful hint

for development of compounds without reduced hERG blocking activity. In the

third pharmacophore, the aromatic rings are placed at the opposite side of the

molecule and are separated by 14 bonds. In the fourth model, the aromatic ring

feature is coupled with a hydrogen bond moiety. The fifth pharmacophore model

consists of two aromatic rings placed within 6–13 Å from two hydrogen bond

donors.
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With the aim to subdivide specific and nonspecific hERG blockers in a dataset of

113 compounds, Kramer et al. [36] developed a method where pharmacophore and

QSAR techniques are combined. SA15 (sertindole analogue), clemastine,

tolterodine, and haloperidol were used to build the first pharmacophore model.

Similar to other published models, it contains a positive ionizable nitrogen feature

connected to two aromatic/hydrophobic features, one of which is in close proximity

with a hydrophobic spot. The model was tested against the entire dataset and 51

compounds matched the pharmacophore. The potent hERG blockers astemizole,

cisapride, flunarizine, and sertindole, which match the first pharmacophore model,

were used to develop a more specific model. Differently from the first pharma-

cophore, in this model the hydrophobic queries are directly connected with

the charged nitrogen. The second model is similar to the one obtained by Cavalli

et al. [30].

Through the analysis of 56 compounds using Catalyst Garg et al. [37] generated

seven models. The most predictive pharmacophore model consists of one hydro-

phobic group (HP), one aromatic ring (RA) and one hydrogen bond acceptor lipid

group (HBAl), which are three important features for potent hERG blockers. This

model was able to find 22 of the 25 potent blockers in the dataset, showing to be

capable to distinguish between potent and nonpotent blockers.

With the aim to avoid the potentially lethal hERG blockage of chemokine

receptor antagonists, Shamovsky et al. [38] analyzed the influence of four classes

of fragments on the hERG inhibition. They obtained two pharmacophore models.

The first pharmacophore model consists of one aromatic ring, one basic center, two

hydrogen bond donors, and one hydrogen bond acceptor. The fragments that match

this pharmacophore increase the hERG blocking potency even if they decrease the

lipophilicity of the compounds. In the second pharmacophore model there are two

aromatic rings connected with a basic nitrogen. Here, the fragments that match this

pharmacophore increase the hERG potency by increasing the lipophilicity of the

compounds.

Coi et al. [39] generated a “toxicophore” using the docking poses of compounds

docked in the hERG channel in the closed state. The analysis of the interactions of

the lowest-energy poses with the hERG channel shows that there are several hot

spots in the binding site: Ser624 (E), Gly657 (I), the region around Phe656 (H),

and four cavities in the region around Tyr652 (C). The docking pose of the potent

hERG blocker astemizole was used as “template” to generate the toxicophore. The

analysis of the poses of astemizole, haloperidol, ritanserine, R59022, cisapride,

spiperone, 8-hydroxy-DPAT, sotalol, quinidine, trifluperidol, and tetracaine, allowed

the identification of the features needed to interact with the hERG channel: (a)

the optimal distance between the protonated nitrogen and an hydrogen-bond accep-

tor is 4.5 Å; (b) aromatic rings located in I or in E. Moreover, the authors suggest

that also hydrophobic interactions with the amino acids located in C and/or H

should be avoided. To evaluate the toxicophore, 18 known hERG blockers/

nonblockers were docked into the homology model of the hERG channel in the

closed state. The results confirmed that the toxicophore is able to distinguish

between hERG inhibitors and noninhibitors.
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In summary, the pharmacophore models suggest that the hERG blockers

are characterized by the presence of a protonated nitrogen linked with two or three

hydrophobic and/or aromatic moieties. The only exception is the pharmacophore

model obtained by Aronov et al., which was generated solely by uncharged

molecules. This indicated that the development of uncharged compounds is not a

safe way to avoid unwanted inhibition of the hERG channel. The charged nitrogen

atom, the hydrophobic and the aromatic features might interact with the amino acids

Tyr652 and Phe656. Some pharmacophore models suggest also that hydrogen-bond

donor and/or acceptor groups might play an important role for hERG inhibition,

probably by interaction with Thr623, Ser624, or Ser649.

4.2 3D-QSAR

The first 3D-QSAR model for prediction of hERG blockers was developed by Ekins

et al. [29] through the analysis of 15 molecules with Catalyst. These compounds are

characterized by the presence of one ionizable feature and four hydrophobic

moieties. The pharmacophore shows the presence of one ionizable feature

surrounded by four hydrophobic features. The 3D-QSAR model shows a high

correlation with an r2 of 0.90, and also a good performance in the prediction of

the activity of the external test set, with an r2 of 0.83. The ability of the model to

correctly rank the hERG blockers according to their IC50 values achieved a

Spearman’s rank coefficient of 0.76 and 0.77 for the training and the test set,

respectively. The excellent performance of the model for both qualitative prediction

and quantitative ranking of hERG inhibitors indicates that it is a suitable tool to

discover potential hERG blockers.

Cavalli et al. [30] developed a 3D-QSAR model through the analysis of 31

hERG blockers using the CoMFA technique. For most of the molecules, the 3D

structure was retrieved from the Cambridge Structural Database (CSD) or by

adding substituents to the crystallographic structure. Three-dimensional structures

of additional molecules were generated with SYBYL. The alignment of the

molecules was performed using the previously generated pharmacophore. The

model shows a good predictive performance with r2 ¼ 0.95 and q2 ¼ 0.74. In a

further validation using a test set of compounds not involved in the model genera-

tion, an r2 of 0.74 was achieved. The comparison of the pharmacophore and the

CoMFA models shows that the pharmacophoric features C1 and C2 are sterically

favorable regions, while C0 is influenced by the steric and electrostatic properties of

the compounds. In particular an increased volume in C0 will decrease the activity,

while an opposite effect is predicted for charged groups.

Through the application of the CoMSiA technique, 22 sertindole analogues and

a set of 10 structurally different hERG blockers were analyzed by Pearlstein et al.

[21]. The best model reached a q2 of 0.571. Docking studies performed in a

homology model of the hERG channel in the open state could explain the

pharmacophore and the CoMSiA models.
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In total 882 compounds were used by Cianchetta et al. [40] to develop a GRIND-

based model. Four probes representing hydrophobic interactions (DRY), hydrogen

bond acceptor (sp2 carbonyl oxygen), hydrogen bond donor (neutral flat amide

NH), and the molecular shape (TIP) were used to calculate the GRIND descriptors.

The correlation between the GRIND descriptors and the pIC50 values of the hERG

blockers was analyzed through multivariate techniques such as principal compo-

nent analysis (PCA) and partial least squares (PLS). The dataset was subdivided

into two subsets characterized by the presence or absence of a basic nitrogen atom.

The 338 hERG blockers, which form the subset of compounds without a charged

nitrogen, were subdivided into a training set of 322 compounds and a test set of 16

molecules. The model obtained resulted in four latent variables and showed an r2 of
0.76 and a q2 of 0.72. The 544 compounds that constitute the charged nitrogen

database were split into a training set of 518 molecules and in a test set of 26

compounds. The model obtained from the PLS regression analysis had three latent

variables yielding an r2 of 0.77 and a q2 of 0.74. The descriptors involved in the two
models were practically identical. The authors suggest that this might indicate that

the charged and noncharged compounds share the same binding mode. The two

models differ in terms of distance between the edge of the molecule and the space

between a hydrophobic MIF and a hydrogen bond donor group. In the first case,

the distance for the optimum space between the two fields generated is 25 Å for the

noncharged molecules and 29 Å for the charged compounds. In the second case,

the DRY/hydrogen bond distance for the noncharged compounds is 14 Å, while for

the charged molecules it is 21 Å. Statistical analysis shows that in both models a

hydrogen bond moiety close to the edge of the molecules plays an important role.

Johnson et al. [35] analyzed 1,075 compounds through a combination of physi-

cochemical and pharmacophoric descriptors. Least median squares (LMS) regres-

sion was used to analyze the 925 compounds of the training set and the resulting

model shows an r2 of 0.65 and a q2 of 0.66. In a further test using 1,679 compounds,

the model showed an r2 of 0.54. These compounds were then clustered based on

Daylight Fingerprint Tanimoto using the average linkage method and a similarity

cutoff of 0.7. In the largest cluster, the model achieved an r2 of 0.32. However,

when only the compounds in the training set with a Tanimoto similarity greater than

0.65 were considered, the r2 for the validation set increased to 0.72.

With the aim to develop a model able to discriminate between hERG inhibitors

and noninhibitors, Li et al. [41] combined pharmacophore-based GRIND

descriptors and support vector machine (SVM) techniques. Four GRIND probes

representing hydrophobic interactions (DRY), hydrogen bond acceptors (sp2 car-

bonyl oxygen), hydrogen bond donors (NH neutral flat amide), and molecular shape

descriptors (TIP) were used. From a library of 495 compounds, only the 192

molecules with IC50 values lower than 40 mM were considered. The model

generated from the PLS analysis consists of three latent variables and shows a

rather poor r2 of 0.34 and a q2 of 0.07. The analysis of the predicted versus the

experimental pIC50 shows that the IC50 of sertindole derivatives is overestimated. A

better model with r2 ¼ 0.57 and q2 ¼ 0.41 was obtained considering only the

hERG blockers with an IC50 value lower than 32 nM and by removing the sertindole
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derivatives. The analysis of the influence of the descriptors highlights that the

descriptor related to two hydrogen donor atoms placed at a distance of 9 Å has

the highest principal component coefficient. This descriptor is encoded by the

charged nitrogen atom. Also, the descriptors related to the presence of a hydrogen

bond acceptor and a hydrogen bond donor (6 Å or 9.5 Å apart), to the presence of

the hydrophobic moiety and a hydrogen bond donor (9 Å or 16 Å apart) and to the

hydrogen bond donor and one of the edges of the molecule (10 Å or 17.5 Å apart),

show a high correlation with biological activity. These data are in agreement with

the model published by Cianchetta et al. [40].

In a recent study, Kramer et al. [36] reported a predictive QSAR model able

to distinguish between specific and nonspecific binding. 113 compounds from

the literature were split into six groups of equal activity range. From the 113

compounds, 15 molecule were randomly selected as validation set. The remaining

98 compounds were divided into a training set of 75 molecules and a test set of 23

molecules. The uncharged forms of the compounds were used to calculate 1D-, 2D-,

and 3D-descriptors such as the molecular electrostatic potential (MEP), the local

ionization energy (IEL), the local electron affinity (EAL), the local polarizability

(POL), and the Shannon entropies (SHANI and SHANE). The first model was

obtained using a combination of e-SVR and multiple linear regression descriptor

selection. An r2 of 0.81 for the training set was obtained by using EALmax,

EALmin, POLmin, SHANIbar, Naryl, shapeQ2, and shapeQ4 descriptors. The

model shows a good performance also for the validation set with an r2 of 0.70,

while the q2 is 0.50. In the second model the Naryl, shape and EALmin descriptors

were selected. The statistical analysis of this model resulted in an r2 for the training,
test and validation set of 0.64, 0.61, and 0.62, respectively. The Naryl descriptor

encodes for the number of aromatic rings in the molecule, and its selection

highlights that the potency of the blockers is correlated with the number of aromatic

rings. The shape descriptors are a measure of the shape similarity with astemizole,

cisapride and sertindole. They have a positive sign, indicating that the more the

shape of the molecule is similar to those of one of the three compounds cited above,

the higher is the probability of the compound to be a potent blocker. The EALmin

descriptor has a positive value, which might suggest that the potency of the hERG

blockers is decreased if the minimum electron affinity decreases. Additional six

models were generated, all of them showing quite satisfactory performance. These

six models describe a specific or an unspecific binding type. In general, the models

suggest that the affinity of the blockers is correlated with the similarity of the

compounds with the three hERG inhibitors cited above, and with the number of

aromatic rings present. To decrease the hERG potency, it is necessary to introduce

electronegative moieties, such as carbonyl groups, as indicating by the EALmin

descriptor.The Positive coefficient of the ClogP indicates that decreasing the

lipophilicity of the compounds might also lead to a hERG affinity decrease. In

addition, the number of hydrogen-bond donors is negatively correlated with the

potency, probably due to the desolvation penalty that cannot be compensated by

the hydrogen–bond interactions with the amino acids facing the central cavity of the

hERG channel.
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Ermondi et al. [42] reported a GRIND-based 3D-QSAR model generated by the

ALMOND software. They used the 31 hERG blockers that Cavalli et al. [30] used to

develop the CoMFA model, and six compounds as a test set. The descriptors were

calculated using probes that represent the hydrophobic interaction (DRY), hydrogen

bond acceptor properties (sp2 carbonyl oxygen), hydrogen bond donor properties

(neutral flat amide NH), andmolecular shape (TIP probe). The PLS analysis resulted

in a model with three latent variables, which shows an r2 of 0.93 and a q2 of 0.69.
The analysis of the model suggests that the presence of aromatic rings on the edges

of the molecule, hydrogen bond donor moieties not related to the basic nitrogen,

hydrogen bond acceptors far from the aromatic rings and placed at the same distance

of the hydrogen bond donors from the aromatic group, increase the potency of the

hERG blockers. The 37 molecules were also analyzed using the DRY-DRYGRIND

descriptors. Interestingly, the PC1 discriminates between the potent blockers and the

weak blockers. In particular, it highlighted that the potent blockers have two or more

hydrophobic regions far away from each other. The ALMOND model was com-

pared with the CoMFA model obtained by Cavalli et al. [30]. Both models show a

comparable predictivity and have problems to predict the activity of lipophilic

hERG blockers. In the ALMOND model, there is a second hydrophobic feature,

which is missing in the CoMFA model, probably due to the different calculation

methods for hydrophobic interactions.

The 3D-QSAR techniques, such as Catalyst, CoMFA, CoMSiA, and ALMOND

have proven to be a powerful tool for hERG potency prediction. Together with the

pharmacophore models, 3D-QSAR shed light on the molecular determinants that

characterize hERG inhibitors, and provided insights for the potential binding mode

of blockers. The 3D-QSAR models further underline the importance of a basic

nitrogen, of a hydophobic/aromatic moieties, and of a hydrogen bond donor and

acceptor groups.

4.3 2D-QSAR

Although 3D-QSAR techniques are a powerful resource in the drug discovery

process and 3D-models can be very useful to discover compounds, which poten-

tially block the hERG channel, they suffer from limitations due to the requirement

of conformational sampling alignment (CoMFA, CoMSiA).

Aptula et al. [43] developed a 2D-QSAR model based on the stepwise regression

analysis using the hydrophobicity corrected for ionization (logD) and the maximum

diameter for the molecules (Dmax) as descriptors. The model, based on 19

molecules, shows a good internal and external validation with an r2 of 0.87 and a

q2 of 0.73. The analysis of 81 hERG blockers highlights that the most active

compounds have a Dmax > 18 Å, indicating that the cavity of the hERG channel

is big enough to accommodate large compounds.

Keser€u et al. [44] developed a QSAR model for a series of 55 hERG inhibitors.

The model consists of five descriptors, such as ClogP, molar refractivity, partial
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negative surface area, polarizability (Volsurf W2), and hydrophobicity (Volsurf

D3). It shows a good performance with an r of 0.97. The five descriptors indicate

that lipophilic, polarizable compounds with a basic moiety and a large size might

interact with the hERG channel. The model was evaluated with a test set of 13

compounds, and gained an r value of 0.75. In a second test, the model was evaluated

in the ability to classify 82 active and nonactive compounds selected from the

World Drug Index. The molecules of the dataset with an IC50 < 1 mm were

considered as actives. The model showed a good performance classifying correctly

83% of the blockers and 82% of the nonblockers. Also, a hologram QSAR model

was generated using the same data set. The model shows an excellent performance

with an r value of 0.98. The test set achieved an r value of 0.90, indicating that the

model has also a high predictive power. For the active compounds of the World

Drug Index, the model was able to correctly classify 81% of the molecules. The

HQSAR model was further tested against 743 compounds approved in the World

Drug Index, where it achieved a low rate of false positive (18%).

Five QSAR models with a q2 ranging from 0.65 to 0.90 were developed by

Fioravanzo et al. [45], where 29 compounds from a training set and 30 compounds

from a test set were analyzed through PLS and PCA techniques with EVA and

DRAGON descriptors.

Song et al. [46] used a combination of fragment-based descriptors, support

vector regression (SVR), partial least squares (PLS) and random forest (RF) to

develop a QSAR model to predict the activity of hERG blockers. Seventy-one

compounds were initially used to calculate and identify fragment descriptors

correlated with hERG inhibition. Subsequently, they were used to build SVR,

PLS, and RF models. Nineteen compounds served as test set. The best performance

was achieved by the SVR model with an r2 of 0.91 and a q2 of 0.64. The model

showed also a good performance for the test set with an r2 of 0.85. The analysis of
the fragment descriptors highlights that lipophilic fragments have a positive impact

on the hERG activity, while hydrophilic moieties generally decrease the binding

affinity. Fluorine and methane sulfonamide are two exceptions on this general rule.

The two moieties, despite their hydrophilic nature, are positively related with the

hERG activity. The model also reveals that tertiary amines are important for drug

binding.

The role of the nitrogen atom on the hERG activity of compounds was studied by

Zolotoy et al. [47]. They found that a tertiary amino group is present in 84% of the

hERG channel blockers with IC50 < 1 mM. In 73% of the inhibitors with 1 mM <
IC50 < 10 mM the charged nitrogen is located at the periphery of the compounds.

In 84% of the weak blockers, the amine is primary, secondary, or neutral.

The CODESSA program was used by Coi et al. [48] to study a series of hERG

blockers. Two experiments were performed. In the first experiment, the compounds

of the dataset were divided into 55 and 27 molecules for the training and test set,

respectively. The first model showed an r2 of 0.77 using 12 descriptors. The training
and the test set used to generate the second model contained 64 and 18 compounds,

respectively. The best model selected for this sets showed an r2 of 0.74 using nine

descriptors. The analysis of the descriptors selected in the two models highlighted
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that the relative number of double bonds (RNDBs), the factorized molecular

volume (MV/XYZB), the relative number of carbon atoms (RNCAs) and the

relative negative charge (RNCG) are the most important descriptors. The first two

descriptors are negatively correlated with the pIC50, highlighting that the

hydrophobicity and the proprieties related to the volume of the molecules increase

the potency of the hERG blockers. These two descriptors might explain why

the ideal hERG blocker candidates are hydrophobic molecules with a large size,

as in the case of some potent hERG blockers such as MK-499 and astemizole. On

the contrary, small molecules with high globularity lacking hydrophobic moieties

normally show a lower ability to block the hERG channel.

Yoshida et al. [49] analyzed 104 compounds collected from the literature. The

model included the topological polar surface area (TPSA), the octanol/water parti-

tion coefficient (ClogP), the largest value in the distance matrix (diameter) and the

summed surface area of atoms with partial charges from �0.25 to 0.20

(PEOE_VSA-4). They also introduced an indicator variable (Cell) indicating

whether the drugs were tested in the hERG channels expressed in HEK cells

(value of 0), or in CHO cells (value of 1). In the most significant model the

statistical analysis showed an r2 of 0.70 and a q2 of 0.67. The interactions between
the hERG channel and the blockers occur in the inner cavity. Many studies show

that the size of the cavity is big enough to accommodate large compounds, and this

is fully in agreement with the positive coefficient of the diameter descriptor. The

Positive coefficient for the PEOE_VSA-4 descriptor might be explained by the

interactions with amino acids such as Thr623, Ser624, Ser649, and Tyr652, which

are capable to form hydrogen bond interactions. The pore region has a hydrophobic

nature due to the high number of hydrophobic amino acids, thus the potency of the

drugs increase with the ClogP of the molecules. In contrast, increasing the hydro-

philicity of the compounds, represented by the TPSA descriptor, decrease hERG

potency.

Seierstad et al. [50] reported a combination of models based on neural network

ensembles with different representations of the structural properties. For 439

compounds, six sets of descriptors were calculated using DirectedDiversity, com-

prising 117 Kier-Hall (KH) topological indices, 142 Ghose–Crippen atom types,

166 Isis keys, 150 atom pair descriptors, 49 electrotopologic state descriptors, six

common medicinal chemistry descriptors, and 146 2D descriptors calculated with

the Molecular Operating Environment (MOE) package. To select the descriptors,

different feature selection algorithms were employed comprising four filter-based

ones such as PCA, correlation with response variable, difference in distribution

between actives and inactives, training error of single-feature models, and two

wrapper-based such as Forward stepwise selection and Simulated annealing. The

neural network and neural network ensemble models were obtained from tenfold

cross-validation procedures. The authors found that the “neural network ensembles

have greater generalization ability and are less susceptible to the particular choice

of training and test sets” showing that this methodology is a powerful tool for hERG

prediction. In the filter-type technique, the PCA showed the best performance,

although the simulated annealing reached the highest r2 value. The 2D model,
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which is based on 20 descriptors selected through the simulated annealing tech-

nique, shows an r2 of 0.76. The model, tested with an external validation set of

40 compounds, achieves an r2 of 0.52. Each of the 20 descriptors was used alone to
build a model and the cross-validation r2 values were calculated. As in many other

models, the top scoring descriptors, such as AlogP and L-10-L (which describe two

hydrophobic moieties separated by a chain of the atoms) shows that hydrophobic

interactions and p–stacking are important for hERG blocking. The highest r2 value
was obtained with the model generated using only the descriptor F-C1sp

2 (fluorines

connected to sp2 carbons). The importance of this group might depend on its ability

to form strong p–stacking interactions. The Goose-Crippen atom type O in phenol,

enol and carboxyl OH shows a negative correlation with the hERG inhibition. It is

noteworthy that two of the three compounds, which show the largest error contain a

carboxylic moiety, thus the model seems to underestimate its contribution to the

decrease of hERG inhibition.

Ekins et al. [51] showed that also recursive partitioning models can be applied for

early discovery of potential hERG blockers. Ninety-nine compounds from literature

sources were used to develop two models using the ChemTree software package.

In the first model 99 compounds were used to generate 100 random models using

564 path length molecular descriptors. The model showed a good IC50 correlation

with an r2 of 0.90, but the prediction of the 35 compounds of the validation test set

resulted in an r2 of 0.33. In the second model, 134 compounds were used to generate

694 path length descriptors, which were employed in the generation of 100 random

models. The second model showed a lower r2 value (0.85).
Leong et al. [52] used a combination of pharmacophore modeling and SVMs to

predict the potency of hERG blockers. The model obtained from the 26 compounds

of the training set had an r2 of 0.97, while for the 13 compounds of the validation

test set the q2 value was 0.94.
Recently, Gavaghan et al. [53] studied 1,312 compounds through the combina-

tion of D-optimal onion design, PLS, and PCA techniques. The molecular

descriptors calculated with the software packages Selma, DRONE, and VolSurf

were integrated with fragment-based descriptors, which were used to calculate base

level PLS models from each descriptor set. The scores generated from the base level

PLS models were combined and used as descriptors in the upper level hierarchical

PLS models. The best hierarchical PLS model generated from 13 descriptors and a

training set of 436 compounds showed a q2 of 0.59. The model was tested with an

additional external test set of 7,520 compounds, composed of 4,813 actives and

2,707 inactives. Unfortunately, the model was unable to distinguish between potent,

moderate, and nonactive blockers.

Recently, a dataset of 68 compounds collected from the literature was used by

Garg et al. [37] to perform a 2D-QSTR analysis based on S_sNH2 (primary

amines), JX (Balaban index), Kappa-3 (third order of Kier shape index),

ADMET_PPB (tendency to bind to plasma protein), Atype_O_57 (atom type

Oin phenol, enol, carboxyl OH), Atype_O_59 (atom type O in Al-O-Al) and

Atype_H_46 (atom type H attached to Csp3
0) descriptors. The model shows a

good prediction ability achieving an r2 of 0.84 and a q2 of 0.78. In a validation
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with an external test set of 12 molecules, the QSTR model shows an r2 value of

0.70. The importance of the Kappa-3 descriptor might indicate that the molecular

shape can play a role in the hERG interaction. The S_sNH2 descriptor highlights

that the presence of a primary amine group increases hERG inhibition. The Balaban

index is inversely correlated with hERG potency, indicating that it might be

possible to decrease the activity of hERG blockers by increasing the branching of

the molecule. All the A-type descriptors are negatively correlated with the inhibi-

tion of the hERG channel. This suggests that hERG potency decreases by adding

electronegative groups.

Shamovsky et al. [38] studied hERG selectivity of four classes of chemokine

receptor (CCR) ligands. In this study, the baseline lipophilicity relationship (BLR)

approach was used to increase the hERG selectivity of compounds. Mathemati-

cally, the BLR is:

pIC50 ¼ a� logD� k � DGintr þ const, (1)

pIC50 ¼ potency of the compound; a ¼ hydrophobicity factor of the binding

site; D ¼ n-octanol/water partition coefficient; DGintr ¼ intrinsic binding energy

nonrelated with the desolvation; k ¼ coefficient equal to (2.303 � RT)�1.

The term a � logD is the lipophilicity driven component of potency caused by

desolvation. The second term – k � DGintr is the intrinsic potency, which depends

on the molecular interactions of the ligand with the target. When the hERG

selectivity of the compound (C) is taken into consideration, the equation becomes:

pICC
50 ��pIChERG

50 ¼ pICC
50 � ahERG � logD

� �þ k � DGhERG
intr þ const (2)

The term k � DGhERG
intr does not depend on the interactions with the primary

target. The term pICC
50 � ahERG � logD

� �
(lipophilicity-adjusted primary potency)

is independent on the hERG binding affinity. The lipophilicity-adjusted hERG

potency pIChERG
50 � ahERG � logD

� �
was used in a fragment-based QSAR analysis

to identify moieties that form important nonhydrophobic interactions with the

hERG channel. The fragment-based QSAR analysis in a given chemical series

ranks the fragments according to their contribution to the hERG potency. The

regression analysis using (1) shows that ahERG is close to one for all four classes

of compounds. This means that if the lipophilicity increases by one unit, also the

hERG potency increases. Further analysis of (1) indicates that the lipophilicity has a

stronger influence on hERG potency than on hERG selectivity. This renders it quite

difficult to enhance the hERG selectivity by decreasing the lipophilicity, suggesting

that it is easier to improve the hERG selectivity by increasing the lipophilicity-

adjusted primary potency value.

In a follow-up study, Shamovsky et al. [54] used 464 CCR8 antagonists and

8 hERG mutants to increase the selectivity of the compounds toward the hERG

channel. A 2D fragment-based QSAR analysis performed on a subset of 25

spirocyclic CCR8 antagonists revealed that bulky and rigid substituents decrease

the hERG affinity due to van der Waals clashes with Phe656.
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Based on a dataset of 67 compounds, 50 in the training set and 17 in the test set,

Roy et al. [55] combined the extended topochemical atom (ETA) indices for diverse

hERG blockers and non-ETA-descriptors with factor analysis followed by multiple

linear regression, stepwise regression, and PLS, to develop QSTR models. The best

model was obtained combining ETA and non-ETA descriptors (r2 of 0.619 and a q2

of 0.546). The model indicates that the hERG affinity is increased by enlarging the

size of the molecule and increasing the electron richness, while the presence of a

carboxylic group and an aliphatic tertiary nitrogen is detrimental for the hERG

activity, which, under the light of all models discussed so far, seems quite unlikely.

Due to their simplicity, the 2D-QSARs were extensively applied to develop

models able to predict hERG potency. Interestingly, some 2D-descriptors provided

structural information of the central cavity of the hERG channel, suggesting that it

can accommodate large molecules. The 2D-descriptors also provided some inter-

esting insight into the characteristics of hERG blockers, indicating that the nature

and the charge of the nitrogen atom might have a strong influence on the potency.

4.4 1D-QSAR

A new QSAR technique was proposed by Diller et al. [56, 57] to analyze 230

compounds collected from the literature. To minimize the variation on the IC50

values due to the use of different cell lines, the data were corrected by introducing

a correction factor for each cell type to obtain a match of the data measured in HEK

cells. Through the projection of the atoms of the molecules onto one dimension

using multidimensional scaling, the structures were described as a 1D string

of atoms. Six descriptors were employed to generate the model: Size (number of

heavy atoms), C-Aliph-Estate (the electro-topological state of the atom if the atom

is a carbon not in an aromatic ring), C-Arom-Estate (the electro-topological state of

the atom if the atom is a carbon in an aromatic ring ), N-Acc-Estate (10 minus the

Estate of the atom if the atom is a nitrogen with a free lone pair), N-Don-Estate

(the electro-topological state of a nitrogen with an attached hydrogen), and

O-Estate (the electro-topological state of the atom if the atom is an oxygen). The

statistical analysis of the model showed a correlation coefficient of 0.68 for

the training (189 compounds) and of 0.76 for the test (41 compounds) set, respec-

tively. The descriptors that mainly contribute to hERG inhibition were the N-Acc

E-state and the C-Arom-Estate, revealing the importance of the basic nitrogen and

the aromatic ring.

The same QSAR technique based on 1D-descriptors was used by Diller et al.

[58]. The one dimensional representation of the molecules was achieved by multi-

dimensional scaling from 2D topological descriptors. To generate the model, six

descriptors were used: the number of heavy atoms, E-state key for aliphatic

carbons, E-state key for aromatic carbons, E-state key for nitrogen atoms with

a free lone pair, E-state key for nitrogen atom with an attached hydrogen and E-state

key for oxygen atoms. The IC50 values of 230 compounds collected from the
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literature were corrected as previously described. The analysis of the contribution

of the descriptors revealed the positive contribution of the E-state key of the

aromatic carbon and of the nitrogen atom with a free lone pair. In particular, the

model indicates that a separation of 9–10 bonds between two phenyl rings increases

hERG affinity. This is consistent with previously published pharmacophore models,

which indicates the importance of the presence of a tertiary amine linked with two

aromatic rings. The final model achieved the mean absolute errors of 0.62 and

0.62 for the training set (189 compounds) and test set (41 compounds). Different

from other publications, the authors used the mean absolute errors as performance

measure, which makes it complicated to compare their model with the results

already published.

The 1D-, 2D-, and 3D- QSAR models discussed highlight the importance of the

basic nitrogen and of the hydrophobic and aromatic groups for strong hERG

blockers. To reduce hERG affinity, the QSAR models suggest to reduce the number

of aromatic rings, to modulate the pKa of the basic nitrogen, and to reduce the

lipophilicity of the molecule. It is noteworthy that the compounds with a carboxylic

group are unlikely to be hERG blockers.

4.5 Classification Models

To discover potential hERG blockers classification techniques became an important

and powerful tool. Although they do not need accurate IC50 values, it is necessary to

set up a threshold, which defines if the compounds are considered as active or as

inactive.

Bains et al. [59] chose an IC50 of 1 mM as threshold to define hERG blockers and

nonblockers. Tobita et al. [60] used thresholds of 1 mM and 40 mM to classify active

and inactive compounds. Roche et al. [61], Dubus et al. [62], Ekins et al. [51], Thai

et al. [63–65], and Chekmarev et al. [66] classified the hERG blockers into three

different classes: low IC50 (lower than < 1 mM, blockers), medium IC50 (between 1

and 10 mM), and high IC50 (higher than > 10 mM, nonblockers). Doddareddy et al.

[67] used the cutoff values of IC50 < 3 mM, 6 mM and 10 mM to define hERG

inhibitors, and of >30 mM for the hERG inactives. O’Brien et al. [68] selected the

value of 20 mM to define hERG inhibitors. Sun et al. [69] and Jia et al. [70] defined a

compound as hERG blocker if it has an IC50 value lower than 30 mM. Buyck et al.

[71] used the threshold of 130 nM to define if the compounds are hERG blockers or

not. Catana et al. [72] used an IC50 of 40 mM as a cutoff to define the separation

between hERG blockers and nonblockers. Li et al. [41] used the threshold values of

1 mM, 5 mM, 10 mM, 20 mM, 30 mM, and 40 mM. Some approved drugs have an IC50

value between 1 and 10 mM. Typically, a drug is considered safe if the IC50 value is

higher than 10 mM [53]. To assess the safety of compounds also the ration between

the free therapeutic plasma concentration and the hERG IC50 has to be considered.

Generally, a molecule with a margin greater than 30-fold between the free thera-

peutic plasma concentration and the hERG IC50 is regarded as safe [73].
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Roche et al. [61] employed different techniques such as self-organizing maps

(SOM), PCA, PLS, and supervised neural networks to develop predictive models

based on 1,258 descriptors to classify 472 compounds. The substructure analysis

performed with LeadScope did not highlight any moieties exclusive for blockers or

for nonblockers, although some weak trends could be noted. In 57% of the

nonblockers and in 30% of the blockers, two hydrogen-bond donors separated by

six bonds were present. In 20% of the nonblockers and in 2% of the blockers,

a benzenesulfonyl groups was found. In 49% of hERG inhibitors, the 1-R-4-alkyl-

benzene moiety was found. The best prediction performance was achieved with the

neural network model, which was able to correctly classify 93% of the nonblockers

and 71% of the blockers (95 compounds validation test set). The prediction method

was additionally used to analyze virtual combinatorial libraries to demonstrate its

applicability for shaping compounds libraries toward low probability to contain

potential hERG blockers. The structures based on scaffold one (Fig. 1) have a

structural moiety common to many hERG inhibitors, while the molecules based on

scaffold two are designed to be nonblockers. The prediction highlights that in the

library of compounds based on scaffold one there are 58% of potential hERG

blockers, while in the second library the possibility to have hERG blockers

decreases to 0.1%.

Bains et al. [59] applied evolutionary programming with fragment-based

descriptors to predict hERG inhibition. The resulting model shows an accuracy of

85–90% for the classification of blockers and nonblockers. The model was

generated calculating 618 fragment- and nonfragment-based descriptors on 124

compounds randomly partitioned in 70:30:24 for training, generalization, and

validation data sets. Ten different partitions and subsequently 10 runs for each

partition were performed to generate a “consensus model” based on the average of

the prediction of the ten best generalizing models. The partition with the best

performance over the data sets was selected. Through a meta-SAR analysis, 30

descriptors related to hERG inhibition were identified. Inspection of the selected

descriptors revealed that the presence of a secondary or tertiary amino group, of one

or more aromatic rings and of a five-membered nitrogen heterocycle increases the

potency of hERG blockers. The model also shows that the presence of negatively

ionizable groups such as COOH and of oxygens as H-bond acceptors is detrimental

for hERG inhibition. Analysis of the 60 most correlated descriptors with hERG

blockade provided a pharmacophore model similar to the already published ones. It

consists of a nitrogen atom in the center to which an aromatic and a hydrophobic

feature are attached, separated by a linker of 4–5 and 1–2 carbon atoms, respec-

tively. This pharmacophore model highlights again the importance of the presence

of a secondary or tertiary amino group linked with two hydrophobic or aromatic

N

R1 R2 N

N

R1

R2O

O
Scaffold 1 Scaffold 2

Fig. 1 Chemical scaffolds

of the combinatorial libraries
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features, which might interact with the aromatic amino acids Phe656 and Tyr652.

The model also suggests that the amino group should be located asymmetrically

between the hydrophobic or aromatic features, to interact optimally with the hERG

channel.

A set of linear solvation energy relationship (LSER) descriptors were used by

Yap et al. [74] to develop an SVM-based classification using a training set of 271

compounds collected from the ArizonaCERT, Micromedex, Drug Information
Handbook, Meyler’s side Effect of Drugs, and from the work of De Ponti and the

American Hospital Formulary Service. The model obtained was validated using

leave-one-out and Y-randomization methods and model was further tested with an

independent validation set of 78 compounds. Furthermore, the prediction accuracy

was compared with those obtained from other classification methods such as k
nearest neighbor (KNN), probabilistic neural network (PNN), and C4.5 decision

tree. The SVM classification model shows a higher performance than the other

three classification methods, reaching a prediction accuracy of 97.4% and 84.6%

for the blockers and nonblockers and an overall accuracy of 91%.

Tobita et al. [60] also generated an SVM model, which achieved a prediction

accuracy of 90% and 95% with two different test sets. To build the discriminant

models they used 73 compounds from the literature for which 57 2D descriptors

from the MOE software package, and 51 molecular fragment-count descriptors

taken from the MACCS key set were calculated. The SVM implemented in the

WEKA software package was used to develop two different discriminant models

using IC50 values of 1 mM and 40 mM to define blockers and nonblockers. The

accuracy of the two models to correctly classify the inhibitors and the noninhibitors

was evaluated through tenfold cross validation. The model shows an accuracy of

prediction of 70% when it was tested with an external dataset of 827 compounds

using a threshold 1 mM. In both models, the most accurate classification was achieved

selecting eight descriptors. For the model with a threshold of 40 mM the descriptors

selected were five 2D descriptors (SlogP, PEOE_VSA6, PEOE_VSA þ 1,

SMR_VSA5, DIAMETER), and three fragment-count descriptors (number of

NH2 fragments, which is correlated with the possible number of hydrogen bond

sites, ACH2CH2A and A$A!A$A related to flexibility/hydrophobicity of the mole-

cule and the presence of two rings connected by a bond respectively). The fragment

ACH2CH2A also suggests that the presence of a long chain might play an important

role for potent hERG blockers. In the models with a threshold of 1 mM, the

descriptors indentified as important were three 2D descriptors (VSA_BASE,

PEOE_Vsa0, SMR_VSA0), and five molecular fragment-count descriptors

(OAAAO, ACH2AAACH2A, Nnot%A%A, ACH2AACH2A and eight-membered

or larger rings). The descriptors selected by the two models are basically different.

In the model with the IC50 value of 40 mM, the 2D descriptors selected are measures

of global properties of the compounds, while in the model with the IC50 value of

1 mM they are related to a particular structure of the hERG blockers. This highlights

that nonpotent hERG blockers need to satisfy some general properties such as the

DIAMETER and the SlogP, while for potent blockers the presence of certain

structural fragments is important. The analysis of molecular fragments shows that
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the descriptors selected for the threshold at 1 mM are specific cases of the

descriptors selected for the threshold at 40 mM. The fragments ACH2AACH2A

and ACH2AAACH2A are related to the global descriptor SlogP. The fragment Nnot

%A%A is a specific case of the A$A!A$A fragment. Two fragment patterns

(pattern1 and pattern2) (Fig. 2), common to many potent blockers, were discovered

through the mapping of the descriptors selected with the threshold at 1 mM. The

fragments of pattern1 are related to the ACH2AACH2A and ACH2AAACH2A

fragments, while the fragments of pattern2 are characterized by a nitrogen atom

bound to an aromatic ring.

A series of 246 descriptors and the naı̈ve Bayes classification technique were

used by Sun et al. [69] A training set of 1,979 compounds from Roche and generic

molecular descriptors and fingerprint-based descriptors were used to generate a

classification model. The model achieved an ROC accuracy of 0.87. The model,

tested with an external dataset, predicted correctly 58 out of 66 molecules. The

fingerprint-based naı̈ve Bayes model was built using FCFP_6, a 2D-descriptor

where each heavy atom of the molecule is described by a string of extended

connectivity values, together with physicochemical descriptors such as AlogP,

molecular weight, number of hydrogen bond donors and acceptors, and number

of rotatable bonds. The model achieved an ROC accuracy of 0.93, indicating that

the classification accuracy of the fingerprint-based model is higher than the one of

the atom-typing model. The predictive accuracy of both models is similar, as shown

by the predictions of the 66 compounds of the test set. Analysis of the most

important atom-types indicates that some particular fragments might play an

important role for hERG inhibition. The presence of acidic groups abolishes

hERG blocking, while basic groups such as piperidines and piperazines are impor-

tant for hERG blockage. They also observed that compounds, which branch imme-

diately after an aromatic moiety have the tendency to be hERG blockers.

SVMs combined with the pharmacophore-based GRIND descriptors were used

by Li et al. [41] to design a classification model. To generate the GRIND

descriptors, 495 compounds were docked into a homology model of the hERG

channel in the open state. For every molecule the best scoring pose was selected

to calculate the pharmacophoric GRIND descriptors, which were combined with

the SVM to generate classification models using cutoff values of 1 mM, 5 mM,

10 mM, 20 mM, 30 mM, and 40 mM. Four probes were selected to calculate the

pharmacophore-based GRIND descriptors: DRY (representing the hydrophobic

interactions), O sp2 carbonyl oxygen (representing H-bond acceptor), NH neutral
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Fig. 2 Fragments related

to strong hERG inhibition
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flat amide (representing H-bond donor) and TIP probe (representing molecular

shape descriptors). The model obtained using a threshold of 40 mM showed the

best performance. It classified correctly 283 out of 343 nonblockers and 83 out of

152 blockers, with an overall accuracy of 74%. For the external test set composed of

66 compounds from the WOMBAT-PK database, the model achieved an overall

accuracy of 72%, with a correct prediction of 85% and 36% of blockers and

nonblockers, respectively. In an additional test using 1,877 compounds from the

PubChem database, the model correctly classified 107 out of 187 inhibitors and

1,271 out of 1,690 inactives.

Thai et al. [65] developed two Binary QSAR models for the prediction of hERG

blockers using two sets of descriptors, 32 P_VSA descriptors, and 11 relevant 2D

descriptors such as hydrophobic descriptors (SlogP, a_hyd, SlogP_VSA7,

Q_VSA_HYD, PEOE_VSA_HYD), diameter, atom counts (a_heavy), bond counts

(opr_nrot), subdivided surface areas (SMR_VSA5), as well as Kier and Hall

connectivity indices (chi1v_C, chi0_C). A dataset of 313 compounds collected

from the literature was divided into three classes based on the IC50 value: class 1

with IC50 < 1 mM (low IC50), class 2 with IC50 � 10 mM (high IC50), and class 3

with IC50 in the range 1–10 mM. To generate the training and test sets, 184 2D

descriptors were calculated on the 313 molecules of the dataset and combined with

the pIC50 to perform a diverse subset selection, which resulted in 240 compounds

for the training set and 73 structures for the test set. A second dataset was generated

removing the compounds containing carboxylic moieties. The best Binary QSAR

model with a cutoff at 1 mM (MODEL I) was obtained using 11 relevant 2D

descriptors and removing the compounds with carboxylic groups from the training

and test sets. The model showed a total accuracy of 0.85 for the training set and 0.94

for the test set. The best Binary QSAR model with a threshold at 10 mM (MODEL

II) was also based on the dataset without compounds containing carboxylic groups.

The model achieved a total accuracy of 0.83 for the training set and of 0.75 for the

test set, respectively. Due to the difficulty to correctly classify compounds with IC50

values in the range of 1–10 mM, new training and test sets were generated omitting

the molecules that belong to this class. The Binary QSAR based on 11 relevant 2D

descriptors (MODEL III) showed a total accuracy of 0.87 for the training set and of

0.93 for the test set. All three models were further tested with an external test set

of 58 compounds taken from the literature and showed a good performance, with a

total accuracy of 0.84, 0.78, and 0.86 for MODEL I, MODEL II and MODEL III,

respectively.

Counter-propagation neural network (CPG-NN) was used by Thai et al. [64] to

develop classification models using 285 compounds collected from the literature

and 2 sets of 2D descriptors, one based on 32 P_VSA descriptors and the other on

11 relevant descriptors. Based on the IC50 values, the compounds were divided into

three classes: class 1 (IC50 � 10 mM), class 2 (10 mM � IC50 < 1 mM) and class 3

(IC50 < 1 mM). The dataset was split into training and test sets by random division

(80:20 and 50:50), or by diverse subset selection (80:20 and 50:50). The best CPG-

NN classification performance, obtained with a 3D output layer combined with 11

selected 2D descriptors, reached a total accuracy of 0.93–0.95 for the training set

Prediction of hERG Channel Inhibition Using In Silico Techniques 211



and 0.83–0.85 for the test set, respectively. In particular, this model was able to

correctly classify high, moderate, and weak hERG inhibitors with an accuracy of

0.93 for class 1, 0.97 for class 2, and 0.96 for class 3. Using only one output layer,

the CPG-NN was also used to predict hERG affinity. The model based on 11

relevant descriptors showed highest performance with an r2 of 0.87 for the training

and the test set.

A new series of fragment/pharmacophore descriptors combined with SVM and

Random Forest (RF) was applied by Catana et al. [72] to develop classification

models for a dataset of 561 compounds. An external test set of 1,895 molecules

from the PubChem was used to validate the model. Each molecule was hashed into

different fragments. Subsequently, each fragment was mapped back onto the

dataset compounds, numbered, and a C-fragment descriptor was calculated. The

value of the “comprehensive fragment” descriptor (CF) is calculated by summing

the contribution of each atoms of the fragment. This implies that the values of each

CF descriptor differs for each molecule. The following descriptors were calculated:

E-state (CF_E-state_*), AlogP (CF_AlogP_*), MR (CF_MR_*), positive Gasteiger

partial charges (CF_GC_P_*), negative Gasteiger partial charges (CF_GC_N-*),

the van der Waals surface area positively charged (CF_VSA_P_*), the van der

Waals surface area negatively charged (CF_VSA_N_*), the van der Waals surface

area (CF__VSA_*), the van der Waals surface area with a positive AlogP

(CF_VSA_AlogP_P_*), the van der Waals surface are with a negative AlogP

(CF_VSA_AlogP_N_*). In addition, pharmacophore fingerprints implemented in

MOE were used to generate a new set of descriptors (CP_*) using the approach

described above. The model generated by RF using the CF_Estate_*,

CF_VSA_P_*, CF_VSA_N_*, and CF_GA_N_* and some 2D MOE descriptors

showed an overall accuracy of 0.79 with a precision of 62.2% and 92.3% for true

active and inactive compounds, respectively. For the external test set, the model

correctly predicted 105 of 193 inhibitors and 1,408 of 1,702 inactives. The model

created using the SVM based on the C-pharmacophore descriptors showed a poor

performance for the classification of hERG blockers (78 out of 193 compounds

were correctly predicted). Conversely, the good result achieved in the prediction of

hERG inactives indicates that this model might be used to select nonblockers.

In a recent study, in silico Binary QSAR and CPG-NN were used by Thai et al.

[63] to classify hERG blockers and nonblockers. The models were built using a

dataset of 243 compounds with SIBAR descriptors calculated on the basis of four

reference sets: 24 diverse drugs obtained from Sk€old et al. [75], 20 hERG blockers,

20 hERG nonblockers, and 20 compounds divided in 10 blockers and 10

nonblockers. The SIBAR descriptors were calculated from 11 selected descriptors

from a total number of 184 2D descriptors, 86 VolSurf descriptors, 50 3D “induc-

tive” QSAR descriptors (related to atomic electronegativity, covalent radii and

intramolecular distances) and 32 P_VSA descriptors. The Binary QSAR models

were generated using 16 SIBAR descriptors and threshold values of 1 mM and

10 mM. The best classification model was obtained with the 11 hERG relevant

descriptors using the 20 most diverse hERG blockers as reference set (total accu-

racy of 0.85–0.88 for the training set and 0.73–0.92 for the test set). The CPG-NN
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models were built using the dataset divided into class 1 (low hERG activity), class

2 (high hERG activity) and class 3 (medium hERG activity). The dataset

compounds were divided into the training set by random selection (80:20) or by

diverse subset selection (80:20). The architecture of the CPG-NNs was designed

with 3 output layers representing the classes 1–3. The CPG-NN models were

trained with 16 different sets of descriptors. The CPG-NN model obtained using

the set of 11 hERG relevant descriptors and the reference set of 20 diverse inhibitors

showed the best performance, reaching a total accuracy of 0.73–0.74 for the test set

and 0.92–0.93 for the training set. The best Binary QSAR and CPG-NN models

were validated using 1,806 compounds published in the PubChem compound

library and 58 compounds collected from the literature. With the threshold value

of 1 mM, the Binary QSARmodel achieved the total accuracy of 0.93. The CPG-NN

model correctly classified 68% of the compounds in class 1, 100% of the

compounds in class2 and 75% of class 3.

Jia et al. [70] designed a classification model using an SVM and the atom type as

molecular descriptors. The model yielded an overall accuracy of 99.59% for the

977 compounds of the training set and of 94% for the 66 compounds of the test set.

The use of the atomic molecular descriptors makes the classification model easy to

interpret. The most important atom-type descriptors were the N16 (nitrogen atom in

an aliphatic ring), C17 (unsubstituted carbon atom next to the N16 in a ring), H4

(acidic hydrogen) and M12 (number of aromatic rings). The nitrogen of the N16

descriptor was usually protonated, and it was found in hERG blockers 308 times out

of 322 times of the total occurrence of the descriptor. The C17 descriptor was found

1,635 times of which 1,318 times it was associated with hERG inhibitors. The H4

descriptor was found in 60 structures of which only 5 were hERG positives, in

agreement with the fact that negatively charged compounds are normally

nonblockers. The M12 descriptor occurred 2,581 times. Only 94 out of 535

molecules containing 3 aromatic rings were hERG inactive, while 14 out 19

compounds containing one aromatic ring were nonblockers.

New descriptors generated from the Shape Signature method were used by

Checkmarev et al. [66] in combination with k nearest neighbors (k-NN), SVMs,

and Kohonen self-organizing maps (SOM) to create classification models. The

models were built based on a dataset of 83 compounds divided into strong binders

(IC50 < 1 mM) and weak binders (IC50 > 10 mM). Two different sets of molecular

descriptors were calculated, one based only on molecular shape and the other one

based on molecular shape and polarity. The SVM models showed a better perfor-

mance than the k-NN with an overall accuracy of 69–74% and of 66–67%,

respectively.

4.5.1 Decision Trees

The decision tree approach was chosen by several groups to classify hERG blockers

and nonblockers. The ClogP, MR and pKa were used by Buyck et al. [71].
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Compounds were categorized as hERG inhibitors when the following three

conditions are satisfied: clogP � 3.7, �110 � MR < 176 and pKa � 7.3.

A Neural Network model based on the E-state keys and Barnard 4096-bit

fingerprints, and a Bayesian model based on FCFP_6, AlogP, Molecular Weight,

and the counts of hydrogen bond acceptors and donors descriptors were used by

O’Brien et al. [68] to generate a consensus model. The models were built using a

dataset of 58.963 compounds randomly divided (80:20) to obtain a training and a

test set of 46.967 and 11.996 compounds, respectively. The Neural Network model

shows slightly better results than the Bayesian model with 85% vs. 82% of

compounds correctly classified. To improve the ability to correctly classify the

compounds the Neural Network and the Bayesian models were combined. The

“recover +ve” classifies the compound as hERG blockers if one of the models

predicts it to be positive. The “recover �ve” classifies a compound as negative if

one of the models predicts it to be negative. With this classification model the

number of false positives increases. The “consensus model” classifies a compound

as positive or negative if both models agree. The model correctly classifies 91% of

hERG blockers and 87% of hERG nonblockers. With the “consensus model” the

rates of false positive and false negative are reduced compared to the Neural

Network and Bayesian models.

A total of 155 descriptors such as physicochemical, topological, SMARTS

strings and SIMAST descriptors were computed on a dataset of 264 compounds

by Gepp et al. [76] to generate two decision trees composed by a maximum of eight

branches. The first descriptor used in the two partitioning models is the

pharmacophoric string PHARM$, which correctly classifies 71% of the compounds

in both models and only 13 compounds were misclassified as false positives. The

two models are identical in the two subsequent layers, which contain the descriptors

HACSUR (ratio of surface of hydrogen-bond acceptor atoms to total surface),

T1E (topological electronic index using the number of nonhydrogen atoms), HY

(number of hydrogen atoms), DIPDENS (dipolar density) and T2E (topological

electronic index using the number of bonds between nonhydrogen atoms). The

differences between the two models start from the fourth layer. The first model

contains seven branches and the last fourth layers contain the descriptors HLSURF

(ratio of surface on halogen atoms to total surface), MDE23 (molecular distance-

edge vector l23), MR, CHBBA (covalent hydrogen-bond basicity), logP, QSUMN

(sum of atomic charges on nitrogen atoms), and MGHBD (minimal geometric

distance between two hydrogen-bond donor atoms). In the second partitioning

model, the SIMAST descriptor (fingerprint similarity compared to astemizole) is

used in many branches instead of the MR and logP, and the QSUM- (sum of

negative ESP charges) replaces the MR in the fifth layer. The first and the second

partitioning models achieve overall accuracies for the training set of 91.7% and

93.2%, and of 76% and 80% for the test set.

Recursive partitioning models were developed by Dubus et al. [62]. They used

203 molecules from the Aureus Pharma database, 32 P_VSA descriptors and

23 uncorrelated relevant descriptors selected from 184 2D-descriptors calculated

with the Molecular Operating Environment (MOE) software. Model1 used an
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active/inactive boundary of 1 mM. Classification accuracy for the training set of

96% and 97.5%, and of 74% and 81% for the test set was achieved by the model

using the relevant and P_VSA descriptors, respectively. In detail the models

correctly classified 94% of the strong blockers, while the precision for classification

of the weak blockers decreased to 63% for the relevant descriptors model and to

74% for the P_VSA model. Noteworthy, the misclassified molecules mainly

showed an IC50 between 1 and 10 mM.

In a study performed by Ekins et al. [51] recursive partitioning, Sammon

nonlinear mapping and Kohonen self-organizing maps were investigated with the

aim to analyze the performance of these techniques individually or in a consensus

approach. The recursive partitioning model was built using a training set of 99

compounds providing an r2 of 0.90. Interestingly, the performance of the test set of

35 compounds was improved (from a r2 value of 0.33–0.83) when the Tanimoto

index was introduced to filter the molecules according to their similarity to those

used in the training set. The Sammon nonlinear mapping and Kohonen self-

organizing maps models were generated using a dataset of 93 compounds and

8 descriptors selected with the PCA technique from more than 150 descriptors.

The eight descriptors selected are the Wiener index (a measure of molecular

branching), the topological Balaban index (provides information on the connectiv-

ity and branching of the molecule and is related to the hydrophobic interaction

of the molecule), number of H-bond donors, hydrophilicity index and electroto-

pological state indices (CH2, CH and >N, which provide information on the

topology, polarity and hydrogen bonding capabilities of the compound). These

descriptors suggest that the topology of the molecule plays an important role for

hERG inhibition. The 93 molecules of the training set were divided in three classes

based on their activity: class0 (IC50 < 1 mM), class1 (1 < IC50 < 10 mM), and

class2 (IC50 > 10 mM). The analysis of the nonlinear map generated with the

Sammon nonlinear mapping technique revealed that the compounds of the classes

0 and 2 were mapped in two different areas. The compounds of class 1 were mapped

in a wide area of the map overlapping the areas occupied by class 0 and 2, resulting

in a poor prediction ability. The model predicts correctly 86% and 100% of the

compounds in the classes 0 and 2, giving an overall classification accuracy of 95%.

As happened for the Sammon nonlinear mapping, also in the map generated with

the Kohonen self-organizing map the molecules belonging to class 0 and 2 were

mapped in distinct areas, while the area occupied by compounds belonging to class

1 overlapped the sites of the other two classes. The method correctly classified 86%

and 79% of the compounds belonging to class 0 and 2, respectively. A consensus

analysis performed using the three methods resulted in 86% of the compounds

correctly classified in the classes 0 and 2. The consensus approach did not improve

the results obtained with the individual methods.

Doddareddy et al. [67] designed 24 binary models by using Linear Discriminant

Analysis (LDA) and SVMs to classify 2.644 compounds. Four molecular finger-

print descriptors belonging to the extended connectivity fingerprints (ECFPs) and to

the functional class fingerprints (FCFPs) were chosen. Four representative models

out of 24 were selected for further validation. The four classification models yielded
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overall accuracies of 82–86% for the training set and 83–85% for the test set. The

selected models were further tested by using the PubChem database. The models

showed a poor predictivity in the classification of the test set compounds, with only

78 out of 193 compounds correctly classified. In addition, 50 compounds from the

Cambridge database that were predicted as hERG blockers and 10 compounds that

were predicted as nonblockers by two or more models were selected for experi-

mental validation. Of the 50, 18 predicted hERG inhibitors showed more than 50%

displacement of astemizole, while all the predicted nonblockers were found to be

inactive.

The SOM was used by Hidaka et al. [77] to classify the compounds using

structural information. First, 37 compounds were divided into three classes

depending on whether the activity (pIC50) was below 5, between 5 and 7, or higher

than 7. The analysis of the map obtained reveals that the potent blockers and the

inactive compounds occupy two different areas, while the compounds with the

intermediate activity overlap the two areas. The same method was then applied to

the public available dataset. They divided this database into active (“Hit”) and

inactive compounds. The “Hit” molecules were subdivided into compounds that

cause hERG blockade between 20 and 30%, between 30 and 50%, and more than

50%. Considering only the “Hit” compounds they established a line which divides

the map into two parts: hERG positive and hERG negative areas. All compounds

that block the hERG channel by more than 50% are mapped in the area of the hERG

positive potential, with the exception of one false negative.

4.6 Matched Molecular Pairs

In a recent and interesting study, Papadatos et al. [78] applied the matched molecu-

lar pairs technique to three large data sets: hERG (76.266 compounds), solubility

(94.053 compounds), and lipophilicity (180.440 compounds) to find the most

frequent modifications of the molecules. The matched molecular pair analysis of

the hERG database identified 15 frequent transformations. These modifications are

related to only one or two heavy atoms, except for the substitution of a hydrogen

atom with a phenyl ring. In 9 transformations out of 15, the modifications have only

a small or no effect for the hERG affinity of the compounds. According to previous

results, they found that replacing a hydrogen atom with a hydroxy group is

detrimental for the hERG affinity in 45% of the cases, while replacing a hydrogen

atom with a phenyl ring increases the hERG inhibition in 65% of the cases. The use

of context descriptors, such as reduced graphs, Murcko frameworks and Daylight

fingerprints, as well as more local descriptors such as localized RG nodes and atom

environments, highlights significant trends that are not evident when only the

matched molecular pairs technique is used. For example, considering the substitu-

tion of a hydrogen atom with a methoxy group the global distribution indicates that

the possibilities to reduce or to improve the hERG affinity are more or less identical.

However, if one takes into account the reduced graph node the scenario appears to
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be more complex. The possibility to reduce the hERG affinity increases if the

transformation is adjacent to an aliphatic chain. The opposite effect is obtained if

the transformation is next to a hydrogen-bond acceptor in an aromatic ring. On the

contrary, if the transformation is adjacent to an aromatic ring the hERG inhibition is

not affected. These results are related to the possibility to form hydrogen-bonds by

the oxygen atom of the methoxy group. In the case of the substitution of a methyl

group with a fluorine atom, the global distribution indicates that this might result in

an increase or a decrease of the hERG affinity. The presence of the fragment A

(Fig. 3) is correlated with the increase of hERG potency. The analysis of the global

distribution shows that replacing the cyclohexyl with the phenyl group can reduce

or improve hERG potency. The cyclohexyl >> phenyl transformation in the

fragment B (Fig. 3) increases the probability to obtain a more potent hERG blocker.

This result is due to the increased lipophilicity and hydrophobicity of the molecule,

and to the reduced ability to form hydrogen-bonds of the adjacent amidic carbonyl.

These three examples show the importance to include contextual information in the

drug discovery process to develop compounds with a good toxicological profile.

5 Structure-Based Approaches

5.1 Homology Models of the hERG Channel

Up to date there is no crystal structure of the hERG channel and most of our

knowledge comes from studies on the Shaker channel (Kv1.1) and on mammalian

channels (Kv1.2), KcsA, MthK, and KvAP. Since the eukaryotic and prokaryotic

pores are closely related, it appears reasonable to use the crystal structures of KcsA

(pdb codes 1BL8 [79], 1K4C [80] and 1R3J [81]) and of KirBac1.1 (1P7B [82]) to

build homology models of the hERG channel in the closed state, or MthK (1LNQ

[83]) and KvaP (1ORQ [84]) for the open state. It has to be noted that the degree of

the pore opening varies in the crystal structures, from the closed state (KcsA) to the

open state (KvaP), up to an even more open state in MthK. These different degrees

in pore opening might represent different gating properties of the Kþ channel, or

different snapshots in the gating trajectory. The first homology models of hERG

channel were discussed also in several reviews [26, 27, 85–87].

Many groups modeled the hERG channel in the closed state using as template

the crystal structures of KcsA (1BL8 or 1K4C) [4–6, 11, 12, 88–94], as well as of

MthK (1LNQ) [11, 21, 49, 88, 89, 94]. The homology models of the hERG channel
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Fig. 3 Fragments found in

hERG blockers. The asterisk
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in the open state were constructed with the crystal structures of KvaP (1ORQ, or

1R3J) [91, 94–99] and Kv1.2 (2A79) [100] used as template (Table 1).

5.2 hERG Inhibition and Drug Trapping

In 1969, Armstrong [101] demonstrated that the channel opening is a necessary

condition to obtain the inhibition of the voltage gated K+ channel by a small

quaternary ammonium (QA) ion. Normally, the QA interferes with the channel

gating upon repolarization causing a slow deactivation due to the impossibility to

close the activation gate in a mechanism called “foot-in-the-door.” In a few words,

Table 1 Published homology models of the hERG potassium channel in the closed and open state

References Template Homology model/docking

[6] KcsA (1BL8) Insight II/FLOG

[5] KcsA (1BL8) MOE/FLOG

[21] MthK (1LNQ) Modeller

[4] KcsA (1BL8) QUANTA/CHARMm/Manual docking

[119] KcsA (1BL8) SWISS-MODEL/Chimera

[12] KcsA (1BL8) Modeller v6.0/GOLD

[11] KcsA (1BL8), MthK (1LNQ) Insight II/FlexiDock

[89] KcsA (1K4C), MthK (1LNQ) PRIME/Glide

[105] KcsA (1BL8) Modeller v6.0/GOLD

[98] KvaP (1ORQ) SWISS-MODEL/AutoDock 3.0

[88] KcsA (1BL8), MthK (1LNQ) Insight II/FlexiDock

[97] KvaP (1R3J) Modeller v.8.0/GOLD v.2.2

[49] MthK (1LNQ) MOE/Glide

[99] KvaP (1ORQ) PRIME/Glide 3.0

[120] Kv1.2 (2A79) SWISS-MODEL/AutoDock 3.0

[90] KcsA (1BL8) SWISS-MODEL/ZDOCK

[95] KvaP (1ORQ) Modeller v6.0/Sievgene

[96] KvaP (1ORQ) Modeller

[100] KcsA (1BL8), Kv1.2 (2A79) QUANTA/Manual docking

[39] KcsA (1BL8) Insight II/DOCK v.5.2

[121] KcsA (1BL8) Moloc/Manual docking

[91] KcsA (1K4C), KvaP (1ORQ) Modeller v.7.7/GOLD v.3.0.1

[92] KcsA (1BL8) Modeller v.7.7/Insight II/GOLD v.3.1

[116] KcsA (1BL8) Insight II/Manual docking

[93] KcsA (1BL8) Modeler v6.0/GOLD

[94]

MthK (1LNQ), KvaP (1ORQ), KcsA

(1BL8)

Modeler v.6.2 and Modeler v.7.7/

GOLD v.3.0

[117] MthK (1LNQ) Modeler v.8.2

[38] Kcsa (1R3J) Insight II/Glide

[104] KcsA (1BL8) Insight II/FLOG

[102] KcsA (1K4C) Modeller/FlexX

[118] KcsA (2BOB, 2HjF and 2HVK) Modeller/GOLD
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the activation gate cannot close until the inhibitor dissociates from the hERG

channel. Armstrong noted that the channel block due to small QA compounds,

such as tetraethylammonium, did not show interference with the deactivation rate,

suggesting that these compounds might be trapped in the hERG channel in the

closed state. A molecule can only be trapped only if it is small enough to fit into the

central cavity. If the molecule is charged, it cannot leave the central cavity through

the hydrophobic environment of the inner pore or through the membrane, hence the

block is irreversible until the channel reopens. Mitcheson et al. [3] used the potent

hERG blocker MK-499 and the hERG mutant D540K to test the trapping hypothe-

sis. This mutant of the hERG channel has the particular characteristic to open in

response to hyperpolarization. They observed that the channel reopening during the

hyperpolarization allowed the recovery from the block of MK499, as postulated by

the trapping hypothesis. Moreover, the observation that molecules with large size

such as MK499 (7 � 20 Å) can be trapped, suggests that the hERG channel has a

central cavity bigger than the one of the Shaker Kþ channel. The Shaker Kþ

channel is blocked by tetraethylammonium (6.9 Å of diameter), but it cannot trap

MK499.

5.2.1 Case Studies: Propafenone Derivatives Trapping

Docking studies combined with alanine scanning of the amino acids facing the

central cavity were performed to investigate the molecular determinants of hERG

inhibition by propafenone, as well as the amino acids involved in the drug trapping

[11]. The mutagenesis data showed that propafenone’s inhibition of hERG was

strongly dependent on the interactions between the compound and the amino acid

Phe656, while it was not affected by mutations of Tyr652, Thr623, Ser624, Val625,

Gly648 or Val659. The analysis of recovery from the propafenone block showed

that the compound was not released faster from the mutant channels T652A,

V625A, and S624A than from the wild-type channel. Only in the case of F656A

the recovery from the block is slightly faster. These results suggest that only the

mutation F656A slightly reduces the interaction of propafenone with the hERG

channel in the closed state. Their results also indicate that the mutagenesis data are

better rationalized with the docking poses obtained with the hERG channel in the

open state. Almost all of the top ranked poses form p–stacking interactions with two
Phe656 of adjacent subunits. The model of the hERG channel in the open state

suggests that the four Phe656 are highly accessible to the compound, whereas in the

closed-state model the space between the Phe656 units is reduced, making it

impossible for propafenone to form p–stacking interactions with Phe656. This

indicates that there are gating-induced changes in the position of Phe656 side

chains.

In a recent study, Thai et al. [102] used five propafenone derivatives to perform a

systematic analysis of use-dependency and recovery from the block of the hERG

channel. The pose of propafenone docked into the hERG channel in the closed state

predicts that the phenyl ring forms p–stacking interactions with Tyr652, that the
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Thr623 makes hydrogen-bonds with the hydroxy group and the protonated nitrogen

atom, and that Ser624 forms hydrogen-bonds with the hydroxy moiety. The pose of

propafenone docked into the homology model of the hERG channel in the open

state shows p–stacking interactions between the phenyl ring and Tyr652, and that

the hydroxyl and the carbonyl group as well as the ether oxygen form hydrogen-

bonds with Thr623 and two Ser624 of adjacent subunits, respectively. The docking

pose of propafenone into the hERG channel in the open state shows that the

protonated nitrogen moves in the direction of the cytoplasm. This indicates

that the propafenone moves upward when the hERG channel closes. The other

trapped compound, the piperidine analogue, shows a similar poses. The poses of

nontrapped propafenone derivatives bearing a 2,3-dimethylphenyl-1-piperazinyl

ring docked into the hERG open state, predict that the carbonyl group and the

ether oxygen form two hydrogen-bonds with Ser624 of different subunits. The

conformation of the nontrapped compounds is similar to the pose of propafenone,

with the substituent located into the inner pore. The nontrapped 1-[4-{3-[4-

(2,3-dimethylphenyl)piperazin-1-yl]-2-hydroxypropoxy}-phenyl]ethanone makes

a p–cation interactions with Phe656, and a hydrogen-bond with Ser624. Like the

other nontrapped molecule, the 2,3-dimethylphenyl ring is placed in the inner pore.

Even if the compound has a smaller volume than propafenone due to the lack of the

second phenyl ring, the molecule is not trapped. These poses indicate that electro-

static interactions are important for drug trapping, because the protonated nitrogen

is pushed up during the channel gating. Witchel et al. [11] indicated that the amino

acid Phe656 plays an important role in the interaction with propafenone, while the

mutations of other amino acids to alanine do not affect the hERG block. In this

study, the results suggest that also the amino acids Thr623 and Ser624 might

interact with propafenone. The main structural difference between trapped and

nontrapped compounds is the bulkiness of the substituent attached to the protonated

nitrogen atom, which is larger in the nontrapped ones. In light of this consideration,

the authors suggest that the size of the substituent might be one of the contributing

factors playing a role in the drug trapping/nontrapping. In detail, all these results

indicate that the compounds that are small enough and that can alter the conforma-

tion can be trapped, in contrast to compounds with a bulky substituent that can

prevent the closure of the activation gate with a “foot-in-the-door” like mechanism.

5.3 Amino Acids Involved in hERG Inhibition

At the base of the hERG channel, two concentric rings formed by four Tyr652 and

four Phe656 are located. The ring formed by the four Phe656 is placed near the

cytoplasm, whereas the ring made by four Tyr652 face the central cavity. These two

rings can make hydrophobic, p–stacking and p–cation interactions, explaining the

polyspecificity of the hERG channel.

Several authors studied the physicochemical properties responsible for interac-

tions with Tyr652 and Phe656 with the ligands. Fernandez et al. [103] studied the
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nature of the interactions of MK-499, terfenadine and cisapride with the amino

acids Tyr652 and Phe656. They observed that the mutation of Phe656 to Trp, Tyr,

Met, Leu or Ile altered the block of MK-499, cisapride and terfenadine only

slightly. In contrast, the mutation of Phe656 to the polar amino acids Arg, Glu,

Ser, and Thr, or to small amino acids such as Ala and Gly increased the IC50. All

together these results indicate that the most important physicochemical feature of

Phe656 is the hydrophobic volume and not the aromaticity. Mutation of Tyr652 to

Phe or Trp did not influence significantly the sensitivity of hERG to Mk-499,

terfenadine and cisapride, indicating that the hydroxyl group of Tyr652 is not

essential for the interaction with hERG blockers. The IC50 of MK-499, terfenadine

and cisapride dramatically increased when Tyr652 was mutated to Ile, Val, Ala,

Thr, Gln, and Glu. All together these results highlight that the aromaticity at

position Tyr652 is an important feature for hERG inhibition by these three potent

blockers.

Mitcheson et al. [6] found that the hERG block mediated by MK-499 was

affected by mutations of Thr623, Ser624, Val625, Gly648, Tyr652, Phe656, and

Val659. The experiments performed on terfenadine and cisapride supported the

interactions with Tyr652 and Phe656, but not the interaction with Val625. Same

results were obtained by Karczewski et al. [104] for MK-499, its enantiomers, and

its analogs obtained replacing the hydroxyl group with a hydrogen or an amine

group. In contrast, the carbonyl analog was insensitive to the Phe656Ala mutation.

This result indicates that the carbonyl oxygen interacts with the hERG channel.

The reduction of sensitivity due to the mutation of Thr623, Ser624, and Val625

to alanine was observed also for clofilium and ibutilide. Sanchez-Chapula et al. [5]

determined that the binding site for the weak blocker chloroquine is formed by

Tyr652 and Phe656. In contrast to previous results [103], they found that the

mutation Tyr652Phe was detrimental for the affinity, indicating that the hydroxyl

group is essential for the inhibition of the hERG channel mediated by chloroquine.

Mutation of the Phe656 and Tyr652 to alanine reduce the binding affinity of the

potent blockers MK-499, terfenadine, cisapride [6, 9], clofilium, ibutilide [12, 105],

thioridazine [106], and of the weak blockers chloroquine [5], nifekalant, bepridil

[8], maprotiline [107], and mianserin [108] indicating the importance of the pres-

ence of aromatic amino acids in this position.

In contrast to these results, hERG channel block mediated by some blockers was

almost insensitive to the mutations of Tyr652 and/or Phe656 to alanine. The

inhibition of hERG channels by fluvoxamine was only partially attenuated by the

Phe656Ala mutation [109]. Mutation of Phe656 to alanine did not affect the hERG

block by dronedarone and amiodarone [110]. Tyr652Ala mutation showed a modest

effect on the block mediated by dronedarone, while it had a more marked effect on

the amiodarone binding. All these data suggest that neither Tyr652 nor Phe656

interact with dronedarone, while Tyr652 might be part of the amiodarone-binding

site. Mutation of Tyr652 to alanine did not affect the hERG block by erythromycin,

and mutation of Phe656 to alanine had only a weak effect on the inhibition [88].

An interesting study of Shamovsky et al. [54] analyzed the contribution of

the desolvation component of hERG potency and the nondesolvation-related
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interactions with the hERG channel. They used 25 3,9-diazaspiro-[5.5]undecane

analogs and 8 hERG mutants. The PLS discriminant analysis (PLS-DA) revealed

that the desolvation component of hERG potency increases the block of the mutants

Tyr652Ala and Tyr652Phe, while the Thr623Ser and Ser624Thr mutants are less

sensitive to inhibitors. These results suggest that the desolvation component of

hERG potency is related to the lipophilicity of the compounds. Within the

nondesolvation-related interactions with the hERG channel the Thr623Ser,

Ser624Thr, Tyr652Ala, Phe656Met, Phe656Thr, and Phe656Trp mutants increase

hERG potency. This indicates that the lipophilic substituents cannot fit into the

inner pore due to clashes with Phe656. This hypothesis is confirmed by docking

studies on the homology model of hERG in the closed state, which predicts that the

molecules cannot fit well at the level of the four Phe656. All together these results

suggest that bulky and rigid substituents are detrimental for the hERG affinity.

5.4 Hydrogen Bonds with Ser624, Thr623 or Val625?

The amino acids Thr623, Ser624 and Val625 lie at the top of the inner cavity.

Dougherty et al. [111] mutated the amino acids facing the hERG pore to determine

the binding efficacy of astemizol, dofetilide, haloperidol, risperidone, droperidol,

pimozide, loxapine, amoxapine, imipramine, fluphenazine, triflupromazine, cis-
flupenthixol, and amperozide. Astemizole showed an increased IC50 value with

the double flourinated Phe relative to the single flourinated Phe and the Tyr652Phe

mutants, indicating that Tyr652 interacts with astemizole through p–stacking
and/or p–cation interactions. The mutation of Phe656 into the two flourinated

phenylalanines did not affect hERG channel block. This suggests that Phe656

may not be involved in the binding of astemizole, or that it forms hydrophobic

interactions. Mutation of Thr623 to the nonnatural amino acid Thr623-(OH) led

only to slight increase of the binding affinity, while the Thr623Val mutant is less

sensitive to astemizole. The Ser624Thr mutation slightly decreased the astemizole

hERG block, while the affinity for the hERG channel was lost in the Ser624Ala

mutation. These results show the importance of the hydroxy group of Ser624.

Perry et al. [12] used site-directed mutagenesis to investigate the interactions of

clofilium and ibutilide with hERG channel. The authors performed an alanine

scanning of the amino acids of the S6 domain facing the pore of the hERG channel.

The results show that both blockers were affected by mutation of the amino acids

Thr623, Ser624, Val625, Gly648, Tyr652, Phe656, and Val659 to alanine.

Using the same method, Kamiya et al. [8] determined that the binding site of the

hERG blockers E-4031 and dofetilide consists of the amino acids Thr623, Ser624,

Val625, Tyr652, Phe656 and Val659. The same effect was obtained for the hERG

blocker nifekalant, except for the Val659Ala mutation that did not affect the

hERG inhibition and for the Ile655Ala that reduced channel block. The Thr623,

Ser624, Val625 and Phe656 mutations reduced the block of the hERG channel by

bepridil.
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Using alanine scanning, Kamiya et al. [9] showed that amino acids Thr623,

Ser624, Tyr652 and Phe656 play an important role in hERG inhibition by

terfenadine and cisapride.

Finally, Hosaka et al. [95] applied a site-directed mutagenesis to analyze the

interactions between nifekalant and amino acids in the pore region of hERG. The

mutation of Thr623, Val625, Gly648, Tyr652 and Phe656 to alanine abolished

the block of the hERG channel. The mutant Val625Ala disrupted the Kþ selectivity.

This indicates that the side chain of Val625 might be essential for the stability of the

selectivity filter structure, hence the mutant Val625Ala might perturb the surface of

the inner cavity reducing indirectly the affinity for nifekalant. The homology model

of the hERG channel in the open state showed that Gly648 was not part of the pore

channel, so the reduction of the hERG block was due to an indirect action.

5.5 Role of Gly648

Siebrands et al. [112] created the hERG mutants T623A, S624A, V625A, G648A,

Y652A, Y652T, F656A and F656T by site-direct mutagenesis to analyze the

interactions between bupivacaine and the hERG channel. All the mutants abolished

the channel block by bupivacaine. The mutation of Gly648 to alanine might lead to

a reorientation of the amino acids in the S6 domain, thus indirectly reducing the

affinity for the blocker.

5.6 Which Subunits Are Involved in Drug Binding?

Recently it was investigated which subunits of the hERG channel are involved in

the interaction with the blockers [113, 114]. Myokai et al. [113] constructed seven

tandem dimers with single or double mutations (Y652A and/or P656A) to test

which mutations affect the binding of cisapride. The results brought to light that

the binding site of cisapride consists of several subunits. Combining the voltage

dependence of the cisapride block, the steady-state block, mutagenesis and kinetic

data, it was suggested that cisapride binds at first to the low-affinity binding site

formed by the two Phe656 of opposite subunits. Only when the voltage-dependent

conformational changes reorient the residues in the pore, cisapride binds to the

high-affinity binding site constituted by the two Tyr652 of adjacent subunits and

Phe656.

Imai et al. [114] constructed the tandem dimers mutating the amino acids

Ser624, Tyr652, and Phe656 of opposite subunits to investigate the binding site

of cisapride, E-4031 and terfenadine. The inhibition curves of the mutant channels

revealed that cisapride and E-4031 interact with Tyr652 and Phe656 of adjacent

subunits and with Ser624, while terfenadine interacts with Tyr652 and Phe656 of
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opposite subunits but not with Ser624. Based on the results of the inhibition curves,

the three compounds were docked into homology models of the hERG channel in

the open state. The docking pose of cisapride shows p–p interaction between one

aromatic ring of the molecule and Tyr652, and CH–p interaction between the

Tyr652 of adjacent subunits and the methylene group near the protonated nitrogen

in the piperidine ring. The second aromatic ring of the molecule forms p–stacking
interactions with Phe656, and the carbonyl oxygen interacts via hydrogen bond

with Ser624. The docking pose of E-4031 indicates that the aromatic rings form

p–p interactions with herringbone geometry with two Tyr652 of adjacent subunits,

that the pyridine ring makes a hydrogen-bond with Ser624, and that the methyl

group in the methansulfonamide moiety forms a CH–p interaction with the amino

acid Phe656. The pose of terfenadine shows that the two terminal aromatic rings

and the second benzene ring of the benzhydryl moiety interact with Tyr652 and

Phe656 through p–p interaction with herringbone geometry. Based on these

interactions, the introduction of an electron withdrawing group, or the introduction

of a bulky substituent, which disrupts the interactions with Tyr652 and Phe656, can

lead to a terfenadine derivative with an attenuated hERG binding affinity. The

docking poses of cisapride, E-4031 and terfenadine proposed in this study, in

contrast to a previous study [103], highlighted that p–cation interactions might

not always play a dominant role, and that p–p interactions with herringbone

geometry and CH–p interactions could be important in the hERG-blocker complex

formation.

5.7 Influence of Para-Substituents on the Phenyl Ring

Mutagenesis data and docking studies suggest that the para-substituent of phenyl
rings in inhibitors forms polar interactions with Thr623 and Ser624[12]. To test this

hypothesis, a structure activity relationship of ibutilide derivatives was performed

to analyze the influence on the IC50 of different para-substituents [105]. The IC50 of

ibutilide analogs measured on wild-type hERG channels showed a rank order

of nitro > chlorine > amine > amide. Similar results were obtained also with

dofetilide derivatives. These results are in agreement with the 3D-CoMSiA and

the 3D-pharmacophore models developed by Cavalli et al. [30], which indicated the

importance of a polar or a polarizable region close to an aromatic ring. All these

information suggest that it is possible to reduce the hERG potency by modifying the

nature of the substituent in the para position of phenyl rings and thereby develop

compounds with a better toxicological profile.

The docking poses of clofilium and the nitro analog show that the para-substituent
interacts with Thr623 and Ser624 and that the phenyl ring forms p–stacking
interaction with Tyr652. The ethyl group attached to the protonated nitrogen,

which is placed in the center of the central cavity, forms hydrophobic interactions

with Tyr652. The second ethyl group present in some docked inhibitors may form

hydrophobic interactions with a second Tyr652. The docking poses indicate that
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bulky substituents in para position prevent to adopt the conformations of clofilium

and its nitro analog. The pose of clofilium predicts that the chlorine atom forms

hydrogen–bond interactions with Ser624. In the proposed binding conformation of

ibutilide, the para-substituent interacts with Thr623, Ser624, and the phenyl ring

forms p–stacking interaction with Tyr652. The amide analog cannot adopt the

binding mode of ibutilide and interacts with Thr623 and Ser624, probably due to

the lack of the sulfonyl and of the hydroxyl groups. The interactions with Tyr652

are weak, and this explains the low affinity of the amide analog for the hERG

channel. In all four compounds, the tail makes hydrophobic interactions with

Phe656.

5.8 Two or Three Binding Interactions?

Mutagenesis studies of the S6 domain identified Tyr652 and Phe656 as important

sites of interaction. These results led to propose that the charged nitrogen atom may

form p–cation interactions with Tyr652 or Phe656, and that the aromatic moieties

of the blockers can make p–stacking interactions with the amino acids cited above.

Choe et al. [97] suggested a model with three key interactions: hydrogen–bond

interaction between the protonated nitrogen atom and the carbonyl oxygen of

Thr623; p–stacking interactions between an aromatic ring and Tyr652; hydropho-

bic interaction between an hydrophobic moiety of the blocker and Phe656. To test

the three key interactions model, 69 known hERG blockers were divided into eight

binding types and further subdivided into two groups based on the number of

interactions with the hERG channel (two or three) predicted by the model. Consis-

tent with the three key interactions model, the different distribution of pIC50 values

between the two groups reveals that the blockers can form three interactions, and

that the compounds, which are predicted to form more interactions show a higher

mean pIC50 value.

5.9 Docking Studies and Prediction of hERG Binding Affinity

Rajamani et al. [89] developed a two-state binding affinity model to predict the IC50

values of potential hERG blockers. Homology models of the hERG channel in the

closed and open states were constructed using as template the crystal structures of

KcsA and MthK, respectively. Initially, the S6 helix of the reference closed-state

model was rotated to match MthK S6 helix, and subsequently the channel was

closed rotating the S6 helix by 1�. The partial open-state model (10� translation

away from the reference model) and the fully open state (19� translation away from
the reference model) were used to dock 32 hERG inhibitors. The best pose for each

ligand was then minimized within the channel, and finally the minimized pose
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(bound state) was extracted and minimized in water (free state) to obtain the

reference electrostatic and van der Waals energies. The difference in the computed

energy values (Dele and Dvdw) between the bound and the free states were used to

derive linear regression fits to the experimental pIC50. The estimated interaction

energy was used to establish the preference of each ligand for one of the two

states. The computed pIC50 values of the 21 ligands that prefer to bind the open-

state model were predicted with an RMSD of 1.2 [pIC50Open ¼ �0.166(Dvdw) +
0.002(Dele)]. For the 11 compounds that preferentially interact with the partially

open-state model, the pIC50 values were calculated with an RMSD of 0.85

[pIC50Closed ¼ �0.155(Dvdw) + 0.0004(Dele)]. Given the fact that both models

had essentially the same coefficients for the (Dvdw) term, a single model was

generated combining the energies for each ligand docked into its best fit state.

Plotting the experimental versus computed pIC50 values five outliers were

identified. The model obtained [pIC50Combined ¼ �0.163(Dvdw) + 0.0009(Dele)]
omitting those five outliers showed an RMSD of 0.56 and an r2 of 0.82. The

equation reveals that the most important contribution to the hERG affinity arises

from Dvdw, in agreement with the previous observations, which indicated that

hydrophobicity and aromaticity were the most important physicochemical features

of Phe656 and of Tyr652, respectively [103].

Österberg et al. [98] used molecular dynamics (MD) simulations and the linear

interaction energy (LIE) method to calculate the binding affinity of six sertindole

analogues docked into the homology model of the hERG channel in the open state.

For each ligand, the pose with the lowest energy was selected from the two or three

best clusters, and was submitted to molecular dynamics (MD) simulations. The Kþ

ions can occupy the selectivity filter with the 1010 (Kþ–H2O–K
þ–H2O) or with the

0101 (H2O–K
þ–H2O–K

þ) configurations. The binding free energies for hERG

indicated that the 1010 is the most favorable conformation. The higher value of

binding free energies obtained with the 0101 configuration is due to the electrostatic

repulsion between the basic nitrogen of the blocker and the Kþ ion facing the

central cavity. The plot of the calculated LIE free energies versus the experimental

values shows a good correlation between these two terms.

Also, Farid et al. [99] obtained a good correlation between the predicted and the

experimental ligand binding free energy of four sertindole analogs. The compounds

were docked into the homology model of the hERG channel in the open state using

the induce-fit protocol. The correlation between the Extra Precision (XP) scoring in

Glide and the experimental binding affinity shows an r2 of 0.95. The analysis of the
terms of the Extra Precision (XP) scoring indicates that the Glide-XP lipophilic

contact and the Glide-XP van der Waals energy terms are favorable for hERG

inhibitors, while the Glide-XP penalty for buried polar groups term is unfavorable.

The GOLD docking software was used to dock 56 known blockers into a closed-

state model [92]. For each ligand, the best pose was selected and the docking

GOLDScore fitness was used to derive a linear regression fit to the experimental

pIC50. The model achieved an r2 of 0.60 and a q2 of 0.56, demonstrating that it can

be used to predict the binding affinity of hERG inhibitors.
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5.10 Case Studies: Docking Studies and Improvement
of the Selectivity

A structure-activity relationship combined with docking studies was used by Price

et al. [115] to reduce the hERG affinity in a series of CCR5 antagonists. Docking

of the lead compound into a homology model of the hERG channel in the closed

state revealed that the benzimidazole group fits perfectly to the lipophilc region

described by the four Tyr652. This result suggested that it was possible to reduce

the affinity of the compounds for the hERG channel by replacing the benzimidazole

moiety with other moieties. This led to the discovery of maraviroc, a potent CCR5

antagonist, which does not interact with the hERG channel.

Micheli et al. [100] performed an interesting study on the combination of

docking experiments with structure-activity relationship (SAR) to improve the

affinity of a series of 1,2,4-Triazol-3-yl-thiopropyl-tetrahydrobenzazepines with

the dopaminergic receptor D3 and to avoid the interaction with the hERG channel.

The compounds were docked manually into homology models of the hERG channel

in the closed and the open state. The docking experiments predict that the lead

compound assumes a U-conformation, probably due to interactions with Tyr652,

Phe656 and intramolecular p–stacking interaction. The pose shows that the charged
nitrogen atom and the quinoxaline ring form hydrogen-bonds with serines in the

pore of the hERG channel. Based on the docking results, two strategies were used to

tackle hERG liability. In the first one the hydrophilicity of the compounds was

increased. This strategy led to a compound highly selective for the D3 receptor and

with a reduced affinity for the hERG channel. The second strategy was to reduce the

p interactions between the isoxazolyl group and the hERG channel breaking

the coplanarity between the isoxazolyl and the benzazepine moieties. This strategy

led to a reduction of hERG activity, without affecting the D3 potency.

Also, Dinges et al. [116] used a combination of SAR and docking results to

develop KDR kinase inhibitors with an optimized hERG profile. One kinase

inhibitor was manually docked into a model of the hERG channel in the closed

state. The best fit was obtained by orienting the compound parallel to the pore of the

channel, with the acetylenic ether group oriented toward the cytoplasmatic side of

the hERG channel. The pose predicts that the 1,4-dihydroindeno [1,2-c]pyrazole
forms p–stacking interactions with Phe656, that the charged nitrogen atom on the

N-methylpiperazine moiety can make p–cation interactions with Tyr652, and that

the external nitrogen forms a hydrogen-bond with Ser624. Based on this pose three

strategies were developed. The first strategy consisted on the modification of the

basic side chain. This approach led to compounds with a reduced hERG affinity, but

the antitumoral efficacy was compromised. In the second strategy the polarity of

the acetylenic chain was increased. This led to molecules with an attenuated

hERG activity, but also the KDR affinity was reduced, except for the compound

bearing the glycol ether moiety that inhibited 76% tumor growth in the MX-1

tumor xenograft model. The third approach used the introduction of groups

that disrupt electronically or sterically the p–stacking interaction between the
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1,4-dihydroindeno [1,2-c]pyrazole and Phe656. The substitution of the methylene

bridge with a carbonyl group reduced the hERG affinity, without affecting the KDR

inhibitions.

In a recent study, Levoin et al. [117] combined homology modeling and docking

to refine a homology model of the H3 receptor. The model of the H3 receptor was

optimized in three different ways: ten independent molecular dynamics simulations

of the proteins embedded in the membrane; ten independent simulated annealing

(SA) runs with the most active compound of ten clusters obtained from the training

set of inhibitors of each protein; iterative simulated annealing (ISA) with a rigid

potent compound. The ligands were docked in the refined models and subsequently

the first ranked pose of each ligand was selected, and the affinity with the protein

was assessed using the DOCK_SCORE, Ligscore1-2, PLP1-2, Jain, PMF, and

Ludi_1-3 scoring functions. The performance of the prediction was then evaluated

using the ROC curve and the area under the curve (AUC). The best performing

model in the screening of the training set compounds was the one refined via the

ISA method, which achieved an AUC value of 0.73. Similar results were obtained

with the test set, where the model showed an AUC of 0.71. To predict also the

interactions with antitarget proteins, the same procedure was applied to refine the

homology models of hERG and CYP2D6. Also in these cases, the refinement

process leads to a better performance of the homology models by producing an

AUC > 0.69 for both antitarget proteins.

Recently, Shamovsky et al. [38] used a combination of pharmacophore

modeling, QSAR and docking to develop a successful lead optimization strategy

that overcomes the undesirable interactions with hERG. The aim of the docking

experiments performed on a homology model of the hERG channel in the closed

state was to explain the intrinsic hERG binding. To achieve this aim two

compounds, which represent extreme cases of intrinsic hERG binding were docked

into the homology model of hERG. The compound A (Fig. 4) makes cooperative

hydrogen–bond interactions with Ser624, whereas the compound B forms coopera-

tive p–stacking interactions with Tyr652. The docking poses suggest that also the

amino acids Leu622, Ser649, and Phe656 are involved in the intrinsic interactions

between the hERG channel and the blockers.
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Fig. 4 2D structure of the two compounds docked in hERG channel
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5.11 Orthogonal Binding Site?

In contrast to the accepted idea that the blockers bind the hERG channel longitudi-

nally to the z axis, Zachariae et al. [118] proposed an orthogonal binding site.

During MD simulations of a homology model of the hERG channel in the closed

state the four Tyr652 adopted a “down conformation” with the aromatic ring plane

pointing into the central cavity. The “down conformation,” which is stabilized by

the interactions with Phe656, opens a way to the membrane. This can explain why

the cavity size of hERG in the closed state is larger than the vestibule of KcsA

and can accommodate bulky compounds, such as MK-499 [3]. Docking studies

performed on several compounds such as dofetilide, terfenadine, and cisapride, and

previously published pharmacophore models [28–30, 33] corroborate this model.

The pose of dofetilide suggests that the charged nitrogen atom is close to the Kþ

binding site, and that the two aromatic rings form p–stacking interactions with two

Tyr652 of opposite subunits. The binding position of terfenadine shows that the two

neighboring aromatic rings of the molecule interact with two Tyr652 of adjacent

subunits. In the case of cisapride, the two phenyl rings interact with two opposite

Tyr652.

5.12 Docking Results

The main goal of the docking technique is to model the molecules in the binding site

and to find the bound conformation of the compounds as close as possible to the

crystal poses, allowing the analysis of the interactions between the ligand and

the target protein.

Mitcheson et al. [6] docked MK-499 into a closed state homology model of the

hERG channel. The analysis of the poses shows that the p-CN phenyl ring and

the benzopyran form p–stacking interactions with Phe656 and Tyr652, while the

methanesulfonanilide moiety is placed into the pocket delimited by Gly648, Thr623

and Ser624.

Karczewski et al. [104] docked MK-499 into a homology model of the hERG

channel in the closed state. The docking poses of MK-499 predict that the hydroxyl

group forms a hydrogen-bond with Ser624, but the contribution of this interaction

to the complex stabilization is modest due to the distance between the two hydroxy

oxygens (3.4 Å). In the docking pose of the carbonyl analog the distance between

the oxygen of the side chain of Ser624 and the one of the substituent is 3.0 Å. This

indicates that the hydrogen-bond between the carbonyl analog and Ser624 is

stronger than the previously discussed one, which might explain the insensitivity

to the Phe656Ala mutation.

Two possible binding modes of chloroquine were proposed by Sanchez-Chapula

et al. [5]. In the first binding mode, the molecule forms p–stacking interactions with
Phe656 on three subunits, as well as a hydrogen-bond with Ser649, while the
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diethyl groups of the tail of the molecule form hydrophobic interactions with

Tyr652. In the second binding pose, the quinoline group makes p–stacking
interactions with Tyr652 and Phe656. The nitrogen atom attached to the quinoline

forms a hydrogen-bond with Ser649 and the ethyl group attached to the charged

nitrogen interacts with Tyr652 through hydrophobic interactions.

The aligned inhibitors used to generate the CoMSiA model of Pearlstein et al.

[21] were docked into a homology model of the hERG channel in the open state.

The proposed binding mode suggests that the Phe656 forms p–stacking interactions
with an aromatic ring, that a second hydrophobic group can interact with another

Phe656, and that the charged nitrogen atom makes p–cation interactions with

Tyr652. The tail region of the blockers reaches into the pore region that extends

from Tyr652 to the selectivity filter.

Moreno et al. [4] studied the effect of irbesartan on hERG, KvLQT1 + minK,

hKv1.5 and Kv4.3 channels using the patch clamp technique. The homology

models of hERG and hKv1.5 channels in the closed state were generated using

the KcsA crystal structure as template. The pose obtained from manual docking of

ibersartan shows that the blocker forms a hydrogen-bond and p–stacking
interactions with Tyr652, p–stacking interactions with Phe656 and van der Waals

interactions with Thr623.

The pose of clofilium proposed by Perry et al. [12] shows p–stacking
interactions between the Tyr652 and the phenyl ring of the molecule, in addition

to the hydrophobic interactions of the aliphatic tail of clofilium with Phe656 and the

interactions of the chlorine with Thr623, Ser624, and Val625.

Duncan et al. [88] docked erythromycin into a model of the hERG channel in the

open state. All the poses with low energy interact with Phe656, while the interaction

with Tyr652 is prevented by the large size of the molecule that restricts the ability of

erythromycin to move up into the inner cavity. The docking poses obtained with a

model of the closed state shows high energy values due to steric clashes, indicating

that the molecule cannot fit into the closed-state channel. Visual inspection reveals

that the molecule is too large for the central cavity of the hERG channel in the

closed state.

Yoshida et al. [49] docked the hERG blocker pimozide into an open-state model

to examine the correspondence between the molecular determinants derived from

the 2D-QSAR model with the 3D structure of the channel. The docking pose

suggests that the fluorine atoms and the carbonyl group of pimozide forms hydro-

gen bond interactions with Ser649 and Ser624, respectively.

Hosaka et al. [95] performed a flexible docking of nifekalant into an open-state

model. Consistent with the mutagenesis data, docking simulations suggest that

the entire molecule is placed in the central cavity surrounded by Thr623, Ser624,

Tyr652, and Phe656 of different subunits and located in close vicinity to Ser649.

Österberg et al. [98] docked a series of sertindole analogs into a homology model

of the hERG channel in the open state. The docking pose of sertindole suggests that

the carbonyl oxygen forms a hydrogen bond with the water molecule located in the

selectivity filter. The imidazolidinone group makes good interactions with Thr623
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and Ser624. Interestingly, the charged nitrogen is almost superposed to the crystal-

lographic position of the Kþ ion in KvaP.

Farid et al. [99] used the induce-fit docking protocol to dock 12 known hERG

blockers into hERG channel models in the open and closed state. S-terfenadine

interacts with four Tyr652 and two Phe656. It forms T-shaped interactions with four

of the six aromatic amino acids. The docking results show that the poses of R- and

S-terfenadine are similar. S-terfenadine interacts simultaneously with four Tyr652

and two Phe656. The replacement of a T-shape interaction with a parallel one is the

only important difference between the S-and R-terfenadine. S-terfenadine forms

hydrogen-bonds with the backbone oxygen of the amino acid Leu622, and with the

side chains of Ser624 and Ser649. R-terfenadine makes four hydrogen-bonds, three

of them are with Ser624 of different subunits and the fourth one is with Tyr652.

Also, the poses of (+)-cisapride and (�)-cisapride are similar. (+)-cisapride

interacts with three Tyr652 and two Phe656, making two T-shaped interactions

with the Tyr652 on opposite subunits, and a parallel interaction with one Phe656.

The pose predicts also that the piperidine NH forms a hydrogen-bond with Ser624.

The only difference between (+)-cisapride and (�)-cisapride is that the interaction

with Phe656 is replaced by an interaction with Tyr652. MK-499 interacts simulta-

neously with four aromatic amino acids (two Tyr652 and two Phe656). The

molecule is predicted to be near Thr623, Ser624, Ser649, and Ala653, with which

it can interact. The aliphatic chain of S-ibutilide interacts with three Tyr652 and

one Phe656. The phenyl ring forms a T-shaped interaction with Tyr652. The

methanesulfonanilide group and the basic nitrogen are predicted to make hydro-

gen-bonds with two Ser624 of adjacent subunits. The pose of R-ibutilide is a

mirror image of the one of S-ibutilide. Clofilium makes simultaneous interactions

with four Tyr652 and three Phe656. The pose predicts one T-shaped interaction with

Tyr652 and two with Phe656. Sertindole interacts with three Tyr652, two of which

make T-shaped interactions. The docking pose shows also interactions with one

Phe656. The pose of sertindole A5 predicts the interactions with two Tyr652 and

one Phe656. It makes T-shaped interactions with one Tyr652 and one Phe656. The

pose predicts also a hydrogen-bond between the backbone oxygen of Thr623 and

the dimethylamine NH group. Sertindole A1-A4 interact with Tyr652 and Phe 656.

Moreover, it makes hydrogen-bonds with Ser649 and with the backbone oxygen of

Leu622.

Masetti et al. [91] constructed a homology model of the hERG channel in the

open and in the closed state. Subsequently, the two models were embedded in a

membrane bilayer, solvated, and the system was neutralized. Both models were

subjected to molecular dynamics simulations of 5 ns. The docking of astemizole

into the hERG channel in the closed state could not provide any reasonable pose.

Reliable binding poses were identified only when astemizole was docked into

snapshots of MD simulations of the hERG channel in the open state. The top

ranked pose shows that the benzimidazole ring forms p–stacking interactions

with Tyr652 and parallel displaced interactions with Phe656 of the same subunit.

The p-fluorophenyl interacts with Tyr652 through parallel displaced interactions.

The pose predicts also a possible hydrogen-bond between the fluorine atom and
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Ser624, and the charged nitrogen atom of the piperidine ring forms a p–cation
interaction with Phe656. The p-methoxybenzene ring is shown to be exposed to the

cytoplasm.

The pose of terfenadine reported by Du et al. [92] shows that the t-butylphenyl
moiety forms hydrophobic interactions with the amino acids Ser649, Tyr652,

Ala653, and Phe656, whereas the diphenylmethanol group makes hydrophobic

interactions with Ser624, Ser649 and Tyr652. The phenyl ring of the hERG blocker

ibutilide is predicted to form hydrophobic interactions with Thr623, whereas the

alkyl chain makes hydrophobic interactions with Thr623, Ser649, Tyr652, Ala653

and Phe656. Furthermore, the nitrogen atom of the methylsulfonamide moiety can

form a hydrogen-bond with Thr623.

Singleton et al. [93] docked a series of dofetilide derivatives bearing a fluores-

cent group into a hERG channel homology model of the closed state. The poses

highlight that the compounds lie in the inner pore, where they interact with Tyr652

and Phe656. The polycyclic conjugated dyes occupy the central cavity.

Models of hERG channel in the open and closed state were generated by

Stansfeld et al. [94] using as template the structure of MthK, KvaP, and KcsA.

As the models showed only partial agreement with mutagenesis data, a series of

KcsA-based intermediate models were generated rotating the four S6 domains. To

obtain homology models where the Phe656 can interact with the blockers also a

series of intermediate models, which simulate the channel opening, were created.

The docking poses of compounds E-4031, dofetilide, ibutilide, and dronedarone

show that the methanesulphonamide makes hydrogen-bonds with Thr623 and

Ser624. A phenyl ring is predicted to form p–stacking interactions with Tyr652.

The methanesulphonamide MK-499 does not interact with the amino acids Thr623

and Ser624. The pose of dronedarone predicts that the charged nitrogen atom is

placed in the same position of the Kþ identified in the inner pore in the KvaP crystal

structure. The docking pose of fluvoxamine suggests that the protonated nitrogen is

placed below Phe656, whereas the trifluoromethyl group lies in the central cavity

and shows hydrogen–bond interactions with Thr623 and Ser624. The poses of

propafenone and vesnarione make p–stacking interactions with Tyr652. For

propafenone, it is also predicted that the charged nitrogen atom is placed between

the Phe656 residues, with which it can form p–cation interactions. The pose of

terfenadine indicates that this compound interacts with Tyr652 and Phe656. In the

case of clofilium and cisapride the molecules make p–stacking interactions with

Tyr652, whereas the polar groups interact with the amino acids Thr623 and Ser624.

In the docking poses of quinidine and chloroquine, the basic nitrogen is placed

above Phe656 and the ring system forms p–stacking interactions with Tyr652.

In summary, numerous docking studies have been conducted and they support

findings from QSAR and mutation studies. However, with respect to prediction

of strong hERG binders, docking definitely suffers from the still unsolved issue of

proper binding free energy calculations. In addition, the channel is quite flexible

and compounds might bind to the closed, semiopen and/or open states. This renders

hERG binding prediction solely based on docking quite risky.
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6 Conclusions

Within this review, we presented ligand-based and structure-based approaches to

predict the potential risk of compounds for binding to the hERG potassium channel

in a strength, which might lead to Torsades de Points. Although numerous studies

have been conducted and most of them exhibit good to excellent predictivity, this

issue still is not completely resolved. QSAR studies definitely suffer from the small

chemical space the training compounds are covering, which renders generalization

of the models difficult. Although pharmacophore models and docking could over-

come this general drawback of QSAR approaches, they very often do not take into

account the plasticity of the channel. Finally, channel opening and closing is

a dynamic process and interaction with drugs can occur at any step. Thus, in

an industrial setup, high throughput biological testing and repeated lead optimiza-

tion cycles are still the method of choice to get rid of unwanted hERG activity.

Finally, there is increasing evidence that, in addition to hERG, other cardiac ion

channels are involved in TdP. Thus, prediction of the final clinical outcome on the

organismic level will require integrated approaches, as for example, pursued by

large EU-projects such as the Virtual Physiological Human Network of Excellence

(http://www.vph-noe.eu) or the eTox project, which aims at prediction of the

toxicological profiles of small molecules in early stages of the drug development

pipeline (http://193.146.190.66/etox-web/index.html).
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Abstract Ion channels are part of cell membranes. They control the influx and

efflux of ions such as sodium, potassium, calcium, or chloride, as well as ligands of

several biochemical processes. Due to this, they play important role in a variety of

diseases ranging from the cardiovascular, nervous, immune and endocrine systems

to the cancer metastasis. Moreover, a number of chemicals and genetic disorders

disrupt functioning of ion channels, which in turn can lead to aggrieved situations.

This makes ion channels as potential targets in drug discovery programs. However,

because of ion channels’ ubiquitous nature and high variability even within a given

family, identification of drugs acting via them with specificity and high therapeutic

value is a challenge! With a brief introduction to the fundamental aspects of ion

channels, the review chapter explored the structure-activity advancements made

on some potassium channel modulators namely, benzodiazepines, cromakalim

analogues, benzothiadiazines, khellinone derivatives and other related chemical
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prototypes. Also, attempts were made to analyze the scope of these and other ion

channel modulators in addressing the challenges faced in the chemotherapy of

various diseases.

Keywords Potassium ion channel modulators • QSAR • Molecular modeling •

Benzodiazepine • Benzopyrans • Benzothiazine • Benzothiadiazine • Khellinone

derivatives • Benzotriazoles • Benzimidazolones • Benzanilides

Abbreviations

3D-MoRSE 3D Molecule representation of structures based on elec-

tron diffraction

ABC ATP-binding cassette

ADMET Absorption, distribution, metabolism, elimination and

toxicity

ATP Adenosine triphosphate

BK-channels Big K+-channels

CFTR Cystic fibrosis transmembrane conductance regulator

CODESSA Comprehensive descriptors for structural and statistical

analysis

CoMSIA Comparative molecular similarity analysis

CP-MLR Combinatorial protocol in multiple linear regression

EC50 Half maximal effective concentration

G/PLS Genetic partial least squares

GFA Genetic function approximation

GRIND Grid-independent descriptors

hERG Human ether-à-go-go-related gene

HOMO Highest occupied molecular orbital

IC50 Half maximal inhibitory concentration

IK Cardiac rectifier potassium ion current

IKr Rapidly activating ion current

IKs Slowly activating ion current

KATP ATP-sensitive K+-channel

Kir/IRK Inwardly rectifying K+-channel

Kv Voltage-gated K+-channel

LUMO Lowest unoccupied molecular orbital

MLR Multiple linear regression

MOPAC Molecular orbital partial atomic charge

PCA Principal component analysis

PCO Potassium (K+)-channel opener

PCR Principle components in multiple linear regression

PLS Partial least square

QSAR Quantitative structure–activity relationship
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QSTR Quantitative structure–toxicity relationship

RASMC Rat aortic smooth muscle cells

WHIM Weighted holistic invariant molecular descriptors

1 Introduction

Ion channels are part of cell membranes. They are pore-forming proteins embedded

in the membranes that surround all biological cells. Depending on the type of

channel, they regulate the flow of specific ions such as sodium, potassium, calcium,

or chloride by means of voltage gradient across the membrane [1]. Of the different

approaches to categorize ion channels, the most acceptable one appears to be the

way the ion channels are regulated. Accordingly, they can be divided into three

main groups as (a) the voltage-gated channels (e.g., the sodium and potassium

channels of the nerve axons and nerve terminals), (b) the extracellular ligand-

activated channels (e.g., neurotransmitter regulated channels i.e., GABA and gly-

cine receptor channels) and (c) the intracellular ligand-gated ion channels (e.g.,

the cystic fibrosis transmembrane conductance regulator – CFTR, ATP-binding

Cassette – ABC superfamily and ion channels of sense perception). In all living

organisms, potassium channels are the most widely distributed and control diverse

cellular functions, which include shaping action potentials in excitable cells (e.g.,

neurons and cardiac muscle) and secretion of hormones (e.g., insulin release from

beta-cells in the pancreas) [2–4]. They are formed from four protein subunits, either

a homotetramer complex of C4 symmetry or a heterotetrameric complex of pseudo

C4 symmetry, with a central ion conducting pore [5–8]. Depending upon the

function, the potassium channels may be put in four major classes [1, 9] as (a)

calcium-activated potassium channel, (b) inwardly rectifying potassium channel

(Kir or IRK), (c) tandem pore domain potassium channel and (d) voltage-gated

potassium channels. As the name indicates, the calcium-activated potassium chan-

nels open in response to Ca2+ and/or other signaling ligands. The blocking of these

channels increases intracellular calcium. The Kir channel passes positive current

into the cell and play important role in regulating neuronal activity via establishing

the resting membrane potentials of the cell. They are found in variety of cells,

which include cardiac, kidney, leukocytes, neurons and endothelial. The tandem

pore domain potassium channels are two-pore-domain potassium channels. They

are also known as “leak channels” [10] and set the negative membrane potential

of neuron. When open, they allow potassium ions to cross the membrane very fast.

These channels are regulated via G-proteins, oxygen tension, pH, etc. The voltage-

gated potassium channels are transmembrane potassium channels sensitive to

voltage changes in the cell’s membrane. During action potentials, they play a

vital role in returning the depolarized cell to a resting state.

Ion channels play important role in a variety of diseases ranging from the

cardiovascular nervous, immune and endocrine systems to the cancer metastasis

[11–16]. Also, number of chemical entities as well as genetic disorders can disrupt
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the functioning of ion channels, which in turn lead to aggrieved situations [17]. This

makes them as potential targets in drug discovery programs. However, because

of ion channels’ ubiquitous nature and high variability even within a given family,

identification of drugs acting via them with specificity and high therapeutic value is

a challenge. This article discusses some of the recent advances made in quantitative

structure–activity relationship (QSAR) and modeling studies in the optimization of

various potassium channel modulators acting on different targets.

2 QSAR and Modeling Studies

Barring the accidental discoveries, identification and design of a ligand (or inhibi-

tor) for any given biological target is a complex process. Also, the drug research and

development is an interdisciplinary task of many areas, which include chemical,

biological, clinical, chemo- and bio-informatics. In this scenario, the quantitative

structure–activity relationship (QSAR) and modeling studies offer rationales to

make educated choice of biomolecular requirements by bridging the chemical

features and the activity phenomena.

The QSAR and modeling studies discussed in this article involved a variety

of physicochemical, quantum chemical, topological and topographical descriptors

from various sources such as Hansch and Leo’s monograph [18], Molecular Orbital

Partial Atomic Charge (MOPAC) [19], ChemDraw’s property/descriptor data-

base [20], Comprehensive Descriptors for Structural and Statistical Analysis

(CODESSA) [21, 22] and DRAGON [23], for the parameterization of the chemical

structure. Most of the studies reviewed have involved 2D-QSAR approaches for the

rationalization of the biological function. They include simple Multiple Linear

Regression (MLR), Principle Components Regression (PCR), Partial Least Square

(PLS) [24], Genetic Function Approximation (GFA) [25], Genetic Partial Least

Squares (G/PLS) [26], Combinatorial Protocol in Multiple Linear Regression (CP-

MLR) [27], Discriminant and Cluster Analysis. Some of the reported works also

involved 3D-approaches in deriving the QSAR models. These approaches were

identified in the discussion of concerned models.

Most of the QSAR results presented in this article were validated through

various techniques such as leave one out, leave many out and external test sets.

For all regression equations, the statistics were reproduced as reported in the

original source. Briefly, in regression statistics n is the number of compounds in

the dataset, r is the correlation coefficient, Q2 is cross-validated r2 from leave-one/

many out procedure, s is the standard error of the estimate and F is the F-ratio

between the variances of calculated and observed activities. The values given in the

parentheses of regression equation are the standard errors (without arithmetic sign)

or 95% confidence limits (with � arithmetic sign) of the regression coefficients.

Also for each study, wherever applicable, the QSAR methodology and the con-

tributing or modeling descriptors were highlighted and discussed to pull out the

essence of the investigation.
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The succeeding sections of this review summarize QSAR studies carried out on

different chemical scaffolds in modulating the activity of various potassium ion

channels. Each section is identified with the leading chemical scaffold. Most of the

articles reviewed belong to preceding 5–7 years. They provide critical inputs for

modulating the biological endpoints of chemical entities in terms of the potential

structural modifications.

2.1 Benzodiazepine Derivatives

Late 1990s has seen considerable research activity in the discovery of chemical

prototypes, which can activate or block the potassium channels [12]. In antiarrhyth-

mic agents, Class I agents interfere with sodium channels, Class II agents (b
blockers) are anti-sympathetic nervous system agents and Class III agents interfere

with potassium (K+) efflux [28]. The cardiac arrhythmia suppression trial has

shown that treatment of arrhythmias with Class I agents lead to higher deaths

than with placebo [29]. This has prompted a search for compounds, which exert

antiarrhythmic effects through other pathways. The Class III antiarrhythmic agents

work through delaying repolarization of cardiac myocytes. The cardiac rectifier

potassium ion current, IK, contributes to repolarization in two kinetically distinct

ways namely, a rapidly activating ion current IKr and a slowly activating ion current
component IKs. Selective blockade of either IKr or IKs would lead to a prolongation

of the refractory period. A selective blocking of IKs is more safer than blocking IKr
channel [30, 31]. While benzodiazepines were probed as cholecystokinin-B recep-

tor antagonists, some analogues markedly increased the electrocardiographic QT

interval in dogs. Thus, benzodiazepines were further explored as potential blocker

of IKs. This has led to (R)-2-(2,4-trifluoromethyl)-N-[2-oxo-5-phenyl-1-(2,2,

2-trifluoroethyl)-2,3-dihydro- 1H-benzo[e][1,4]diazepin-3-yl]acetamide (L-768,673)

(1; X ¼ F3CCH2 and Y ¼ CH2-2,4-diCF3-Ph), an orally active, potent and selec-

tive IKs blocking agent [32].

N

N

X
O

NH

O
Y

1

In view of its importance, Gupta and coworkers [33] have investigated the

rationale behind the IKs blocking activity of these benzodiazepine derivatives (1)

with simple molecular connectivity indices (1). In these compounds, X is either

alkyl, fluoroalkyl, alkylamine or hydrogen, and Y is substituted aryls and cyclo-

hexyls linked through methylene/ethylene spacers.
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log 1=IC50ð Þ ¼ 0:064 � 4:211ð Þ þ 3:524 � 2:652ð Þ1wvY � 0:486 � 0:398ð Þð1wvYÞ2

þ 0:485 � 0:428ð Þ1wvX � 1:710 � 0:672ð ÞI1 þ 0:927 � 0:531ð ÞIR
n ¼ 23; r ¼ 0:913;Q2 ¼ 0:58; s ¼ 0:46;F ¼ 17:03; ð1wvYÞopt ¼ 3:63:

(1)

In (1), the I1 and IR are indicator variables. The I1 has been used to account for

the amine character of Y-substituents (I1 ¼ 1) and zero otherwise. The IR takes a

value of 1 for R-configuration and zero for any other configuration (S or RS). In the

equation, the negative coefficient of I1 suggests that a Y-substituent with amine

character is not favorable for the activity. The positive effect of IR suggests that

R-configuration is favorable for the activity. Also, the equation suggests that 3.36

is the optimum value for the first-order valence molecular connectivity index of

Y ð1wvYÞ. The first-order valence molecular connectivity index of X (1wvX) is linearly
and positively correlated with the activity. In these compounds 1wv and calculated

logP are highly correlated (r ¼ 0.73). In view of this, it is suggested that IKs
blocking activity of the benzodiazepine derivatives may be influencing through

the hydrophobic character of the molecules [33].

2.2 Benzopyrans

Cromakalim is a potential potassium channel-opener (PCO). It is a compound of

benzopyran (chromane) class. It has marked myorelaxant activity resulting from the

smooth muscle KATP channels [34]. It activates KATP channels [35, 36] and thereby

causes plasma membrane hyperpolarization and reduction in cell excitability. The

active isomer is levcromakalim (2). The pharmacological profile of cromakalim

attracted the attention of several groups to discover other chemotypes as potential

potassium channel-openers. Cromakalim being a benzopyran class of compound,

benzopyran scaffold has gained considerable attention in the modulation of potas-

sium channels activity.

O

NC

N O

OH

2

2.2.1 6-Substituted Benzopyrans

In one of the early modeling studies, Mannhold and coworkers have investigated

the 6-substituted benzopyrans (3) as potassium channel activators [37]. These
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compounds were evaluated for their relaxant potency in rat aorta and trachea. The

chemical space of the compounds was parameterized using the LogP, heat of
formation, ionization potential, dipole moment, HOMO, LUMO, electronegativity,

hardness, polarity and GRID based 3D-interaction energy maps [37]. The models

were derived using principal component analysis (PCA) and partial least-squares

(PLS) analysis. A 3-component PLS model has explained 81 and 82% variance,

respectively, in the aortic and the tracheal responses of the compounds. The models

have suggested a direct bearing of 6-substituents on the receptor site, presumably

via dipolar interactions. Apart from this, electronegativity, heat of formation,

substituent size, lipophilicity, low minimum energies were identified as the domi-

nant molecular properties in the PLS components in explaining the biological

response of these compounds [37].

O

R

N O

3

In an attempt to offer simpler QSAR models, Agrawal et al. [38] have

reinvestigated Mannhold et al.’s data [37] in stepwise regression with distance-

based topological indices, negentropy and molecular redundancy indices. This has

resulted in the following 4-parameter model to explain the relaxant activity (rat

trachea; EC50) of the compounds.

pEC50 ¼ �1:4982þ 3:7015 � 0:9099ð ÞJ þ 5:2400 � 1:8987ð ÞMRI

þ 2:1840� 10�4 � 1:7955� 10�4
� �

W � 1:2294 � 0:1522ð ÞIp1
n ¼ 28; r ¼ 0:9406; s ¼ 0:3254;F ¼ 44:143: (2)

In this equation, J is distance-based topological index, MRI is molecular infor-

mation content, W is Wiener index and Ip1 is an indicator parameter. The negative

coefficient of Ip1 suggested that ‘oxy’ substitution at R (6-position) is not favorable

for the activity. The positive regression coefficients of J, MRI andW indicated that

an increased information content of these descriptors can improve the activity [38].

Even though some information is lost fromMannhold et al.’s model, Agrawal et al.’s

attempt has offered much simpler rationale for the activity of the compounds.

2.2.2 4,6-Disubstituted-2,2-Dimethylchroman Derivatives

The PCOs have definite role in insulin secretion from the pancreas. Cromakalim

provokes the relaxation of smooth muscles and/or the inhibition of endocrine
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releases [39, 40]. However, cromakalim is poorly active as an inhibitor of insulin

secretion [41, 42]. Therefore, in order to discover potent pancreatic b-cell selective
PCOs, Sebille et al. [43] synthesized 4,6-disubstituted-2,2-dimethylchromans (4),

structurally related to cromakalim, and evaluated them for insulin secretion from rat

pancreatic islets and on the contractile activity of rat aorta rings.

O

N
R2H

R1

4

In an attempt to rationalize the activity of these compounds (4), Sharma et al.

[44] have carried out a QSAR study with CP-MLR feature selection approach for

optimum models. This study has identified following equations for the contractile

activity of KCl-depolarized rat aorta rings (pED50, where ED50 is the concentration

in moles per liter for 50% inhibition against the KATP channel) of the compounds.

pED50 ¼ 60:747� 55:466 12:333ð ÞMATS4m þ 12:837 2:649ð ÞMATS1p

þ 0:598 0:141ð ÞC� 040

n ¼ 25; r ¼ 0:876;Q2 ¼ 0:672; s ¼ 0:338;F ¼ 23:072:

(3)

pED50 ¼ 24:913� 65:976 10:109ð ÞX2A� 2:207 0:499ð ÞGGI7
þ 7:881 1:724ð ÞMATS4p

n ¼ 25; r ¼ 0:872;Q2 ¼ 0:672; s ¼ 0:343;F ¼ 22:287:

(4)

pED50 ¼ �5:694þ 31:396 5:011ð ÞPW3� 3:111 0:678ð ÞGGI8
þ 10:219 2:501ð ÞMATS1pþ 1:330 0:585ð ÞGATS5p

n ¼ 25; r ¼ 0:899;Q2 ¼ 0:722; s ¼ 0:314;F ¼ 21:076:

(5)

In these equations, MATS1p, MATS4p, MATS4m and GATS5p are 2D auto-

correlation descriptors [23]. MATS1p and MATS4p are the Moran autocorrelation

of topological structure with path length (lag) 2 and 4, respectively, in the graph

weighted by atomic polarizabilities. GATS5p is the Geary autocorrelation of lag 5

weighted by atomic polarizabilities. The regression coefficients of these descriptors

indicate that the higher path lengths rich in polarizability content would be favor-

able for the improvement of activity. The descriptor MATS4m is Moran autocorre-

lation of lag 4 in the graph weighted by atomic masses. The negative regression

coefficient associated with this descriptor suggests that a lower path length rich in

atomic mass would be beneficial. The descriptors GGI7 and GGI8 are Galvez

topological charge indices of orders 7 and 8, respectively. They represent the

seventh and eighth eigenvalues, respectively, of the corrected adjacency matrix of
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a molecule. A lower value for these descriptors is required to improve the

myorelaxant activity. The descriptors X2A and PW3 represent topological class.

The X2A is the average connectivity index chi-2. It encodes information about size,

branching, cyclization, unsaturation and heteroatom content in a molecule. Small

value for this descriptor would enhance the activity. The PW3 is path/walk Randic

shape index of order 3. A higher value of this index would be beneficiary to the

activity. The C-040 represents the count of structural fragments having carbon

atoms attached to the hetero atom by single or multiple bonding and one valence

is satisfied by an alkyl group [R-C(=X)-X0/ R-C#X where X and X0 are heteroatoms,

and -, = and # represent single, double and triple bonds, respectively]. In the

molecules, a structural feature of this kind is helpful in augmenting the activity.

Collectively, all these observations provided the detailed structural requirements

in these compounds (4) for the myorelaxant activity.

2.2.3 Chromanol Derivatives

Chromanols (5) are closely related to cromakalim and inspired the researchers to

explore them as potential KATP-channel blockers. Gerlach et al. investigated them for

their potassium channel blocking activity (IC50) using human IKs channel expressed
in Xenopus oocytes [45]. The R1 in these analogues is either methyl, ethyl, or butyl

group. The

O

OHX

S
R1

O

O

5

X-substituent on the aryl moiety has variations in terms of CN, F, Cl and alkoxy

groups. Gupta et al. [46] discovered following elegant linear models for the

potassium channel blocking activity of these analogues in terms of the hydrophobic

constant of X-substituent and indicator parameters ICN and ICf.

log 1=IC50ð Þ ¼ 5:441 � 0:263ð Þ þ 0:760 � 0:226ð ÞpX
n ¼ 17; r ¼ 0:880; s ¼ 0:42;F ¼ 51:53:

(6)

log 1=IC50ð Þ ¼ 5:642 � 0:268ð Þ þ 0:514 � 0:203ð ÞpX � 0:732 � 0:453ð ÞICN
þ 0:585 � 0:312ð ÞICf

n ¼ 17; r ¼ 0:961;Q2 ¼ 0:87; s ¼ 0:26; F ¼ 52:80:

(7)

Equations (6) and (7) clearly indicated the favorable role of hydrophobicity for

the activity. In (7), the parameter ICN was assigned a value of 1 for X ¼ CN and the
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parameter ICf a value of 1 for the compounds with configuration (3R,4S). The

regression coefficient of ICN indicated the unfavorable nature of the CN group for

the activity. It was suggested that CN being more electronic in nature may contrib-

ute less towards the hydrophobic interaction. The positive coefficient of ICf
suggested the favorable role of (3R,4S) configuration of the chiral centres in the

compound over any other configuration [46].

The chromanol derivatives as shown by 6 and 7 were also explored as KATP-

channel blockers [47, 48]. In the series of 6, R1 is an aryl or heteroaryl moiety, R2 is

CN, CCH, NO2 or H, and X is NCN, O, or S group/atom [47]. For the compounds

belonging to 7, R1 is aryl or heteroaryl moiety and R2 is an alkylester [48]. They are

reported to possess vasorelaxant activity. The QSAR of these compounds was

investigated using first-order valence molecular connectivity index and hydropho-

bic parameters [49]. Interestingly, vasorelaxant activity of these benzopyran

derivatives (6 and 7) was found to have highly significant correlations with the

first-order valence molecular connectivity index (1wv) of the compounds (8–11). In

both the series of compounds, the negative coefficient of 1wv, which defines the

shape and size of the molecule, indicated that bulky molecules may not be advan-

tageous for the activity.

O

OH

HN X

NH
R1

R2

6

O

OH

N
R2

NC

R1

7

QSAR for 6

log 1=IC50ð Þ ¼ 14:990 � 3:257ð Þ � 1:093 � 0:387ð Þ1wv
n ¼ 12; r ¼ 0:893; s ¼ 0:28;F ¼ 39:52:

(8)

log 1=IC50ð Þ ¼ 16:866 � 3:154ð Þ � 1:330 � 0:382ð Þ1wv þ 0:461 � 0:414ð ÞI1
n ¼ 12; r ¼ 0:939; s ¼ 0:23;F ¼ 33:53:

(9)

QSAR for 7

log 1=IC50ð Þ ¼ 6:021 � 1:381ð Þ � 0:288 � 0:275ð Þ1wv
n ¼ 8; r ¼ 0:723; s ¼ 0:43;F ¼ 6:57:

(10)

log 1=IC50ð Þ ¼ 6:436 � 0:607ð Þ � 0:318 � 0:116ð Þ1wv � 0:725 � 0:325ð ÞI2
n ¼ 8; r ¼ 0:968; s ¼ 0:17;F ¼ 37:18:

(11)
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In (9), I1 is an indicator parameter defined for the presence of halogen in R1

(I1 ¼ 1) and zero otherwise. Its positive regression coefficient suggested the favor-

able contribution of halogens when present as part of R1 group. In (11), the

indicator variable I2 represents an R2-substituent containing COOEt moiety. Its

negative coefficient suggested that an R2-substituent with a specific COOEt moiety

is detrimental to the activity. These equations have suggested importance of the

steric factors in modulating the activity of these compounds [49].

2.3 Benzothiazine Derivatives

Benzothiazine skeleton is closely related to benzopyran scaffold. Several 1,

4-benzothiazine derivatives (8) were reported to show KATP-channel opening activity

[50]. In 8, R2 is Br, NO2, CN or CF3 and R1 in most of the compounds is a five- or

six-membered heterocyclic moiety. The n has a value of zero to two. The KATP-

channel opening activity of these derivatives was evaluated as the smooth muscle

relaxing effect evoked on endothelium-denuded aortic rings precontracted with

20 mM KCl and was expressed as pEC50. Additionally, the binding affinities

(pKD values) of these derivatives were also measured in rat aortic smooth muscle

cells (RASMC) and cardiomyocytes of the rat using [3H]P1075 as a radioligand.

Carosati et al. have reported a 3D-QSAR study of these 1,4-benzothiazine analogues

[51]. The study divulged high correlation between binding data (pKD) and pEC50

values for relaxation indicating the close similarities between cardiac KATP-

channels and aortic smooth muscle KATP-channels.

S

N

R1

R2

(O)n

8

The 3D QSAR model was developed using GRid-Independent descriptors

(GRIND) [52]. The molecular interaction fields (MIFs) were generated using

GRID probes namely DRY (hydrophobic), N1 (hydrogen bond donor interaction),

O (hydrogen bond acceptor interaction) and TIP (shape description). In PLS

analysis, two latent variables were found to be optimum for modeling all the

three biological responses of these compounds. The 3D-QSAR model of smooth

muscle relaxation has explained 97% variance in the activity (r2 ¼ 0.97,

Q2 ¼ 0.69, SDEC ¼ 0.37, SDEP ¼ 1.18). Also, the models for RASMC-binding

(r2 ¼ 0.94,Q2 ¼ 0.66, SDEC ¼ 0.34, SDEP ¼ 0.78) and cardiomyocytes-binding

(r2 ¼ 0.94, Q2 ¼ 0.64, SDEC ¼ 0.29, SDEP ¼ 0.73) have shown equal signifi-

cance. The study has revealed that the carbonyl on the substituent at N-4, the

hydrogen bond acceptor at C-6, the five-membered ring at N-4, and the geminal
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dimethyl groups in 8 may be the main pharmacophoric features for all three

activities of all the derivatives of 8. It is suggested that these features closely

match the KATP-channel binding requirements and are responsible for the muscle

relaxation potencies [51]. The study has provided a composite rationale for three

related biological endpoints of these compounds.

Satuluri and Gupta [49] have correlated the vasorelaxant activity of these

benzothiazine derivatives (8) with ClogP of the compounds and two indicator

variables (I3 and I4) (12). In (12), ClogP alone accounted for 44% of the variance

in the activity.

pEC50 ¼ 7:653 � 1:508ð Þ þ 0:916 � 0:474ð ÞC logP� 1:098 � 1:012ð ÞI3
� 2:743 � 1:014ð ÞI4

n ¼ 15; r ¼ 0:946;Q2 ¼ 0:80; s ¼ 0:84; F ¼ 31:35:

(12)

Here, the indicator variable I3 is defined for an R1-substituent, which is 2-oxo-

pyrrilidinyl group and I4 is defined for an R2-substituent, which is simply bromine.

The regression coefficients of both these indicators suggested the unfavorable

nature of R1- and R2- substituents for the activity. The results of 2D- and 3D-

QSAR are in agreement with each other. However, the 2D-models provided

fundamental explanation to the activity of the analogues. Additionally, as Satuluri

and Gupta have investigated both benzopyran (6 and 7) and benzothiazine (8)

derivatives, their findings have led to suggest that in benzopyran derivatives the

steric factors may be more crucial for the activity, whereas in benzothiazine

derivatives the hydrophobic property appears to be prominently influencing the

activity [49]. This study has vividly explained the structural requirement for the

KATP-channel blockers by making use of the fundamental descriptors involved in

the equations.

2.4 Benzothiadiazine 1,1-Dioxide Derivatives

Boverie and coworkers have investigated different 3-alkylamino-4H-1,2,
4-benzothiadiazine 1,1-dioxides (9) for the pancreatic and vascular (rat aorta)

KATP channel opening activity [53–55]. In these compounds (9), R3 substituent

represents various alkyl and aminoalkyl moieties and R6 and R7 represent the

groups such as halo, nitro, alkylesters, alkyl and aminoalkyl. For these com-

pounds, inhibition of glucose-induced insulin secretion (evaluated on isolated

rat pancreatic islets) is reported in terms of IC50, and myorelaxant effect on the

contractile activity of KCl-depolarized rat aorta rings is reported in terms of EC50.

For these compounds, Sharma et al. [56] developed QSAR models (13 and 14),

showing the dependence of activities on hydrophobic, steric and some indicator

parameters.
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pIC50 pancreasð Þ ¼ 6:455� 1:254ð� 0:28ÞC logP R3ð Þ � 2:184ð� 0:86ÞVw R7ð Þ
þ 0:454ð� 0:14ÞI3 þ 0:505ð� 0:16ÞI6

n ¼ 23; r ¼ 0:920;Q2 ¼ 0:765; s ¼ 0:223;F ¼ 24:66: ð13Þ

pEC50 rat aortað Þ ¼ 3:772þ 0:837ð� 0:37Þp6 þ 1:443ð� 0:35Þp7
n ¼ 20; r ¼ 0:900;Q2 ¼ 0:737; s ¼ 0:307;F ¼ 36:27:

(14)

Equation (13) suggested that the R3- and R7-substituents may face the steric

problem. Thus, it suggested that the bulky substituents, which also affect the hydro-

phobicity, may not be advantageous for the activity. However, the positive coeffi-

cients of the indicator variables I3 and I6, where the former is for an aminoisopropyl

substituent at the 3-position and the latter for a chloro substituent at the 6-position,

indicate that such substituent would be beneficial to the pancreatic activity of the

compounds. The myorelaxant effect on rat aorta rings (EC50) of the compounds was

shown to be positively correlated with hydrophobic constants of R6 and R7 sub-

stituents (14) signifying the importance of hydrophobic property of these substituents

in modulating the activity of the compounds. These equations suggest the sub-

structural requirement in this class of compounds for KATP channel modulation.

In a further study, Sharma et al. enlarged the scope of preceding QSAR model

for myorelaxant effects [56] by including more benzothiadiazine-dioxide

derivatives [54, 55] in the analysis. The enlarged QSAR of all the compounds

was reinvestigated in CP-MLR with topological descriptors from DRAGON soft-

ware. The following equation was found to be the best model for the myorelaxant

activity of the compounds [57].

pEC50 rat aortað Þ ¼ 3:927� 1:581 0:342ð ÞMor24uþ 0:875 0:126ð ÞMor04m

� 0:387 0:096ð ÞMor10mþ 0:843 0:216ð ÞMor13e

þ 2:159 0:688ð ÞG3uþ 0:151 0:018ð ÞL1m
n ¼ 57; r ¼ 0:844;Q2 ¼ 0:628; s ¼ 0:428;F ¼ 20:69:

(15)

The descriptors emerged in above model Mor24u, Mor04m, Mor10m and

Mor13e belong to 3D MoRSE (3D molecule representation of structures based on

electron diffraction) class. These descriptors are based on the idea of obtaining

information from the 3D atomic coordinates by the transformations used in electron

diffraction studies for preparing theoretical scattering curves. These descriptors in
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model are indicative of the role for atomic mass (m) and the Sanderson atomic

electronegativity (e) in electron diffraction signals. Unweighted 3D-MoRSE elec-

tron diffraction signal number 24 (Mor24u) and atomic mass weighted 4th signal

(Mor04m) contributed negatively to the activity, whereas atomic mass weighted

10th signal (Mor10m) and Sanderson atomic electronegativity weighted 13th signal

contributed positively to the activity.

The G3u (3rd component symmetry directional WHIM index/unweighted) and

L1m(1st component size directional WHIM index/weighted by atomic masses)

belong to WHIM (weighted holistic invariant molecular descriptors) class

descriptors. They are geometrical descriptors based on statistical indices, calculated

on the projections of the atoms along principal axes. These descriptors are built in

such a way as to capture relevant molecular 3D information regarding molecular

size, shape, symmetry and atom distribution with respect to invariant reference

frames. Calculation of WHIM descriptors involves the eigenvalues of the weighted

covariance matrix of the molecular atomic coordinates. Each eigenvalue represents

a dispersion measure (i.e., the weighted variance) of the projected atoms along the

considered principal axis, thus accounting for the molecular size along that prin-

cipal direction. They describe the molecular shape. Interpretability of these

descriptors is relatively complex but they encode refined structural information

for the activity.

2.5 Khellinone Derivatives

The voltage-gated potassium channel Kv1.3 is linked with the activation of human

T cells and therefore pursued as an important target in the treatment of T-cell-

mediated autoimmune diseases such as multiple sclerosis [58–60]. Khellinone (10;

R1 ¼ R2 ¼ Me), a naturally occurring benzofuran derivative isolated from Ammi
visnaga, weakly blocks Kv1.3 with an EC50 of 45 mM [61]. In this background,

Baell and coworkers prepared

O
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OR1

HO

H3C

O
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a variety of khellinone derivatives as promising Kv1.3-blockers [61, 62]. The

effectiveness of the compounds in blocking Kv1.3 was assayed on L929 cells stably

expressing mKV1.3. Keeping the importance of these derivatives in view, Gupta

and coworkers [46, 63] attempted to rationalize the potassium channel (Kv1.3)

blocking activity of these compounds with the physicochemical and steric

parameters. For 4,7-alkoxy khellinone derivatives (10) [62], the Kv1.3 channel
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blocking activity (EC50) was reported to be correlated with the sum of hydrophobic

constants of R1- and R2-substituents (Sp) and the surface tension parameter st of the

whole molecule (16) [46].

log 1=EC50ð Þ ¼ �3:178 �2:544ð Þ þ 2:661 �0:851ð ÞSp� 0:541 �0:171ð ÞðSpÞ2
þ 0:119 �0:041ð Þst

n¼ 12; r ¼ 0:942; Q2 ¼ 0:67; s¼ 0:14; F¼ 20:86;Spo ¼ 2:46:

(16)

In this equation, the second-degree term in Sp has suggested 2.46 as the

optimum value for hydrophobic property of R1- and R2-substituents (Spo ¼ 2.46).

The equation has suggested that hydrophobicity and surface tension are important

properties for the potassium channel blocking activity of the compounds.

The khellinone derivatives shown in 11a and 11b are closely related positional

isomers of each other. They were formed by replacing the 4- and 7-alkoxy groups of

khellinone with substituted benzyloxy groups [62].

O
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H3C
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O
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O
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11a 11b

Satuluri et al. [46] correlated the Kv1.3 channel blocking activity of these

derivatives with the Verloop’s STERIMOL parameters B1 (minimum width of the

substituent) and L (length) and indicator variables as shown by (17) and (18) for 11a

and 11b, respectively.

log 1=EC50ð Þ ¼ 5:205 � 0:665ð Þ þ 0:696 � 0:392ð ÞB1 � 0:137 � 0:061ð ÞL
þ 0:290 � 0:186ð ÞIP

n ¼ 19; r ¼ 0:852; Q2 ¼ 0:43; s ¼ 0:17; F ¼ 13:20:

(17)

log 1=EC50ð Þ ¼ 5:111 � 0:811ð Þ þ 1:001 � 0:453ð ÞB1 � 0:173 � 0:064ð ÞL
� 0:325 � 0258ð ÞIO

n ¼ 16; r ¼ 0:915; Q2 ¼ 0:71; s ¼ 0:17; F ¼ 20:58:

(18)

These equations suggested that the width parameter B1 is favorable for the

potassium channel blocking activity of the compounds. However, the negative
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coefficient of L (length parameter) indicated that lengthy substituents would pro-

duce a negative effect on the activity. It was therefore suggested that the phenyl ring

substituents may be involved in some kind of van der Waals interactions with the

active site of the receptor with some steric restrictions due to the length. In these

equations, IP and IO are indicator parameters for para- and ortho-substituents of 4-
and 7- benzyloxy groups of khellinone derivatives, respectively. These indicators

were given a value of one for the presence of substituent and zero for the absence.

The regression coefficients of these indicator parameters suggested that a para-
substituent is favorable in 4-benzyloxy series (11a) and an ortho-substituent unfa-
vorable in 7-benzyloxy analogues (11b) [46].

For a different series of khellinone derivatives studied by Baell et al. [61], Saini

et al. [63] had derived (19) correlating Kv1.3 channel blocking activity of the

compounds with calculated hydrophobicity (ClogP), calculated molar refractivity

(CMR), polarizability (Pol) and a structural indicator (I2). This correlation had

suggested a clear

log 1=EC50ð Þ ¼ �0:327 � 2:078ð Þ þ 1:700 � 1:310ð ÞC logP

� 0:155 � 0:138ð Þ C logPð Þ2 � 0:755 � 0:431ð ÞCMR

þ 0:242 � 0:101ð ÞPol� 1:705 � 0:962ð ÞI2
n ¼ 22; r ¼ 0:937; Q2 ¼ 0:82; s ¼ 0:29; F ¼ 22:96; C logPð Þo ¼ 5:48:

(19)

role of fundamental physicochemical parameters in modulating the activity of the

compounds. While CMR suggested steric restrictions, Pol and ClogP pointed out

the positive effects of polarizability and hydrophobicity of the molecules on their

activity. However, the ClogP was shown to have an optimum value of 5.48. Baell

et al. [61] had also made a similar observation.

2.6 Benzotriazole, Benzimidazolone and Benzanilide Derivatives

The Big Potassium channels (BK channels) typically show large conductance of

potassium ions through the cell membrane. They are calcium-activated potassium

channels [64]. They open in response to increase in cytosolic Ca2+ concentration

and membrane depolarization. This leads to an increased K+ efflux, which in turn

triggers the rapid hyperpolarization of the excitatory membranes and reduces Ca2+

influx via voltage- dependent Ca2+ channels. BK channels are involved in a variety

of cellular functions, which include action potential repolarization, neuronal

excitability, neurotransmitter release, hormone secretion, etc. In several pathologi-

cal conditions caused by cell hyperexcitability, such as asthma, urge incontinence

and bladder spasm, gastric hypermotility, neurological and psychiatric disorders,

BK channels offer convenient handle to manage them clinically [65, 66]. In view of
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their clinical utility, Coi et al. [67] have carried out an exhaustive QSAR study on

the BK channel opening profile of several benzotriazole, benzimidazolone and

benzanilide derivatives sharing a large common sub-structure among them (12).

The minimum common hyper-structure space of these analogues is schematically

shown in 12. On this (hyper-structure template), R, R1 and R2 may be

functionalized alkyl and aryl moieties, and X is satisfied by CH, CO, N, or even

absent depending on the chemical class.

N

X

N

R1

R2

R

12

For all the compounds, the BK channel opening potency was measured in terms

of IC50, the concentration of the compound to evoke 50% reduction of the contrac-

tile tone induced by KCl 20 mM. Coi et al. [67] had derived the following QSAR

rationale for the activity of these compounds involving a heuristic procedure

available in CODESSA [21].

pIC50¼�33:700�0:216 Max n�n repulsion for a C�Nbondð Þ
þ 0:588 Kier flexibility indexð Þþ11:500 Min atomic orbital electronic populationð Þ
þ 6:870 ZXShadow=ZXRectangleð Þþ2:550 Average bond order of aO atomð Þ
þ 75:300 Max valence of aH atomð Þ�8:170 Max valence of aO atomð Þ
þ 520:000 HACA�2=TMSAð Þþ31:400 Min partial charge for a C atomð Þ
�5:17 YZShadow=YZRectangleð Þþ29:500 Max partial charge for aH atomð Þ
þ 0:033 ZXShadowð Þ�0:049 HACA�1ð Þ

n¼66; r2¼0:73; Q2¼0:56; r
2

Test
¼0:91: (20)

The molecular features emerged in this model are from topological (Kier

flexibility index), geometrical (ZX Shadow/ZX Rectangle, YZ Shadow/YZ Rect-

angle and ZX Shadow), electrostatic (HACA-2/TMSA, minimum partial charge for

a C atom, and maximum partial charge for a H atom) and quantum-chemical

(maximum n-n repulsion for a C-N bond, minimum atomic orbital electronic

population, average bond order of a O atom, maximum valence of a H atom,

maximum valence of a O atom, and HACA-1) classes of CODESSA molecular

descriptors. Further information of these descriptors can be found from [21, 22].

These descriptors provided some basis for improving the BK channel opening

activity of the compounds. This study showed how a diverse chemical space can

be unified into single scaffold space in explaining the biological response of all

compounds.
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2.7 hERG K+ Modulators

The hERG (human ether-à-go-go-related gene) potassium channel (Kv11.1) plays a

vital role in maintaining normal electrical activity in the heart [17]. It mediates the

repolarizing IKr current in the cardiac action potential. The intended or unintended

inhibition of electrical conductance of hERGK+ channel either by drugs or by gene-

mutation can cause serious disorder called long QT syndrome. Even several

clinically useful and approved drugs are known to show a tendency to inhibit

hERG K+ channel conductance and thereby cause arrhythmias, and create a risk

of sudden death. For drug-induced QT prolongation, the increase in the duration of

repolarization through blockade of outward K+ current is responsible. Thus, hERG

inhibition is an important anti-target, which must be avoided during drug develop-

ment [68].

The primary structural components in hERG are found to be a positively charged

S4 helix and a P-loop. Different hERG-ligand modeling studies have suggested that

Phe-656 and Tyr-652 residues are involved in hydrophobic interactions and Thr-623

and Ser-624 residues modulate the binding potency through the polar tails of hERG

blockers [69–72]. Also, results from some studies have favored multiple

pharmacophore models to explain the binding of high- and low-affinity ligands [73,

74]. The in silico modeling studies of Borosy group [75, 76] on hERG channel

blockers have pointed out a five-point pharmacophore (hydrogen bond donor, hydro-

gen bond acceptor, two aromatic rings, and a hydrophobic aliphatic chain) model for

the most active molecules and a four-point pharmacophore model for the less potent

agents. The results from Ekins et al. also favored a five centered pharmacophore

model, where a positive center has separated from four hydrophobes at distances 5.2,

6.2, 6.8 and 7.5 Å [77]. Cavalli et al. constructed another pharmacophore model

having three aromatic moieties connected through a nitrogen function (tertiary

amine) at distances of 5.2–9.1, 5.7–7.3 and 4.6–7.6 Å [78]. These authors have also

reported several geometrical parameters such as angles, angle between the planes,

and the height above the planes of the pharmacophore.

Apart from the above reported findings on hERG, a CoMSIA study was reported

making use of its high affinity ligand. Sertindole (13) is an antipsychotic drug and

blocks hERG with high affinity [79]. Pearlstein et al. [80] carried out, using SYBYL

6.7.2 Tripos Inc. [81], a CoMSIA modeling of the hERG inhibitory activity of 22

sertindole analogues together with ten assorted compounds. These authors found a

complementary

N

F

Cl
N N NH

O

13
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relationship between the CoMSIA model and the hERG homology model built from

the crystal structure of the open bacterial MthK potassium channel [80]. The

CoMSIA and the hERG homology models led Pearlstein et al. to suggest that (a)

aromatic moieties optimally provide hydrophobicity and get involved in p-stacking
with Phe 656 side chain, (b) basic nitrogen facilitates p-cation interaction with Try

652, and (c) the ion pore diameter and depth act as constrains for the inhibitor

interaction [80].

Garg et al. [82] have modeled the hERG K+ channel blocking activity of diverse

molecules (Table 1) selected from literature using Cerius2 and Catalyst software

[83]. The activity of these compounds (IC50) against hERG K+ channels was

expressed in mammalian cells lines. In Cerius2, using several electrotopological,

thermodynamic, ADMET, graph theoretical and physicochemical properties, the

2D-quantitative structure–toxicity relationship (2D-QSTR) was derived for the

hERG K+ channel blocking activity of the compounds (Table 1).

pIC50 ¼ 2:04746þ 0:18227kappa3� 1:61453 Atype O 57þ 0:251155 S sNH2

� 1:97268 JX� 0:969258 Atype O 59þ 0:61608 ADMET PPB

� 0:063453 Atype H 46

n ¼ 56; r2 ¼ 0:837; Q2 ¼ 0:776; BSr2 ¼ 0:838� 0:001; LOF ¼ 0:5;

PRESS ¼ 16:06; r2pred ¼ 0:701: (21)

The presence of topological descriptor, kappa3 (The Kier and Hall kappa shape

index of order 3), shows the importance of shape in exhibiting hERG K+ channel

Table 1 Compounds used in deriving 2D-QSAR and pharmacophore model of hERG K+ channel

blockers [82]

Compounds

Amiodarone Domperidone Moxifloxacin Terfenadine

Amitryptiline Droperidol N-desmethyl-clozapine Thioridazine

Astemizole E-4031 Ofloxacin Vardenafil

Azimilide Flecainide Olanzapine Verapamil

Bepridil Gatifloxacin Ondansetron Ziprasidone

Chloroquine Granisetron Perhexiline Acrivastine

Chlorpheniramine Grepafloxacin Phenobarbital Amsacrine

Chlorpromazine Halofentrine Phenytoin Cocaine

Ciprofloxacin Haloperidol Pimozide Desmethylastemizole

Cisapride Imipramine Propafenone Desmethylcarboxyloratadine

Clozapine Lidocaine Pyrilamine Fentanyl

Clozapine-N-oxide Loratadine Queitiapine Fexofenadinec

Desipramine Lumefantrine Quinidine Ketoconazole

Diltiazem Mesoridazine Risperidone Lidoflazine

Diphenhydramine Mibefradil Sertindole Meperidine

Dofetilide Mizolastine Sparfloxacin Tadalafil

Dolasetron Mefloquine Spironolactone Cetrizine
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inhibitory activity. The electrotopological descriptor S_sNH2 stands for sum

descriptor for nitrogen bonded to two hydrogens and one single bond and has

indicated that more number of features, such as nitrogen containing heterocyclic

moieties, are beneficial to the inhibitory activity. The descriptor ADMET_PPB

corresponds to likelihood of binding of the molecule to plasma proteins in the

threshold of 90-95%. The descriptor JX (Balaban index) reflects upon the relative

connectivity and effective size of the carbon chain to which multiple methyl groups

are attached. Here, an increase in number of methyl groups decreases the activity.

The Atype descriptors are thermodynamic descriptors, which define the presence of

the particular type of atom in the molecule. The negative contribution of descriptor

Atype_H_46 (hydrogen attached to Csp3
0) illustrates that inhibitory activity

decreases with increase in the hydrophobicity associated with this hydrogen.

Likewise Atype_O_57 and Atype_O_59 descriptors also showed a negative contri-

bution to activity. Here the ‘O’ in Atype_O_57 represents oxygen in phenol, enol,

and carboxyl OH and Atype_O_59 refers to oxygen in Al–O–Al (Al ¼ aliphatic).

The negative contribution of Atype thermodynamic descriptors and that of topo-

logical Balaban index JX to inhibitory activity advocate that electronegative groups

in the ligand decrease the affinity for hERG K+ channels.

Garg et al. [82] have further used these compounds (Table 1) in HypoGen of

Catalyst to generate the toxicophore models. This has led to the identification of

three important features for hERG K+ channel blockers. These features were

identified as (a) hydrophobic group, (b) ring aromatic group and (c) hydrogen

bond acceptor lipid group. The most predictive hypothesis has best explained the

activity and showed a low RMS deviation as well as high cost difference. Also,

both 2D-QSTR and toxicophore models have optimally predicted the hERG K+

channel blocking activity of test set compounds [82]. Thus, this study has helped

in understanding the hERG K+ channels affinity for different compounds

(Table 1), and provided inputs to overcome the adverse structural features respon-

sible for the binding affinity and addressed the ways to mitigate the undesirable

side effects.

3 Conclusions

Potassium ion channels play important role in a variety of diseases having direct

bearing on the quality of life. Cardiovascular, nervous, immune and endocrine

systems are a few critical organs/ systems among many others, which are affected

by these ion channels. In this background, maintenance of stasis of the ion channels

is curial for the health. Because the ion channels are ubiquitous in nature and highly

variable even within a given family, identification of drugs acting through them

with specificity and high therapeutic value is a challenge. From a broad perspective,

several of the chemical scaffolds discussed in this article share a large structure

space, at the same time each one has distinctly responded at the target in eliciting

the biological response. In this scenario, QSAR and modeling studies offer fast
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initial estimates of the structural and functional requirements of the optimum

modulators. In this article studies expounded under benzopyrans and hERG K+

modulators provide a glimpse of the role of QSAR and modeling approaches in lead

alteration and optimization. Advancements in retro-QSAR methodologies could

further help in translating the in silico results to wet laboratories.
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Abstract Calcium is a ubiquitous second messenger. Calcium entry into the

cytosol is mediated by multiple types of calcium channels each with a distinct

physiological role. There exist five different types of voltage-dependent Ca2þ

channel. The calcium ion channel blocking agents are a chemically, pharmaco-

logically, and therapeutically heterogeneous group of drugs. Most calcium channel

blockers decrease the force of contraction of the myocardium resulting in a

decrease in blood pressure. Representative classes include: (a) dihydropyridines

and (b) nondihydropyridines. Structure–activity relationship studies and the struc-

tural features that are characterized as prerequisite for the calcium ion channel-

blocking activity indicate that the presence of a C-4 phenyl group is a preferential

requirement to optimize the biological activity. Steric hindrance is shown to be

significant. No relationship of activity is indicated with electronic or lipophilic

properties.

Keywords Calcium ion channels • Calcium channel blockers • Therapeutic

potential • Structure–activity relationships
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Abbreviations

DHPs Dihydropyridines

HVA High-voltage-activated

LCC L-type Ca2þ ion channels

LSSVM Least squares support vector machine

QSAR Quantitative SAR structure–activity relationships

QTMS Quantum topological molecular similarity

SAR Structure–activity relationships

VDCCs Voltage-dependent calcium channels

1 Introduction

1.1 Calcium Ion Channels

Calcium is essential in all living organisms and a ubiquitous second messenger.

The influx of calcium ions into cells is involved in numerous intracellular events.

Calcium entry into the cytosol is mediated by multiple types of calcium channels

and ligand-dependent calcium channel, each with a distinct physiological role [1].

Ca2þ channels are hetero-oligomeric protein complexes consisting of a pore-

forming a1-subunit, one out of at least four b-subunits (b1–b4), an a2/d-subunit,

and in skeletal muscle of an additional g-subunit [2, 3]. The auxiliary channel

subunits, in particular the b-subunits, modulate voltage dependence, expression

density and kinetics of the channels. Calcium ion channels were first identified by

Fatt and Katz in crustacean muscle when they left the Na+ out of their bathing

medium and found that the muscle still generated action potential [4]. Fatt and

Ginsborg investigated in detail the significance of this observation [5]. In continua-

tion, Hagiwara and Byerly [6] studied in depth the calcium conductance in various

invertebrate tissues.

Calcium channels have major roles in both normal functioning and in patho-

logies affecting neuronal, neurosecretory and muscle cells [7]. It has become

apparent that in several tissues, including certain cardiac muscle cells and subse-

quently, neurons and other excitable cells, there are two types of calcium ions

channels. One is activated by small depolarization and shows rapid voltage-

dependent inactivation; this is termed “low-voltage-activated,” or “T” (for transient).

The second is activated by large depolarization and is termed “high-voltage-

activated” (HVA). At least five different types of voltage-dependent Ca2þ channel

(VDCCs) exist in electrically excitable mammalian cells. Biophysical and pharma-

cological studies have identified four subtypes of high-voltage-activated (HVA)

calcium channels that are encoded by a family of seven different a1 subunit proteins

(Cav) as L, N, P, Q, R or T-types. L-type (Cav1.1–Cav1.4), N-type (Cav2.2),

P/Q-type (Cav2.1), and R-type (Cav2.3) as well as low-voltage-activated

266 D. Hadjipavlou-Litina



calcium channels, called T-type, encoded by three distinct a1 subunit proteins

(Cav3.1–Cav3.3). The N, P, Q, and R type channels have all been shown to play

key roles in neurotransmitter release [8–10]. N-Type calcium channels are located

at presynaptic terminals throughout neurons and directly mediate spinal transmis-

sion of pain signals from the peripheral to the central nervous system. L-type

Ca2þ ion channels (LCCs) mediate muscle contraction, hormone secretion and

transcriptional events supporting learning and memory. Different subclasses of

L-channels exist, which may contribute to tissue selectivity. T-type calcium

channels are known to be implicated in pathogenesis of epilepsy and neuropathic

pain [11, 12]. Unlike other types of calcium channels, T-type calcium channels

comprise only a pore-forming a1 subunit that is different from the calcium channel

subtypes [13, 14]. Three different genes encode the a1 subunit of T-type calcium

channels, termed a1G, a1H, and a1I, respectively, each with its own distinct

functional and pharmacological profile [15, 16].

Calcium ions are required for contraction of skeletal muscle and heart, release

of neurotransmitters and hormones, induction of cell death, activation of various

protein kinases and signaling cascades [17] for the cell cycle regulation [8, 18–21]

and cellular proliferation and for the activation of early genes, which leads the cell

into G1 phase. In contrast, Ca2þ ion channels in inflammatory cells, such as

lymphocytes, mast cells, and neutrophils, are activated regardless of their mem-

brane potential [22] and are known as store operated calcium ion channels. They

have been shown to play important roles in the pathogenesis and exacerbation of

inflammatory and autoimmune diseases [23–26].

Depletion of intracellular calcium arrests the cell cycle in the G0/G1 and S

interphases [27], whereas regulation of the changes in intracellular calcium has

been proposed to be through a T-type calcium channel [28]. This is considered to be

important to control the cell cycle signaling pathway and to manage certain

pathophysiological diseases, where the cell cycle is aberrant.

2 Calcium Ion Channel Blockers

2.1 Mechanism of Action

The calcium ion channel blocking agents are a chemically, pharmacologically and

therapeutically heterogeneous group of drugs. L-type Ca2þ channels are sensitive to

numerous agonist and antagonist drugs that modulate the Ca2þ flow. The interac-

tion of an ion channel blocker with its receptor sites depends on whether the channel

is in a resting (closed), open (activated), or inactivated (closed) conformational

state. Calcium channel blockers work by blocking voltage-gated calcium channels

in cardiac muscle and blood vessels. The mechanism underlying the clinically

important use of calcium channel blockers is thought to be mediated by L-class

(“slow channels”) of voltage-gated calcium ions channels, which are abundant in
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cardiac and smooth muscle. They block the entry of calcium into the muscle cells of

the heart and the arteries. By blocking the entry of calcium, calcium channel

blockers decrease the contraction of the heart and dilate the arteries. This may

partially explain their rather selective effects on the cardiovascular system.

Calcium channel blockers are primarily used for treating cardiac arrythmia and

pulmonary hypertension and for prevention of reperfusion injury as well as athero-

sclerosis (particularly the lipophilic agents). They also slow the rate at which

calcium passes into the heart muscle and into the vessel walls. This relaxes the

vessels. The relaxed vessels let blood flow more easily through them, thereby

lowering blood pressure. Unlike b-blockers, calcium channel blockers do not

decrease the responsiveness of the heart.

Different classes of Calcium channel blockers bind to different sites on the a1-

subunit. Recent clinical evidence in patients with microvascular disease suggests

that blockade of the T-type calcium ion channel has additional benefit. Blockade of

these channels slows the sinus rate and prolongs atrioventricular nodal conduction,

in addition to causing vasodilation, without adverse negative inotropic or positive

chronotropic cardiac actions [29, 30].

Recently, some of the classical L-type calcium channel blockers were found to

have a potent inhibitory activity against the N-type as well. The N-type channel has

been shown to play a significant role in the pathophysiological processes of stroke

and neuropathic pain [31–33], in addition to physiological regulation. Over the last

decade, synthetic efforts have focused on the development of both peptidic and

nonpeptidic-based small molecule N-type calcium channel blockers for analgesia

or neuroprotection.

2.2 Classification of Calcium Ion Channel Blockers

• Dihydropyridines (DHPs)

• Nondihydropyridines:

– Phenylalkylamines

– Benzothiazepine

• Nonselective (Fig. 1)

All the above-mentioned blockers differ not only in their basic chemical structure,

but also in their relative selectivity toward cardiac versus vascular L-type calcium

channels. All of them bind reversibly with the L-type Calcium channel, but each class

binds to different binding sites of the same channel in a stereoselective manner and

with dissociation constants in the nanomolar range (0.1–50 nM). Verapamil binds to

the V binding site. Diltiazem binds to the D binding site in the L-type Ca2þ channel.

However, it shows cardiovascular effects similar to those of verapamil. Calcium

channel antagonists block the inward movement of calcium by binding to the L-type

calcium channels in the heart and in smooth muscle of the peripheral vasculature.
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Furthermore, there are other classes of drugs that have overlapping effects as

calcium ion channel blockers: angiotensin inhibitors, b-blockers, and nitrates.

2.2.1 Dihydropyridines Calcium Ion Channel Blockers (Partial Agonists,

Antagonists, Dual-Acting Agents)

This class is easily identified by the suffix “-dipine.” First generation calcium

channel blockers (nifidepine), all block L-type calcium channels and all are com-

petitive antagonists, whereas second and third generation analogs are either slow-

release or long-acting formulations (amlodipine or felodipine) [34] (Fig. 2).

A number of molecules and their trade names (in alphabetical order), belonging

to this class are given below:

Amlodipine (Norvasc), Aranidipine (Sapresta), Azelnidipine (Calblock),

Barnidipine (HypoCa), Benidipine (Coniel), Cilnidipine (Atelec, Cinalong,

Siscard), Clevidipine (Cleviprex), Efonidipine (Landel), Felodipine (Plendil),

Lacidipine (Motens, Lacipil), Lercanidipine (Zanidip), Manidipine (Calslot,

Madipine), Nicardipine (Cardene, Carden SR), Nifedipine (Procardia, Adalat),

Calcium Channel Blockers

Dihydropyridines

Non-Dihydropyridines

Phenyalkylamines

Benzothiazepines

non-selective

1rst generation(nifedipine)

2nd generation
(isradipine,
nicardipine,
felodipine)

3rd generation (amlodipine)

Fig. 1 Classification of calcium channel blockers
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Nilvadipine (Nivadil), Nimodipine (Nimotop), Nisoldipine (Baymycard, Sular,

Syscor), Nitrendipine (Cardif, Nitrepin, Baylotensin), Pranidipine (Acalas).

Nifedipine. Nifedipine is the lead compound, which was first successfully

introduced for the treatment of coronary angina in Germany at the beginning of

1975. Major disadvantage of its use is the short plasma half-life. The consequence

is multiple daily administrations to achieve blood pressure control (Fig. 3).
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Analogs of Nifedipine. Following the introduction of nifedipine into the market,

a number of analogs were prepared starting from its structure, which were

characterized by a short duration of pharmacological action. All of these belong

to the first generation dihydropyridines. Among these, felodipine, isradepine,

nimodepine, nisoldipine, amlodipine, lercanidipine and manidipine have emerged

as novel therapeutic agents.

Felodipine. Felodipine is a very potent calcium antagonist, which reduces both

systolic and diastolic blood pressures in a dose-related manner. The activity is

exerted through a specific binding to the dihydropyridine site. It increases the

secretion of potassium, calcium, and magnesium. Since this drug is mainly

metabolized by the liver, patients under therapy with felodipine should avoid

cytochrome P450 3A4 and 1A2 isoform inhibitors, such as grapefruit juice,

which induce interference with the hepatic metabolism of felodipine. Concerning

the structural characteristics, in this analog the ortho- nitro group in the aryl moiety

has been replaced by 1, 2-dichloro group (Fig. 3).

Isradipine. It is used either alone or in combination with diuretics in the

treatment of hypertension. It presents high calcium antagonist activity together

with oral bioavailability (90–95%). However, the hepatic first-pass effect reduces

it to 15–24%. Although isradipine showed antiatheromatic activity in a number of

experimental models, clinical studies in patients failed to confirm these findings

(Fig. 3).

Nimodipine (S). It is an asymmetric structural analog of nifedipine. The phar-

macological activity is exerted through its ability to bind to the a1 subunit of the

L-type calcium channel. Nimodipine is lipophilic, which enables it to cross the

blood–brain barrier and achieve effective drug concentration. It shows a preferen-

tial binding activity at the cerebral vessels. Thus, it has been widely used for the

treatment of neurological disorders such as stroke of the subarachnoid hemorrhagic

type (Fig. 3).

Nisoldipine. This nifedipine analog is at least five to ten times more potent than

the “parent” molecule on arterial smooth muscle and it can be used for the treatment

of hypertension. Due to its massive hepatic metabolism, it is currently used for once

daily administration (Fig. 3).

Amlodipine. It presents a long kinetic half-life and thus is characterized as a

long-acting blocker. Its hepatic first pass is less than that of the other analogs.

Another interesting aspect is its antiatheromatic properties, which can be further

increased by combination with statins (Fig. 3).

Lercanidipine. It is a molecule with high lipophilicity, which explains its long

duration of action. It is used in the treatment of hypertension and angina, and it is

especially indicated in elderly patients. It is one of the last dihydropyridines

introduced into the market (Fig. 3).

Manidipine. It is a potent and selective analog toward the renal vasculature,

making it particularly helpful for the therapy of renovascular hypertension (Fig. 3).

Dihydropyridines appeared as both blockers and activators of L-type calcium

ions channels [35]. They possess significant selectivity toward vascular versus

myocardial cells and therefore have a greater vasodilatory effect with respect to
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other calcium blockers. They also show a minor negative inotropic effect, atrioven-

tricular blockade or neurohormonal activation [36–38], which often limit their

therapeutic use. They do not show any significant direct effect on the heart. All

seem effective in the clinical situation and they are well tolerated. Their oral

bioavailability is low. Their in vivo metabolism after oral administration is due to

oxidation of the 1, 4-dihydropyridine ring by the cytochrome P450 3A4 isoform

to an aromatic pyridine ring and to oxidative cleavage of the carboxylic esters. The

derivatives are insoluble in water and light sensitive. For the most lipophilic

analogs, the side effects (such as ankle edema) seem less pronounced, most likely

due to their slow onset of activity.

Structure Activity–Relationships: Essential Structural Features and

Physicochemical Properties

Glossmann et al. [39] reported that dihydropyridines containing 3, 5-dicarboxylic

acid esters might exhibit a spectrum of activity toward the calcium channel some-

where between the extremes of antagonism and agonism. Attempts were made

to differentiate in the mechanisms of their agonist and antagonist activities.

H€oltje and Marrer [40] using quantum mechanical calculations demonstrated

that the molecular potential of a single receptor site was reduced by interaction

with calcium channel activators and increased by interaction with calcium channel

blockers. Matowe et al. [41] described the pharmacological properties of AK-2–38

(Fig. 4), a C-4 2-pyridinyl analog that exhibited twice the potency of nifedipine

on smooth muscle and partial agonism on cardiac muscle. Compounds with the

above properties are known as “dual cardioselective calcium-channel agonist–

smooth muscle selective calcium-channel antagonists” or “third-generation

dihydropyridines” [42] (Fig. 4).

Structure–activity relationship (SAR) studies of dual-acting agents revealed

that although C-4 2-pyridinyl isomer acts as a dual agent, the 3-pyridinyl and

4-pyridinyl isomers are calcium-channel agonists on both heart and smooth muscle

[43]. From the above, it is obvious that the position of the pyridinyl nitrogen-free

electron pair and/or charge distribution on the pyridinyl might be important

parameters of calcium-channel agonist–antagonist modulatory effects [44]. In

addition, dihydropyridines possessing a C-4-appropriate thienyl isomeric substitu-

ent also exhibit desirable calcium-modulating effects [45].
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Fig. 4 Structure of AK-2-38
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Other studies indicate that dual-acting derivatives can be obtained by the

introduction of the dihydropyridine core into condensed ring systems (Fig. 5) [46].

Racemic hexahydroquinolines, fluroquinolines, indenopyridines, and lactones

(Fig. 6) exhibit calcium-antagonistic effects on smooth muscle and positive inotro-

pic activity [46, 47].

A series of compounds resulting from the replacement of nitrophenyl in

Nifedipine analogs with its bioisoster 1-methyl-5-nitroimidazole (Fig. 7), presented

[48–52] calcium channels antagonistic activities. A valuable QSAR model was

obtained by using constitutional and topological indices from which it is obvious

that nonrotable groups resulted in increasing calcium channel blocker activity [53].

Antagonists of the nifedipine type are flexible molecules, in which the C-4-aryl

moiety and the C-3 and C-5 ester substituents can rotate and the conformation of

the 1, 4-dihydropyridine ring can change [54]. The exact stereochemical and/or
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conformational requirements for calcium-channel antagonist–agonist modulation

activity are still not well defined [40, 55]. To study in detail the structure–activity

relationships of unsymmetrical molecules and to find the effects of absolute stereo-

chemistry on biological activity, Atwal et al. [56–59] studied four different series

of dihydropyrimidine analogs (Fig. 8). The latter were found to highly imitate

dihydropyridines and to adopt in solid state molecular conformation similar to the

reported conformation of dihydropyridines.

Gupta in a QSAR analysis [60] showed that almost all those characteristics

that are essential for the activity of 1,4-dihydropyridines are also essential for

the activity of dihydropyrimidine analogs: conformation of the molecule, the

relative orientation of the aryl ring with respect to the pyrimidine ring, and some

substituents capable of forming the hydrogen bonds with the receptor but less bulky

in nature, and high molar refractivity of the molecule.

The following structural features are characterized as prerequisite for the

calcium ions channel-blocking activity:

(a) The nature and position of C-4-aryl ring substituents: optimizes activity. Phenyl

group is preferred. The pseudoaxial conformation of C-4 aryl ring is also

important [61–63].

(b) The 1, 4-dihydropyridine ring is essential for activity because it is necessary

for hydrogen bonding. Substitution at the N-1 position or the use of oxidized

(piperidine) or reduced (pyridine) ring systems greatly diminish activity [61].

Nifedipine and related analogs have been shown to exist in a boat conformation

[64]. Protonation of the dihydropyridine ring nitrogen results in a slight devia-

tion of the boat-like conformer of the protonated dihydropyridines from the

planarity producing a twist-like conformation [65].

(c) C-3 and C-5 substituents modulate activity and tissue selectivity [43, 63].

Asymmetrical substituents in C-3 and C-5 alter the activity [48]. The electronic

features of the oxygen of the carboxyl ester group influenced biological activity.

Carbonyl oxygen participates in hydrogen bonding with the receptor [66].

X-ray structural investigations indicate that at least one ester must be in the

cis arrangement, which is necessary for hydrogen bonding to the receptor

[54]. Molecular orbital conformational calculations suggest that both carboxy

groups are preferentially oriented in a plane that intersects the plane of the

dihydropyridine ring with an angle of between 308 and 608 [66]. Based on

N

N
H

COOR3

CH3R2X

R1

N

N
H

COOR3

CH3

R1

N

N
H

COOR3

CH3

R1

X

R2

O

R2
N

N
H

COOR3

CH3

R1

X

R2

X = S, O, N

Fig. 8 Dihydropyrimidine analogues

274 D. Hadjipavlou-Litina



the orientation of the individual carbonyl groups of the C-3 and C-5 ester

substituents with respect to the dihydropyridine ring double bond, three differ-

ent conformations are possible for the ester groups: trans/trans, cis/cis and

enantiomeric cis/trans, and trans/cis arrangements [65]. Furthermore, it has

been suggested that syn-periplanar carbonyl groups might be a common feature

of dihydropyridines calcium-channel antagonists and that an antiperiplanar

carbonyl group, such as the lactone group in the rigid compounds, might be

prerequisite for calcium-channel agonist activity [63].

(d) When the esters at C-3 and C-5 are different, C-4 carbon becomes chiral and

stereoselectivity between enantiomers is presented [67].

(e) Modified activity can be obtained by altering the changes at C-2 and C-6

substituents. The receptor can tolerate different changes [63, 67].

(f) In unsymmetrical dihydropyridines, C-4 is a chiral center. It was suggested that

calcium-channel modulation (antagonist versus agonist activity) is dependent

on the absolute configuration at C-4, whereby the orientation of the 4-aryl group

(R versus S-enantiomer) acts as a “molar switch” between antagonist and

agonist activity [40, 55, 68]. The replacement of large lipophilic groups by

small ester groups presenting a negative potential (e.g., nitro group) will be the

point of chirality for the C-4. The resulting individual enantiomers will have

exactly the opposite biological response [54]. Instead of blocking the entry of

calcium into cardiac and vascular muscle, these derivatives will enhance it.

Thus, these derivatives are characterized as “calcium agonists” or “calcium-

channel activators” [54].

Coburn et al. [45] applied a Hansch analysis to a series of 45 4-phenyl-

substituted dihydropyridines (Fig. 2). They concluded that the biological activity

is dependent on the lipophilic, as well as the electronic and steric properties of the

substituents on 4-phenyl dihydropyridines analogs of nifedipine [45].

Hemmateenejad et al. [63, 69] examined the same data set, using multiple linear

regressions combined with genetic algorithm for variable selection and an artificial

neural network model combined with principal component analysis for dimension

reduction and genetic algorithm for factor selection. The resulting equations

suggested that the electronic properties of the atoms belonging to the backbone of

the molecules as well as the conformation of the molecules affect the binding

of these molecules with their receptor.

In 2008, Hemmateenejad et al. [62] evaluated a novel type of electronic

descriptors called quantum topological molecular similarity (QTMS) indices for

describing the quantitative effects of molecular electronic environments on the

antagonistic activity of the same dihydropyridine derivatives. QTMS theory

produces a matrix of descriptors, including bond (or structure) information in one

dimension and electronic effects in another dimension, for each molecule. The

significant effects of chemical bonds on the antagonistic activity were identified by

calculating variable important in projection (VIP). It was obtained that those

belongings to the substituted 4-phenyl ring represent high influence on the

biological activity.
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Mahmoudian and Richard [70] conducted a Hansch analysis on a subset of

4-phenyl-substituted dihydropyridines (Fig. 2) and found that bulky and lipophilic

groups at the ortho-position and ortho-bulky groups with high Hammet electronic

constant (s) at the meta-position of the 4-phenyl ring increase the activity.

From a Hansch analysis for a series of ortho-analogs (Fig. 2), [66] steric

hindrance of the substituents (as Verloop parameter B1) was shown to be significant

for the calcium ion channel blocking activity. No relationship was indicated for

either electronic or lipophilic properties. Since the biological response increases

as B1 increases, steric hindrance in the ortho-position is required to fix the

dihydropyridine core into a favorable conformation in which the aromatic moiety

is approximately perpendicular to the dihydropyridine ring.

A QSAR study was applied on a large number of 4-phenyl-substituted nifedipine

analogs (Fig. 2) [71] by the combination of substituent constants and molecular

descriptors. QSAR analysis showed that a dominant steric effect (as Vw van der

Waals volume) can be produced from the para position [71]. For all mono-para

substituted analogs, the bulky substituents will be dentrimental to the activity, and

this was also shown by Berntsson andWold [72] in a study on the binding affinity of

a small set of compounds. The same researchers had observed that the activity

will be increased by the presence of electron withdrawing substituents on the ring.

It was found that the activity of meta-substituted analogs is affected by both steric

and electronic parameters, whereas the hydrophobic and electronic parameters

of the para-substituted analogs affect the activity. Hansch analysis has been

applied for nifedipine analogs containing nitroimidazolyl, phenylimidazolyl, and

methylsulphonyl-imidazolyl groups at the C-4 position and different ester

substituents at C-3 and C-5 positions of the ring. The results showed that

Hammett’s electronic and hydrophobic properties are highly correlated with the

biological activity [73].

In a series of sulfonylindolizines (Fig. 9), Gupta et al. [74] recently showed,

through a QSAR study, that the presence of different heterocyclic rings in different

compounds could affect the activity altering the conformations of the receptor

through their steric properties.

In 2009, Miri et al. [75] synthesized a novel group of bis-1, 4-dihydropyridines

using the condensation of n-alkyl diacetoacetate (n ¼ 2–7) with methyl-3-

aminocrotonate and nitrophenylaldehyde (Fig. 10).

N
H

COOR3

MeR2X

R1 R1 = NO2, Cl, CF3

R2 = Me, CH2CH2N(CH3)Bn, CH2Ph, CH2CHCH2, CH2CH2N(CH3)2

R3 = Me, Et, iPr, sBu, CH2CH2N(CH3)Bn

Fig. 9 Sulfonylindolizines
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Their biological results were used in quantitative structure–activity relationship

studies utilizing multiple linear regression analysis. For this purpose, a wide range

of descriptors were used such as quantum chemical, topological, functional, elec-

tronic, and constitutional. A total of 120 descriptors were calculated for each

molecule. Most of these compounds were less active compared with nifedipine.

Increase in steric hindrance resulted decrease in activity. The quantitative

structure–activity relationship study indicated that the activity was related to the

electrostatic and topological parameters and the distance between two C-5 esteric

groups of 1, 4-dihydropyridine rings.

Partial least squares [76], principal component analysis [77] and the gene

expression programming were employed [78], using theoretically derived

descriptors for different DHPs analogs. In addition, the quantum chemical QSAR

study indicated the importance of electronic features of the dihydropyridine

derivatives for receptor binding [79].

Yao et al. [80] used the least squares support vector machine (LSSVM)

algorithm to develop quantitative and classification models for a series of 1,

4-dihydropyridine calcium channel antagonists [81], as a potential screening mech-

anism. Each compound was represented by calculated structural descriptors that

encode constitutional, topological, geometrical, electrostatic, quantum-chemical

features. The heuristic method was then used to search the descriptor space and

select the descriptors responsible for activity. Quantitative modeling resulted in a

nonlinear, seven-descriptor model based on LSSVM with mean-square errors

0.2593, a predicted correlation coefficient 0.8696, and a cross-validated correlation

coefficient 0.8167. In the linear model, there were two topological descriptors, one

geometric descriptor, three quantum chemical descriptors and one electrostatic

descriptor.

Compared with classical QSAR investigations, 3D QSAR approaches yield

better results. A 3D QSAR study (comparative molecular field analysis and com-

parative molecular similarity studies) of 4-phenyl-substituted dihydropyridines

indicated unfavorable steric interactions for bulky moieties in the para-position
of the phenyl ring and that bulky substituents are favorable in ortho- and meta-
positions. The best combination is obtained when the bulky substituents at ortho -

or meta- positions produce negatively charged electrostatic potential. From these

studies was indicated that repulsive electronic interaction with binding-site residue

N
H

R1OOC

Me Me

COO(CH2)n

R1 = Me, Et
n = 2-7

NO2

N
H

OOC

Me

COOR1

Me

NO2

Fig. 10 Bis-1,4-dihydropyridines
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or to the potential of electron-deficient 4-aryl moieties behaved as electron

acceptors in charge transfer mechanism [82].

X-ray as well as (Q)SAR analyses of several series of dihydropyridine analogs

[68] resulted that the torsion angle of the bond between the aryl and the 1,

4-dihydropyridine ring is fixed by lactone bridges of different chain lengths.

These findings were used in a lead optimization program from which a second

generation analog, lacidipine, with a sustained duration of action, potency, and

selectivity was derived [83] (Fig. 3). In lacipidine, the ester group is the bulky

tert-butyl moiety. It is a competitive calcium ions antagonist with high lipophilicity.

Its pharmacological profile was studied extensively both in vitro and in vivo.
Furthermore, it was found to present antioxidant activity [84] equipotent to vitamin

E in many tests. Lacidipine also showed a direct protective effect on the vasculature

at non-anti-hypertensive doses, indicating that its high lipophilic character com-

bined with antioxidant ability, selectivity, potency, significant antiatheromatic

activity, and sustained duration of action might be beneficial for elderly patients

[85, 86].

2.2.2 Nondihydropyridines

Phenylalkylamines

Phenylalkylamines [87] are thought to access calcium ion channels from the

intracellular side, although this evidence is not well defined. The drugs of this

class are relatively selective for myocardium. They reduce myocardial oxygen

demand and reverse coronary vasospasm, and they are often used to treat angina.

They present minimal vasodilatory effects compared to dihydropyridines. Thus,

their major mechanism of action is causing negative inotropy.

Representative agents belonging to this class are: verapamil (Calan, Isoptin) and

gallopamil (Procorum, D600) (Fig. 11).

Verapamil is the most widely used phenylalkylamine. It mainly gets access to

the binding domain when the channel is open. As an organic cation, it blocks the

channel by interfering with Ca2þ ion binding to the extracellular mouth of the

pore and slows the recovery of channels from inactivation. Once bound to the open

state, it can promote the inactivated channel conformation. Verapamil has two

enantiomers with different kinetics and activity. The (S) isomer is more active but

has a shorter half-life and lower bioavailability than the (R) isomer. The higher

proportion of (S) isomer that is available is the major reason why intravenous
verapamil has more cardiac effects for a given serum concentration than oral

verapamil.

The more active methoxyverapamil (gallopamil) is also licensed for clinical use

in some countries.

Verapamil analogs were subjected to a QSAR analysis from which was found

that along with the electronic property, the size of the substituents (molecular

volume of the ring substituents) will also be important for their activity [88].
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Benzothiazepines

Benzothiazepines in terms of selectivity for vascular calcium ion channels consist

an intermediate class between phenylalkylamines and dihydropyridines. Since

they have both cardiac depressant and vasodilator activities, they are able to reduce

arterial pressure without producing the same degree of reflex cardiac stimulation

caused by dihydropyridines.

Diltiazem (cardizem) and clentiazem are the main representatives of this class of

calcium ion channel blockers (Fig. 12).

Diltiazem, a 1,5-benzothiazepine, has affinity for the L-type calcium channels

like the other calcium ion channel blockers, but it is less potent on the peripheral

smooth muscle than on myocardial tissue. This weak selectivity produces negative

chronotropic and inotropic effects that reduce the myocardial oxygen demand [89].

Negative inotropic potency of 60 benzothiazepine-like calcium entry blockers,

Diltiazem analogs, was successfully modeled using Bayesian regularized genetic

neural networks (BRGNNs) and 2D autocorrelation vectors. The analysis of the

network inputs pointed out to the electronegativity and polarizability 2D topologi-

cal distributions at substructural fragments of sizes 3 and 4 as the most relevant

features governing the nonlinear modeling of the negative inotropic potency.

H3CO

H3CO

N

N

OCH3

OCH3

Verapamil

H3CO

H3CO

N

N

OCH3

OCH3

OCH3

Gallopamil

Fig. 11 Structures of verapamil and gallopamil

N

S

N

O

OCH3

O
O

H

Diltiazem

R4

N

S

R3

R1

R2

6

8
9

5

3

21

Analogs

Fig. 12 Diltiazem and

analogs

Calcium Ion Channels and Their Blockers 279



A comparative molecular field analysis (CoMFA) [90] made for a series of

Diltiazem-like channel blockers suggested that they can interact with the receptor

as its negative charge site, two hydrogen–bonding sites and three hydrophobic

regions. Campiani and co-researchers [91] also suggested that substitution on the

fused phenyl ring (R4) and the double substitution at C4 were beneficial to the

activity as well as the substitution of the electron withdrawing group in the fused

phenyl ring. In addition, the substituted phenyl ring at C4 and the basic side chain at

C1 on the pyrrole ring were found to constitute two important pharmacophores [91]

(Fig. 12).

Two more pharmacophores were also identified by Kimball [92]: the basic

nitrogen and the phenyl methyl ethers. In particular, the selective chronotropic

and inotropic activity of new compounds might open new perspectives in the search

for more effective drugs for the control of cardiac arrhythmias and led attention to

the synthesis of novel Diltiazem-like calcium channels blockers [72, 93–95].

2.2.3 Nonselective Calcium Ions Channel Blockers: T-Type Calcium

Channel Blockers-Structure–Activity Relationships – Molecular

Features

Mibefradil (IC50 ¼ 1.34 � 0.49 mM; Posicor ™), bepridil, fluspirilene, and

fendiline are considered as nonselective calcium blockers (Fig. 13).

Furthermore,Mibefradil is an important example of the selective T-type calcium

channel blockers and it has been used as the first selective T-type calcium channel

blocker in treatment of hypertension and stable angina [4, 19, 96, 97]. Depending

on the cell type, mibefradil blocks T-type calcium channels 10–30 times more

potently than L-type calcium channels [98]. In addition, mibefradil is highly tissue

selective, relaxing smooth muscle without inducing reflex tachycardia, or having

much effect on cardiac chronotropy or inotropy [99, 100]. Mibefradil because of

potential harmful interactions with other drugs [101] has been withdrawn from the

US market (May 1998) very shortly. Continuous structure–activity relationship

studies on 3, 4-dihydroquinazoline series led to the synthesis of KYS05090 [102]

(Fig. 14), which is a very potent blocker (IC50 ¼ 41 � 1 nM) against T-type

calcium channel and also is as potent as doxorubicin against some human cancer

cells without acute toxicity [103, 104].

F

O

O
OCH3

N

N

H
N

Fig. 13 Mibefradil
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Lee et al. [105] performed 3D QSAR studies on a set of 42 3,4-dihydroqui-

nazolines using a comparative molecular field similarity indices analyses

(CoMSIA) method, to find out the pharmacophore elements for T-type calcium

channel blocking activity. The derived 3D QSARmodel provided good predictivity

for the training set (q2 ¼ 0.642, r2 ¼ 0.874) and the test set (r2 pred ¼ 0.884) and

can be used for the design of new chemical entities with high T-type calcium

channel blocking activity.

A set of 24 isoxazolyl compounds potent T-type calcium channel blockers

served to establish Comparative molecular field analysis (CoMFA) and compara-

tive molecular similarity indices analysis (CoMSIA) [106]. CoMFA and CoMSIA

contour maps were used to analyze the structural features of the ligands accounting

for the activity in terms of positively contributing physicochemical properties:

steric, electrostatic, hydrophobic, and hydrogen bonding fields. All CoMFA and

CoMSIA models gave cross-validated r2 (q2) value of more than 0.5 and conven-

tional r2 value of more than 0.85.

As a result, the efforts for the discovery of new T-type calcium channel blockers

have been intensified [105–108].

2.2.4 Differences Among Calcium Ion Channel Blockers Side Effects

Calcium ion channel blockers differ in their duration of action, the process by which

they are eliminated from the body and most importantly, in their ability to affect

heart rate and contraction. Some of them e.g., amlodipine, have very little effect on
heart rate and contraction so they are safer to use in individuals who have heart

failure or bradycardia. Verapamil and diltiazem have the greatest effects on the

heart and reduce the strength and rate of contraction.

2.2.5 Side Effects

Many unwanted effects are related to the vasodilatory effects of Ca2þ channel

blockers, such as flushing, headache, dizziness, and hypotension. DHPs frequently

cause edema and ankle swelling upon chronic use. Worsening of angina has also

been observed with dihydropyridines. This is most likely due to their pronounced

NH

O

N

N

N
N

Fig. 14 KYS05090

Calcium Ion Channels and Their Blockers 281



effect on coronary resistance resulting in coronary steal in the presence of

hypoperfused regions. It may also be caused by the reactive sympathetic activation

with increase in heart rate and cardiac oxygen consumption.

Epidemiological and case–control studies suggested that Ca2þ channel blockers

cause increased risk for myocardial infarction, cancer and gastrointestinal bleeding.

The increased cardiovascular morbidity was again associated with short-acting

dihydropyridines and fast release forms of verapamil and diltiazem.

3 Conclusion

Calcium channel blockers inhibit calcium uptake, block smooth muscle contraction

and bind to the receptor sites associated with the voltage-dependent calcium ion

channels. All these activities have been found to be mutually correlated [109].

Different linear and nonlinear methods have been used in QSAR studies to obtain

additional and more precise physicochemical parameters that are important for the

biological activity of calcium ion channel blockers and for the design of more

selective molecules [110].

Even today, the studies on the calcium channel blockers remained centered

around the dihydropyridines. QSAR studies of 4-phenyl-substituted dihydro-

pyridines indicate unfavorable steric interactions for bulky moieties in the para-
position of the phenyl ring and that bulky substituents are favorable in ortho- and
meta-positions. The best combination is obtained when the bulky substituents

at ortho- or meta- positions produce negatively charged electrostatic potential.

Further, investigation and studies are still needed to delineate the physicochemical

parameters implicated in the case of the nondihydropyridines.
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Abstract Voltage-gated N-type Ca2+ channels (NCCs) play dominant roles in

neuropathic pain and cerebral ischemia. Ion channel therapeutics for many patho-

physiological conditions exists, which include: affective disorders, allergic

disorders, autoimmune diseases, epilepsy, hypertension, insomnia, pain, anesthesia,

anxiety, and stroke. Experimentally, it was well established that NCC inhibitory

activity is essential for the treatment of chronic neuropathic pain and stroke.

A major obstacle with these membrane proteins is that the atomic resolution

experimental structures are not available to understand the mode of small molecule

binding at its active sites. This article mainly focuses on Ca2+ channel blockers

(CCBs), especially for NCCs, wherein lie some of the opportunities and advantages

associated with these channels as drug target.

Keywords N-type voltage-gated Ca2+ channel • Ziconotide • Neuropathic pain •
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Abbreviations

CCBs Ca2+ channel blockers

DRG Dorsal root ganglion

GFA Genetic function approximation

LCC L-type Ca2+ channel

NCC N-type Ca2+ channel

P/QCC P- and Q-type Ca2+ channel

QSAR Quantitative structure-activity relationship

RCC R-type Ca2+ channel

TCC T-type Ca2+ channel

VGCCs Voltage-gated Ca2+ channels

1 Introduction

N-type Ca2+ channels (NCCs) are associated with central and peripheral neurons,

being located on the presynaptic nerve terminals. These channels regulate the Ca2+

flux subserving depolarization-evoked release of neurotransmitter from presynaptic

endings. At the presynaptic nerve terminal, voltage-gated Ca2+ channels (VGCCs)

open in response to action potentials to allow an influx of Ca2+ ions. The influx is a

graded process varying in a linear manner with the frequency of action potentials.

These in turn lead to release of various neurotransmitters that diffuse across the

synaptic cleft to the postsynaptic membrane and binds to their specific receptors.

Neurotransmission in the central and peripheral nervous system is mainly

controlled by NCCs. NCC was identified as promising and selective druggable

target for the treatment of pain because it mediates the neurotransmission of pain

signals in the spinal cord. It is also well known that NCCs play an important role in

stroke disease in which modification in the intracellular Ca2+ signaling during

neuronal ischemia could be inhibited by blocking NCC and thereby preventing

neuronal death [1, 2]. Ligand-gated NCCs open or close in response to the binding

of the ligand or small signaling molecule such as Prialt (synthetic version of omega-

conotoxin-GVIA), an FDA-approved drug for chronic pain treatment. Prialt is a

potent and selective NCC blocker. Some drugs are known to stabilize or destabilize

the NCC open state. Ligand plugging at the ligand sensing residues of NCC will

stabilize/destabilize its open state gating mechanism and therefore could play an

important role in the ion channelopathies [3–16].

Neuronal VGCCs are integral multimeric protein complexes found in presynaptic

membrane of neurons that mediate the selective passage of specific ions or

molecules across a cell membrane. Free intracellular Ca2+ is the most common

signal transduction element in cells [17]. An electrochemical gradient exists between

an extracellular and intracellular (cytoplasmic) Ca2+ concentrations and further these

enter the cytosol either through plasma membrane VGCCs or is released from the

intracellular pools. These channels are important in a diverse range of physiological

processes, including signal transmission in the nervous system, sensory perception,
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and regulation of vital systems, such as circulation. Under normal physiological

conditions, ion channels permit the orderly movement of ions across both plasma

and intracellular cell membranes. A number of disease states as well as cell death also

occur under pathologic conditions in which the disorderly movement of ions through

these channels dominates. The aberrant elevation of intracellular Ca2+ levels through

altered Ca2+ channel function is related to a variety of serious human pathophysiologi-

cal conditions, including cardiovascular diseases, muscle disorders, acute or chronic

pain, epilepsy, cerebellar ataxia, migraine,mood disorders, and certain types of cancer

[18]. Nowycky et al. by studying the Ca2+ current in dorsal root ganglion (DRG)

neurons gave the functional identification of NCC for the first time and its use in pain

research. The drug toward blocking this target further took 20 years by the discovery

of Priat by USA and Europe for the treatment of chronic pain [19].

NCC is located predominantly in neurons and is associated with a variety of

neuronal responses, including neurodegeneration. Experimental autoimmune enceph-

alomyelitis study in mice by Tokuhara et al. recently concluded the role of NCC in

mice neurodegeneration [20]. This channel role in cardiovascular disease was also

well known [21]. Neuropathic pain behavioral models in animal showed that NCC

blockers when administered via spinal cord attenuates hyperalgesia and allodynia

(pain due to stimulus) by mechanical, chemical, and thermal way of stimulation [22].

Further, this Ca2+ channel antagonist blockers are responsible for the hyperexcitability

of dorsal horn neurons and behavioral peripheral nerve damage (hyperalgesia) seen in

the animal models of inflammatory pain [23]. It was further established by Saegusa

et al. that NCC was a key target for continuous (persistent) pain by studying three

strains of a1B gene knockout mice with elevated neural processes of encoding and

noxious stimuli caused due to tissue or nerve injury [5].

Recent studies show that a ubiquitous form of G-protein modulation involves an

inhibition of classical voltage-dependent regulation ofmammalian Cav2.1 and Cav2.2

(NCC) channels [24]. VGCCs also affect the sensory neurons and many animals have

these neurons activated preferentially by stimuli with the potential to cause tissue

damage. In humans and other mammals, such sensory neurons are called nociceptors

and generate signals interpreted by the central nervous systemas pain. Thus, antagonist

binding toNCC decreases the pain related neurotransmitters leading to the suppression

of the signals causing neuropathic pain [1, 25]. Further, capsaicin-sensitive dorsal root

ganglion (DRG) neurons express a unique Cav2.2 splicing form, raising the possibility

of developing drugs that preferentially targetNCCs in primary afferent neurons. On the

contrary, it remains to be determined whether this splice variant is also expressed in

human DRG neurons and whether the encoded a1B subunit is localized at primary

afferent neuron terminals, where they would regulate neurotransmission [26].

Furthermore, it is also possible to develop a use-dependent blocker that selec-

tively regulates the DRG-specific NCCs. Success in that endeavor should produce

an analgesic with an even better safety profile. An important concern, however, are

those DRG neurons also express the more ubiquitous form of a1B subunits, in

addition to the specific variant. Which variant underlies synaptic transmission in the

setting of persistent pain remains to be determined. In any case, a more general use-

dependent blocker may be useful for alleviating pain as sympathetic postganglionic

neurotransmission is predominantly mediated through NCCs [1, 2].
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2 Overview of Neuronal Voltage-Gated Ca2+ Channels

Neuronal VGCCs are group of large multi-subunit ion channels with permeability to

the ion Ca2+ in response to membrane potential changes due to excitation of neurons

[27]. They constitute one of a group of superfamily of ion channels showing

sequence, topological and functional similarity [28]. These ion channels are

designated as voltage dependent in response to activation (open state) at depolarized

or inactivation (close state) at polarizedmembrane potentials. Excited neuronal cells

allow the entry of Ca2+ in response to membrane depolarization, resulting in

muscular contraction, hormone and neuro-transmitter release, cellular motility,

cellular growth and regulation, cellular damage and death and finally its survival.

VGCCs are well-studied membrane proteins and lot of information was avail-

able using electrophysiological, biochemical, pharmacological, and molecular biol-

ogy techniques. Based on the pharmacological studies, further categorization of the

channel family into L-, N-, P-, Q-, R-, and T- has been done. Also, in accordance

with the electrophysiological nature, these channels are classified into two types: (a)

high voltage-activated channels belonging to L-, N-, P-/Q-, and R-types, and

require higher depolarization current to be activated; (b) low voltage-activated

channel belonging to T-type which requires lower depolarization current to be

activated. These ion channels differ in function, activation/inactivation voltage,

conductance and sensitivity toward various drugs and toxins [29–31].

The biochemical and pharmacological significance of these five ion channels

toward disease cause is also well known. (a) L-type Ca2+ channels (LCCs) have

high activation threshold and have four subunit genes – Cav1.1, Cav1.2, Cav1.3, and

Cav1.4 (a1C, a1D, a1S and a1F). These channels express in neurons, endocrine,

skeletal muscle, and cardiovascular system, mainly responsible for cardiac

disorders. Specific LCC blockers are discovered, which include different classes

such as dihydropyridines, phenylalkylamines, and benzothiazepines. (b) P- and

Q-type Ca2+ channels (P/Q CCs) have high activation threshold and have one subunit

gene – Cav2.1 (a1A). These channels mainly express in neurons, and was responsi-

ble for epilepsy and migraine symptoms. Specific P/QCC blockers are discovered,

which include o-agatoxin IVA, o-conotoxin MVIIC and o-conotoxin GVIA. (c)

NCCs have high activation threshold and have one subunit gene – Cav2.2 (a1B).
These channels mainly express in neurons, and was responsible for pain symptoms.

Specific NCC blockers are discovered, which include o-conotoxin MVIIA, Prialt®

and AM336. (d) R-type Ca2+ channels (RCCs) have high activation threshold and

have one subunit gene – Cav2.3 (a1E). These channels mainly express in neurons,

and were responsible for diabetes symptoms. SNX-482 is a clinically validated

specific RCC blocker. (e) T-type Ca2+ channels (TCCs) have low activation thresh-

old and have three subunit genes – Cav3.1, Cav3.2, and Cav3.3 (a1G, a1H, and a1I).
These channels mainly expresses in neurons, smooth muscle and sinoatrial node,

and were responsible for arrhythmias, epilepsy, and pain. Specific TCC blockers are

discovered, which include nickel ethosuximide, zonisamide, mibefradil, and

kurotoxin.
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3 Structure and Mechanism of Action of N-Type

Voltage-Gated Ca2+ Channels

Neuronal NCCs are complex protein machinery with several different distinct

regulatory subunits composed of a1, a2-d, b, and g subunits. NCC is mainly

encoded by Cav2.2 gene, the pore forming a1B subunit and which in turn contains

the ligand sensing residues. This subunit is essential for NCC functions, and which

in turn control the channel properties. a1B subunit is primarily expressed in the

neuron of spinal cord, that is at the terminals of peptidergic primary afferent

neurons and projecting to the superficial laminae of its dorsal horn [32].

The a1 subunit pore with molecular mass of 190 kDa is the primary hydrophobic

subunit gene necessary for channel functioning, and it incorporates the conduction

pore, the voltage sensor and gating apparatus, with known sites of channel regula-

tion by second messengers, drugs, and toxins [33]. This subunit is characterized by

four homologous I–IV domains having six transmembrane helices (S1–S6) each.

The voltage sensor of the channel lies at S4 segment and each third and fourth

amino acid of this segment contains positive arginine and lysine residue [34].

Transmembrane segments S5 and S6 in each domain have different pore loops,

which controls its ion conductance and selectivity. In each pore loop due to the

negatively charged residues such as glutamate is exquisitely Ca2+ selective. The

channel pore called P-region is created by four glutamate residues located centrally

in the Ca2+ channel of a1 subunit gene. The movement of Ca2+ between pore and

cell occurs, that is in the middle of the pore. Ca2+ is then shifted into the cell after

binding of second Ca2+ in the pore region. The auxiliary subunits a2-d, b and

g subunit genes present in these ion channels modulate the properties of the NCC

complex [35, 36] (Fig. 1).

Fig. 1 Schematic representation of a1B subunit of voltage-gated Ca
2+ channels. The pore-forming

a1B subunit has four repeat domains (I–IV) connected by linker regions, each repeat domain has

six transmembrane segments (1–6)
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Inflammation and injury of a nerve will directly lead to the upregulation of

the a1B subunit. It was also well known that the toxins that block NCC affect the

peptidergic primary afferent neuronal function by reducing the release of the

glutamate and neuropeptides from its terminals [37]. The dorsal horn neuron

stimulus activity was also controlled by this process and it was mainly affected

with the injured nerve identified in the rat model system [38]. Recently, it was also

established that a1B subunit gene knockout mice showed various abnormalities in

neurophysiological functions, such as locomotor activity, memory loss, and senso-

rimotor gating [39].

4 Review of Literature/Patent Survey on NCC Blockers

Selective NCC blockers could be used as therapeutic agent for the treatment of pain.

Blockade of NCCs has recently been shown for the treatment of the chronic pain

associated with cancer, AIDS, and neuropathy. Several drugs (or NCC blockers) are

in different stages of drug discovery program, and is depicted in Table 1.

1. Ziconotide (also known as SNX111 or Prialt) an FDA approved drug is a potent

and selective NCC blocker and is a synthetic version of o-Conotoxin MVIIA

derived from marine snail Conus magus. It was administered intrathecally and

act as a novel nonopioid for the treatment of chronic pain [40]. This drug has

demonstrated efficacy in animal models of traumatic brain injury, focal cerebral

ischemia, and chronic pain [41, 42]. However, to minimize the adverse effect of

this drug ,it was administered only via intrathecal route.

2. Morphine (also known as avinza, roxanol) is a potent narcotic pain reliever used

to treat moderate to severe pain. It is found in opium plant and is produced early

in its life cycle. It acts directly in the central nervous system for pain relief.

However, morphine has a high potential for physiological dependence, addic-

tion, and tolerance due to binding to opioid receptors. Adverse effects of this

drug include respiratory depression, renal failure, and constipation [43].

3. Gabapentin (also known as neurontin) drug was developed for the treatment of

epilepsy, but is now widely used to relieve neuropathic pain. This drug is a

useful alternative in the treatment of a number of different neuropathic pain

syndromes, including diabetic neuropathy, postherpetic neuralgia, trigeminal

neuralgia and migraine. In vitro study showed that it binds to the NCC a2-d
subunit for its down regulation [44, 45].

4. NMED160: The lead compound developed by Neuromed company hopes for the

new generation of pain killers. NMED160 is in phase-II clinical trial, which

directly blocks the NCC by decreasing the Ca2+ concentrations in the neuron and

releasing the neurotransmitters from synaptic vesicles [46, 47].

5. o-Conotoxin CVID (also known as AM336) is a 27 amino acid peptide isolated

from the venom of Conus catus and is a selective NCC blocker with high
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therapeutic index. Chronic pain associated with cancer disease could be effec-

tive by treating it intrathecally with this peptide [48, 49].

6. ZC-88: A novel nonpeptide NCC blocker is found to be very useful for the

treatment of acute and neuropathic pain. Recently, Meng et al. have synthesized

compound ZC88, which inhibited Ca2+ currents mediated by NCC with high

potency and high selectivity. It blocked recombinant human NCC transiently

expressed in HEK-293 cells with 0.45 � 0.09 mM of IC50 value [50]. This

compound had notable oral analgesia and antiallodynia for acute and neuro-

pathic pain. It can be used alone or in combination with opioids because it

enhanced morphine analgesia while preventing morphine-induced tolerance and

physical dependence.

Pharmaceutical companies have patented many NCC blockers for the treatment

of neuropathic pain and cerebral ischemia. Some of these NCC patent reports are

depicted in Table 2 [1, 50]. Antihypertensive drug cilnidipine was reported by

Takahara et al. group which is a 1,4-dihydropyridine derived long acting dual CCB,

which inhibits both LCC and NCC [51]. Yamamoto et al. group has recently

discovered novel series of 1,4-dihydro-pyridines and cyproheptadines as potent

Table 2 Some patent reports on selective N-type Ca2+ channel blockers

Compound NCC activity Patent no./year Experimental assay/technique

Pfizer 2 0.048 mM WO 07125398/2007

In vitro assay using HEK293

cells transfected with

NCC. A patch clamp

technique was used

Neuromed

1(NMED-160,

MK-6721) 0.04 mM
WO 01045709/2001

WO 06105670/2006

Neuromed 2 0.17 mM WO 04089377/2004

Neuromed 3 0.14 mM WO 07071035/2007

Neuromed 4 0.09 mM WO 0804318/2008

Neuromed 5 0.06 mM WO 04089922/2004

Neuromed 6 0.38 mM WO 04105750/2004

Neuromed 7 0.32 mM WO 08031227/2008

Neuromed 8 – US 7507760/2009

Formula I >20 mM WO/2010/014257

Merck 1 Not available WO 07084394/2007

Not available

Merck 2 Not available WO 08066803/2008

Merck 3 Not available WO 07075524/2007

Merck 4 Not available WO 08133867/2008

Euro-Celtique 1 0.13 mM WO07110449/2007

In vitro assay using IMR32

human neuroblastoma cells

Euro-Celtique 2 0.39 mM WO06040181/2006

Euro-Celtique 3 0.10 mM WO07118853/2007

Euro-Celtique- Shionogi 1 0.19 mM WO07118854/2007

Euro-Celtique- Shionogi 2 0.080 mM WO08008398/2008

Euro-Celtique- Shionogi 3 0.210 mM WO08150447/2008

Purdue 1 0.46 mM WO08124118/2008

Euro-Celtique 4 0.34 mM WO07085357/2007

Euro-Celtique 5 0.23 mM WO07028638/2007
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and selective NCC blockers [52]. This group also performed SAR study on 2-, 5-,

and 6-position of 1,4-dihydropyridine derivatives to identify selective and an

injectable NCC blockers with high aqueous solubility [53]. Structure–activity

study of L-cysteine-based NCC blockers was carried out by Seko et al. and selec-

tivity toward this channel over LCC was established [54].

Lars et al. also reported recently, synthesis and SAR of novel 2-arylthiazo-

lidinones as selective NCC blockers [55]. Selective NCC blockers belonging to

4-amino-piperidine derivatives were analyzed by Zhang et al. for potent analgesic

activity in animal models [56]. Tendori et al. have performed design, synthesis, and

preliminary pharmacological evaluation of 4-aminopiperidine derivatives

containing the structural motifs of verapamil and flunarizine as NCC blockers for

the treatment of pain [57]. Gerald et al. performed flunarizine and lomerizine

scaffold-based design and synthesis of potent NCC blockers, which showed good

efficacy toward central nervous system in rat seizure model [58]. Structure–activity

relationship study of diphenylpiperazine NCC inhibitors exhibiting both

antiallodynic and antihyperalgesic activity was carried out by Hassan et al. for the

treatment of neuropathic pain in the spinal nerve ligation model of rat [59] (Table 2).

5 Chemoinformatics Study on NCC Blockers

In silico techniques such as QSAR modeling, molecular docking, pharmacophore

mapping, and virtual screening have proven their usefulness in pharmaceutical

research for the selection/identification and/or design/optimization of new chemical

entities. QSAR is one of the most important areas in chemoinformatics and its

advances have widened the scope of rational drug design and the search for the

mechanism of drug action. It is a well-established fact that the chemical and

pharmacological effects of a compound are closely related to its physicochemical

properties, which can be calculated by various methods from the molecular struc-

ture. Once a reliable QSAR model is created, it is possible to predict the activity of

new molecules, and to learn, which structural factors play an important role in the

modeled biological response. A reliable QSAR model can also identify and

describe important structural features of the molecules that are relevant to

variations in molecular activities. These models are useful because they rationalize

a large number of experimental observations and allow for saving both time and

money in the drug discovery process. In addition, in silico methods can expand

screenings to molecules that do not exist physically in the chemical collections,

therefore compensating for some of the most important limitations of the high-

throughput methods. Several excellent case studies and review articles were

published in this field of research [60–68]. Gupta et al. developed 2D-QSAR

models for diverse classes of CCBs. These models have the ability to identify and

describe important physicochemical features of the molecules that underpin

variations in its molecular activity [69, 70].
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The pharmacophoric features of NCC blockers are case specific and depend on

the studied class of compounds. There exists structurally diverse class of NCC

blockers having different scaffolds with no representative structural moiety, which

includes (a) peptide and L-cysteine based moiety, (b) aryl heterocyclic moiety, (c)

arylsulfonamide moiety, (d) benzhydryl moiety, (e) branched tert-butyl or isopropyl

moiety, (f) piperazine and 4-aminopiperidine moiety, (g) 1,4-dihydropyridine moi-

ety, (h) tetrahydro isoquinolines, and (i) cyproheptadine derivatives. The general

observation of this diverse class of compounds showed commonly the lipophilic

character and the presence of single basic nitrogen in the structure [1].

Over the past few decades, a variety of in silico models for NCC blockers have

been developed by different research groups to improve selectivity and ADME/T

properties. Recently, we have developed robust 2D-QSAR model to determine the

biological activity of different scaffolds of 104 nonpeptidyl derivatives acting as

NCC blockers. The NCC blocking potency (IC50) values were measured under the

same experimental conditions using a fluorescence-based Ca2+ flux assay in IMR32

human neuroblastoma cells [71].

2D-QSAR analysis was performed to explore the structure–activity relationship

of different scaffolds of nonpeptidyl derivatives acting as NCC blockers. These

blockers possess a variety of scaffolds (A, B, C, D, E and F), di-substituted with

different R and X groups and is presented in Fig. 2.

Recently, genetic function algorithm (GFA) has gained great popularity in

QSAR research. In this study, GFA method developed by Rogers and Hopfinger

[72] was employed to select the relevant descriptors and to generate different

QSAR models. Sensitivity analysis on QSAR models was then performed, and

the best model developed can be used for predicting test set compounds that were

not included in the training set compounds.
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Fig. 2 Six different scaffolds (A–F) of N-type Ca2+ channel blockers (From [71]. With permis-

sion from Springer)
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Three classes of descriptors: electrotopological, thermodynamic, and structural

were considered for statistical fitting of NCC blockers using the GFA methodology,

implemented in Cerius2 software [73]. The electrotopological descriptors are

numerical values computed for each atom in a compound and which encode

information about both topological environments of that atom and electronic

interactions due to all other atoms in the compound. The topological relationship

is based on the graph distance to each atom. The electronic aspect is based on

intrinsic state and perturbation due to intrinsic state differences between atoms in

the compound [74, 75]. Thermodynamic descriptor describes energy of compounds

and their conversions. Selection of descriptors is based on their correlation with

NCC blocking activity and capability of producing multiple linear regression

models with moderate correlation coefficients. A statistically meaningful QSAR

model was constructed by checking the variation of different statistical parameters

against the number of descriptors. Details of the descriptors, QSAR equations, and

analysis are available in our previously published work [71].

The QSARmodel was created on a training set of 83NCC blockers, and validated

by a test set of 21 NCC blockers. The model was developed using Atype_C_24,

Atype_N_68, Rotlbonds, S_sssN, and ADME_Solubility information-rich

descriptors, which play an important role in determining NCC blocking activity.

Among these, Atype_C_24, Rotlbonds, and S_sssN descriptors correlated positively

with activity, while Atype_N_68 and ADME_Solubility descriptors correlated

negatively with NCC blocking activity. These descriptors provided insight into the

physicochemical requirements necessary for designing potent NCC blockers.

The robustness of the developed 2D-QSAR models obtained by GFA method was

evaluated using a cross-validation strategy involving different techniques. This model

was further validated using the leave-one-out cross-validation approach, Fischer

statistics, Y-randomization test, and predictions based on the test data set [76, 77].

Y-randomization test confirms whether the model is obtained by chance correlation,

and is a true structure–activity relationship to validate the adequacy of the training set

compounds. The resulting descriptors produced byQSARmodel were used to identify

physicochemical features relevant to NCCblocking activity. The predictive properties

of the developed model were more rigorously tested by predicting the NCC blocking

potency of external test set of 21 compounds, details available elsewhere [71].

2D-QSAR model is statistically significant and explains more than 95% of

the variance in the actual (experimental) activity with good predictive power [71].

The structural and electrotopological index descriptors were found to play a major

role in determining NCC blocking activity. The atom-type descriptors and rotational

bond highlight the significance of spatial aspects in designing these blockers. The

influence of electrotopological descriptor S_sssN was promising, and showed that

the tertiary nitrogen with its linear aliphatic amine contributions must be taken into

account when designing new inhibitors against this channel [71]. Analysis of atom-

wise contributions to hydrophobicity will probably help to appropriately take into

account those atom types that are essential for determining NCC blocking activity.

Type, definition, and meaning of these five descriptors are described below

along with their importance in understanding the NCC blocking activity.
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(a) Rotlbonds is a structural descriptor and indicates number of rotational bonds in a

compound. The molecular activity and the number of rotatable bonds in the studied

compounds can be broadly correlated, and this descriptor showed positive correla-

tion with NCC blocking activity in QSAR model. On the basis of number of

rotatable bonds, the “Opera” rule needs to be specified, which in turn contribute

to the structural flexibility of the compound required for attaining bioactive confor-

mation for drug-like compounds [78]. (b) Thermodynamic descriptor, Atype_C_24

is one of the atom types AlogP descriptor that appeared in QSAR model. In this

descriptor, the C atom in the compound is linked in R– –CR– –R manner, where

R represents any group linked through carbon and “– –” represents aromatic bonds

as in benzene or delocalized bonds like the N–O bond of a nitro group [79, 80].

Atype descriptors are thermodynamic descriptors defining the presence of that type

of atom in the compound. Various atom type AlogP descriptors can be used to

calculate the logP of compounds. In this strategy, halogens and hydrogen are

classified according to the hybridization and oxidation state of the carbon to

which they are bonded; carbon atoms are classified by their hybridization state

and the chemical nature of their neighboring atoms. In other words, the aromaticity

associated with the C atom as part of the aromatic ring is favorable for NCC

blocking activity. Thus, the positive slope of the Atype_C_24 descriptor in

QSAR model revealed that NCC blocking activity increases with an increase in

hydrophobicity associated with this carbon. (c) Another thermodynamic descriptor

S_sssN also appeared in NCC QSAR model, and is defined as the summation of the

electrotopological indices for all the N atoms present in a compound that is

connected by three single bonds except hydrogen. Zhihua et al. [74] showed that

for peptide analogues electrotopological descriptors have both excellent structural

selectivity and activity estimation. The numerical values of electrotopological

descriptors computed for each atom in a compound encode information about

both the topological environment of that atom and electronic interactions due to

all other atoms in the compound. The topological relationship is based on the graph

distance to each atom. The electronic aspect is based on the intrinsic state and

perturbation due to the intrinsic state differences between atoms in the compound

[74, 75]. The developed NCC QSAR model revealed a positive correlation with the

descriptor S_sssN, suggesting that the nature of the electronic environment in this

compound is necessary for potent NCC blocking activity.

The other two descriptors ADME_Solubility and Atype_N_68 selected by QSAR

model exhibited a negative correlation with theNCC blocking activity, as discussed in

detail below. (d) ADME_Solubility belongs to the ADME set of descriptors, and

is defined as the base 10 logarithm of the molar solubility of each compound in water,

predicted by linear regression methodology [81]. The presence of this descriptor

in QSAR model was correlated with a negative contribution toward NCC blocking

activity. (e) Atype_N_68 descriptor is of atom-type and is defined as N present in

an Al3N context in the compound. Al represents aliphatic groups and the

N atom linked with the three aliphatic groups in the compound (tertiary nature). The

negative slope of this descriptor in QSAR model revealed that NCC blocking activity

decreases with an increase in hydrophobicity associated with this nitrogen [71].
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The most potent compounds are present in the scaffold D group (D1 and D2),

shown in Fig. 3. The contribution of the electronic environment of the descriptor

S_sssN in these two compounds has similar chemical features, as reflected in its

R– and X– substitutions. The presence of this descriptor is very important for the

potent activity of these compounds, which was further confirmed by the positive

slope in QSAR model [71]. Further, the functional groups attached at the R region

in compounds D1 and D2 have aromatic features, and do not completely follow the

nature of the chemical environment of the Atype_N_68 descriptor. In other words,

compoundD1 has aliphatic amine groups, which are secondary in nature and do not

strictly follow the Al3N manner. In support of this observation, this descriptor also

showed a negative slope in QSAR model [71].

The scaffold D group also has the least potent compound D3 shown in Fig. 3

with an IC50 value of 13 mM, which is 1,000-fold less potent than compound D1.

The presence of an Atype_N_68 descriptor type chemical feature might be the key

point determining the low activity of compound D3. In compound D3, the R-Me

group substitution is strictly in accordance with the chemical nature of the

Atype_N_68 descriptor. This compound also has two other substitutions with

the same chemical features in the X-region, favoring lower activity [71, 82].

We also analyzed the contribution of different descriptor values in QSAR model

for S_sssN and Atype_N_68 descriptors, w.r.t the most potent compoundsD1 andD2

aswell as that of the least potent compoundD3. These valueswere usedmainly for the

development ofQSARmodel and are very significant in distinguishing between potent

and less potent NCC blockers. The details of these analyses are reported earlier [71].

2D-QSAR modeling can help in determining which parts of a compound can be

modified to increase affinity and efficacy, providing valuable guidance in the drug
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Fig. 3 Chemical structure of the two most potent N-type Ca2+ channel blockers D1 and D2, and

least potent blocker D3 (From [82]. With permission from Elsevier)
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discovery process [69–72, 83, 84]. These models are useful because they rationalize

a large number of experimental observations, and allow saving of both time and

money in the drug design process, and represent a step forward in the in silico

identification of potent NCC blockers.

The lessons learned from the QSAR analysis is that mapping the chemical space

of known NCC blockers has shed some light on the structural aspects of ligands

consistent with the channel blocker profile. Also, we have noticed that large number

of diverse class of NCC blockers have high flexible linkers and connect various

molecular fragments. Due to the high flexibility of the NCC blockers, the bioactive

conformation adopted seems to be compatible with the large binding pore region in

the channel. Thus, blocker rigidification seems to be a proper solution for

overcoming the channel complexity.

Also, much information exists for blockers of NCC with different structural

diversity. The ongoing medicinal chemistry optimization program to synthesize

potent leads has direct impact on this information. The computational model based

on literature data therefore provides a potentially valuable tool for discovery

chemistry as future compounds may be synthesized that are potent NCC blockers.

The scope of our 2D-QSAR model [71] is interesting in light of the complexity of

the NCC states. Possibilities for additional physicochemical features not covered by

our QSAR models are entirely plausible given the complexity of the NCC, its state-

dependent conformational changes, and its interactions with the membrane and

other proteins. Furthermore, factors such as membrane permeation required for

accessing the intracellular lumen of the NCC and possible shifts in local pKa due to
changes in membrane potential further complicate the problem of predicting NCC

inhibitory activity. The ability to locate and describe these alternative NCC active

sites is likely to come from a concerted effort of in vitro, in vivo, and in silico

experiments such as site-directed mutagenesis, radioligand competition assays,

theoretical channel modeling, and ultimately membrane structural biology.

The present results can be used to flag commercial libraries overly enriched with

predicted NCC platform-specific channel blockers. In addition to this the in vitro

and in vivo models are very labor-intensive, expensive, and not widely available.

Nevertheless, it is hoped that our 2D-QSAR model can be used as a preliminary

guidance for explaining NCC liabilities in early lead candidates as well as for

designing out properties that promote NCC blocking in such compounds [71].

6 Need for NCC Blockers

Pain is an unpleasant sensory and emotional experience associated with actual or

potential tissue damage. Depending on the etiology and pathophysiology, it is

categorized as acute pain and chronic pain. Acute pain is self-limiting and serves

as protective biological function by acting as a warning of on-going tissue damage,

while chronic pain is itself a disease process. Although acute pain may occur with

cancer and neurological diseases. Neuropathic pain is a common type of chronic
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nonmalignant pain and remains a clinical challenge for treatment. Pharmacotherapy

is the mainstay for treating neuropathic pain. The numerous analgesic compounds

currently available are largely ineffective for chronic nerve pain and can control

many short-term aches and pains. Even the most potent painkillers available,

known as narcotics or opioids, cannot adequately treat some people’s lasting

pain. Medications from several different drug classes are used to treat neuropathic

pain, including topical agents, tricyclic antidepressants, anticonvulsants, and

nonopioid analgesics. Anticonvulsant drugs for epilepsy sometime are used to

reduce the pain by decreasing the nerve cell excitability, but have serious side

effects such as lethargy, fatigue, clouding of mental state and weight gain [85–87].

The treatment of chronic and neuropathic pain remains an area of utmost

priority. NCC has long been recognized as suitable targets for pain management.

Strategies for direct inhibition of NCC by peptide toxins and small organic blockers

have been realized only recently. Moreover, potential ways to target specifically

and selectively the NCC are not fully exploited. One of the main reasons could be

due to the nonavailability of the experimental structure of NCC [1].

The most selective inhibitors of NCC known to date do not cross the blood–brain

barrier. So synthetically feasible small drug-like compounds, which can selectively

inhibit NCCwas essential for the treatment of pain in different diseases. Further, to be

maximally useful in treatment, it is also helpful to assess the side reactions (adverse

drug action), which might occur. Thus, in addition of being able to modulate a

particular Ca2+ channel, it is desirable that the compound has very low activity with

respect to the hERG K+ channel inhibition. Compounds that block this channel with

high potency may cause cardiotoxicity, which are fatal [63]. Similarly, it would be

undesirable for the compound to inhibit Cytochrome P450 enzymes, since these

enzymes are required for drug detoxification. Finally, the compoundwill be evaluated

for Ca2+ ion channel-type specificity by comparing its activity among various other

types of Ca2+ channels, as described earlier, and specificity for one particular channel

type is preferred. The compounds which progress through these ADME/T tests

successfully are then examined in animal models as actual drug candidates [88, 89].

7 Conclusions and Future Prospective

The voltage-dependent NCCs act as an important target in the pain pathway. Several

NCC blocking small-molecule compounds and their clinical as well as preclinical

efficacies have been tested and reported. Inhibitory activity of all currently remerging

small molecule NCC blockers is mostly within the submicromolar to micromolar

range, which are not comparable to those of peptide drugs. It still remains to be

determined whether the inhibitory activity of these organic blockers can lead to an

efficacious clinical potential similar to ziconotide, and how their unique selectivity/

specificity over other type of channel improves the ADME/T profile and efficacy

in human.
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Abstract Chloride ion channels have been found to play crucial roles in the

development of human diseases, for example, mutations in the genes encoding

Cl� channels lead to a variety of deleterious diseases in muscle, kidney, bone, and

brain, including myotonia congenita, dystrophia myotonica, cystic fibrosis,

osteopetrosis, and epilepsy, and similarly their activation is supposed to be respon-

sible for the progression of glioma in the brain and the growth of malaria-parasite

in the red blood cells. Thus, the study of the structure, function, and blockers of
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Cl� channels seems to be of great importance. This article therefore presents all

important classes of Cl� channels with a detail of their structures, functions, and

blockers.

Keywords Chloride ion channels • Ion channels • Chloride ion channel

blockers • CLC chloride channels • Cystic fibrosis transmembrane conductance

regulator • CaCC channels • Ligand-gated Cl� channels • Chloride intracellular

channels • Bestrophins

Abbreviations

CaCC Ca2+-activated chloride Cl� channels

CFTR Cystic fibrosis transmembrane conductance regulator

CLCs Cl� channels

CLICs Chloride intracellular channels

CTB Cynotriphenylborate

Cyclic-AMP Cyclic adenosine monophosphate

Cyclic-GMP Cyclic guanosine monophosphate

DIDS 4,40-Diisothiocyanostilbene-2,20-disulfonate
DNDS 4,40-Dinitrodisulfonic stilbene
ENaC Epithelial Na+ conductance

ER Epithelium reticulum

GABA g-Aminobutyric acid

GST Glutathione S transferase

HEPES 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid

IAA Indanylooxyacetic acid

LGICs Ligand-gated ion channels

MOPS 3-(N-morpholino)propanesulfonic acid

NBFs Nucleotide binding folds

ORCCs Outward rectifying chloride channels

PTN Picrotin

PTX Picrotoxin

PTZ Pentylenetetylenetetrazole

SITS 4-Acetamide-40-isothiocyanostilbene-2,20-disulfonate
TMs Transmembrane domains

WT Wild type

1 Introduction

Ion channels are the channels situated in the cell membrane that allow the ions, such

as Na+, K+, Ca2+, Cl� to pass from one side of the membrane to the other side. Thus,

they constitute the crucial components of the living cells and figure in a wide
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variety of biological processes that involve changes in the cells. Such processes are,

for example, cardiac, skeletal, and smooth muscle contraction, epithelial transport

of nutrient ions, T-cell activation, and pancreatic b-cell insulin release. The

overactivation of these channels leads to several diseases and hence their inhibitors

constitute several important classes of drugs.

Ion channels have been named depending upon what ion they let pass (e.g., Na+,

K+, Ca2+, Cl�). Among them, chloride ion channels are pore-forming membrane

proteins that allow the passive transport of Cl� across biological membranes. They

are ubiquitously expressed in almost all eukaryotic cells [1]. Voltage-gated and

ligand-gated ion channels represent major classes of pharmacological receptors [2].

Voltage-gated ion channels open and close in response to membrane potential and

ligand-gated ion channels (LGICs), also called ionotropic receptors, open in

response to specific ligand molecules binding to the extracellular domains of the

receptor protein. Ligand binding causes a conformational change in the structure of

the channel protein that ultimately leads to the opening of the channel gate and the

subsequent ion flux across the plasma membrane. Chloride ion channels involve

both the mechanism, voltage-gated and ligand-gated, to transport the ions.

Chloride ion channels have been found to play crucial roles in the development

of human diseases [3]. Mutations in the genes encoding Cl� channels have been

found to be responsible for the development of a variety of deleterious diseases in

muscle, kidney, bone, and brain, including myotonia congenita, dystrophia

myotonica, cystic fibrosis, osteopetrosis, and epilepsy [3]. The activation of Cl�

channels has been found to be responsible for several diseases. There is growing

evidence that the progression of glioma in the brain and the growth of the malaria-

parasite in the red blood cells may be mediated through Cl� channel activation

[4–8]. Thus, the study of structure, function, and blockers of Cl� channels seems to

be of paramount importance. This article presents a review on all such aspects of

this important class of ion channels.

2 Classification of Cl� Channels

Chloride ion channels have been classified according to their gating mechanisms,

which may depend on changes in the membrane electrical potential, activation of

a protein kinase, increase in intracellular Ca2+ levels, and binding of a ligand. Thus,

there are four groups of Cl� channels termed as CLC chloride channels, cystic

fibrosis transmembrane conductance regulator (CFTR), Ca2+-activated Cl�

channels (CaCC channels), and ligand-gated Cl� channels, respectively. Although

the Cl� channels can also be activated by an increase in cell volume, extracellular

acidification, the degree of phosphorylation, and the binding of ATP, only CLC,

CFTR, and g-aminobutyric acid (GABA)-activated (a ligand-gated) Cl� channels

have been well recognized [9]. However, a new class of Cl� channels, known as

chloride intracellular channels (CLICs), has also been reported [10, 11]. CLICs

have been found to be widely expressed in different intracellular compartments,
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having distinct properties, such as the presence of a single transmembrane domain

and the dimorphic existence: either as a soluble globular protein or as an integral

membrane protein. They are relatively new class of putative ion channel proteins

that differ from other classes of channels in their primary structure, and in the

transmembrane region of their tertiary structure. We now thus discuss here all

important classes of Cl� channels as mentioned.

2.1 The CLC Chloride Channels

CLC Cl� channels form a large gene family that is found in bacteria, archae, and

eukaryotes. They constitute the only class of Cl� channels that are conserved from

bacteria to man. Mammals have nine different CLC genes, which, based on

homology, are grouped into three branches. The first branch contains ClC-1,

ClC-2, ClC-Ka, and ClC-Kb that exert their function in the plasma membrane.

The second branch is composed of ClC-3, ClC-4, and ClC-5, and the third branch

has ClC-6 and ClC-7. These two branches function primarily in intracellular

membranes.

All CLC Cl� channels have a dimeric structure formed from two homologous

pore forming proteins having molecular weights between ~60 and 110 kDa. This

dimeric structure of CLC channels was deduced from electrophysiological analysis

of wild-type (WT) and mutant channels [12–16], using sedimentation analysis and

chemical cross-linking [14, 17], which has now been confirmed by crystal

structures [18, 19]. However, this dimeric structure of Cl� channels was first

indicated by the biophysical analysis of a channel reconstituted from Torpedo
electric organ [12]. The compelling evidence for a dimeric structure of CLC

channels was provided by single-channel analysis of mutant/WT ClC-0 heteromers

[15, 16] as well as of ClC-0/ClC-1 and ClC-0/ClC-2 concatemers [20]. Even

a bacterial CLC protein obtained from E. coli was shown to be a dimmer [21].

Some CLC-proteins (e.g., ClC-1 and ClC-2) can form heterodimers [20, 22]

in vitro, but it is not clear whether this also happens in vivo.

By a detailed biophysical study, Miller [23] proposed a “double-barrel” model

for ClC-0 channels, which stated that this channel has two identical pores, which

gate independently, but which can also be closed together by a slower, common

gate. Also, there is a common “gate” that closes both the pores at the same time.

ClC-1 and ClC-2 were also reported to behave as “double-barreled” channels

[22, 24]. A brief review of CLC channel gating and the “double barrel” model

has been presented by Estévez and Jentsch [25] and by Jentsch et al. [9].

2.1.1 Topological Features of CLC Channels

A definitive picture of topological features of CLC channels has been identified by

their crystal structure [18]. Some previous biochemical studies on CLC topology
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had given a very confusing picture. The crystal structure study by Dutzler et al. [18]

on two bacterial proteins (EcClC from E. coli and StClC from S. typhimurium)
pictured out a dimer with two identical subunits, each of which encloses a pore.

Based on this bacterial study, the membrane topology of CLC channels can

be schematically represented as Fig. 1 [9]. Each CLC subunit is composed of 18

a-helices, most of which do not cross the membrane entirely. Each subunit has an

internal structural repeat, for example, helix B corresponds to helix J; C

corresponds to K, and so on, and the two repeated halves have an antiparallel

orientation, and are directly linked between helices I and J. In the dimeric “double-

barreled” structure of CLC channels as seen in the crystal, the two repeated halves

of each monomer contact each other at helices C and K, and H and P, respectively.

The H–P interaction is supposed to be strong enough for channel assembly, as when

the channel was split between helices J and L, or L and M, respectively,

coexpression of the fragments resulted in functional channels.

The helices H and P (also P and H) exist in the center of the channel and face

each other at the interface between the monomers. Helices H and P link the two

repeated halves within the each monomer and, likewise, helices I and Q (and Q

and I) make intersubunit contacts. Thus, several helices are observed to make

contacts between the two subunits. The cytoplasmic helix A, which is resolved in

Fig. 1 A schematic representation of CLC channels as deduced from bacterial crystal structure

study [18]. A to R refer to new nomenclature of helices, while D1 to D12 refer to the old one. The

old model had the helices as indicated by shaded areas and dashed lines. Reprinted with

permission from [9]. Copyright 2002 the American Physiological Society
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only one of the two subunits, has been revealed in the crystal structure coming close

to the cytoplasmic end of the helix R of the other subunit. However, the two

monomers of the CLC channel are tilted by 45� towards each other. With all such

observations, however, the biochemical topology studies of CLC channels remain

inconclusive, because of which sometimes complications arise in interpreting the

effects of mutations [26].

2.1.2 The Pore, Gating, and Cl� Permeation of CLC Channels

Although it is stated that the dimeric structure of CLC channels have two pores, but

which protein segments line the pores have not yet been fully identified. The CLC

pore is assumed to be formed by a single subunit [20], where it must be lined by

different, nonhomologous parts of a single protein. This is in contrast to K+

channels, where four identical or homologous “P loops” contribute to the perme-

ation pathway. From the crystal structure study, it has been found that the various

regions of the protein come together to form the pore. Four anti-parallel helices

extend from the inside and the outside into the center plane of the membrane and the

Cl� is coordinated by residues at the ends of these residues, which contain highly

conserved regions from the amino terminals of helix D (GSGIP), helix F (GREGP),

helix N (GIFAP), and an amino acid from helix R (Ty445, StClC numbering) [25].

From some transplantation experiments, it was however hypothesized that the

region between helices E and F directly lines the pore [27], but its role in perme-

ation and gating is poorly understood.

Regarding the gating of CLC channels, it is said that most CLC proteins that can be

expressed functionally show voltage-dependent gating [9]. The charged amino acids

in CLC trans-membrane domains are supposed to act as voltage sensors, and it

has been indeed proposed that an aspartic acid at the extracellular end of helix B

acts as a voltage sensor in ClC-1 [28]. However, themost thorough study on gating has

been made for ClC-0 because of its relatively high channel conductance (~10 ps) and

relatively simple gating [9]. It has fast gating that is two-state process with

monoexponential kinetics. The ClC-0 opening is promoted by its substrate Cl�.
An unusual gating model for ClC-0 has also been proposed by Pusch et al. [29] in

which the binding of Cl� to a site deep within the pore promotes the opening (voltage-

independent) of the channel. This results in voltage-dependent gating, as chloride ions

have to travel along the electric field to reach this site. The voltage-dependent gating

of many CLCs is strongly modulated by extracellular anions and pH [29–35].

The binding of Cl� to the channels involves the nitrogen and oxygen atoms of the

protein. The ions are coordinatedwith nitrogen atoms ofmain chain amino acid amide

groups of Ile 356, Phe 357 (helix N) and with the oxygen atoms of the side chain of

Ser107 (helix D) and Tyr 445 (helix R). The oxygen atom of Ser107 is also involved in

the formation of a hydrogen bond with the accompanying Ile109 of the same

conserved region, allowing a higher degree of polarization. The Cl� permeation,

however, can be blocked when the side chain of a glutamate residue at the start of

helix F projects into the pore on the extracellular side from the chloride binding site.
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This phenomenon, however, provides the structural basis for the “fast” Cl�-dependent
gating of CLC pores [29, 30]. It is possible that Cl� opens the gate by dislodging the

side chain. The glutamate is conserved in nearly all CLC proteins, with the notable

exception of ClC-K channels, where it is replaced by valine or leucine. Although

several studies support such a role of glutamate in gating, it cannot be generalized.

2.1.3 Specification of CLC Family Members

The CLC family consists of nine separate genes, ClC-1,-2, . . ., -7, ClC-Ka and

ClC-Kb. Based on the homology and function, they are grouped into three clusters.

The first cluster consists of ClC-1, ClC-2, ClC-Ka and ClC-Kb, the second one

consists of ClC-3, ClC-4 and ClC-5, and the third one consists of only ClC-6

and ClC-7. While the members of the first cluster exert their function in the plasma

membrane, those of second and third function primarily in intracellular mem-

branes. A brief description of tissue distribution, presumed functions and the

human diseases associated with each member is given below.

ClC-1: A muscle-specific Cl� channel, found in skeletal muscle, stabilizes the

membrane voltage, and its mutational inactivation leads to myotonia in humans and

mice [36, 37].

ClC-2: A broadly expressed channel activated by hyperpolarization, cell swelling,

and acidic pH. Its role is not very clear but a role of it in transepithelial transport is

suggested from the testicular and retinal degeneration inmice from its disruption [38].

ClC-Ka/Kb: These are two renal Cl� channels that function ( in a heteromeric

complex with barttin, a b-subunit of Cl� channel [39]) in transepithelial transport

in the kidney and the ear. The mutations in them or in their b-subunit barttin cause

Bartter Syndrome associated with kidney failure and deafness [40, 41].

ClC-3: It is expressed in endosomes in many cell types and in synaptic vesicles.

Mutations in ClC-3 in mice result in neurogeneration [42].

ClC-4: It is a poorly characterized vesicular channel, not much is known about it.

ClC-5: It is expressed primarily in the renal proximal tubule where it co-

localizes with markers of early apical endosomes [43, 44].

Mutations in ClC-5 lead to Dent’s disease, a renal defect associated with low-

molecular-weight proteinuria, hyperphosphaturia, hypercalicuria, and aminoacidiuria

[45]. Probably similar to ClC-3, ClC-5 provides a shunt for the H+-ATPase that

is necessary for the efficient acidification of endosomes.

ClC-6: It is expressed in late endosomes in the nervous system and its disruption

results in neurogeneration with pathological features of lysosomal storage disease

[42, 44].

ClC-7: It is a lysosomal Cl� channel, also expressed in late endosomes [44].

It accounts for the major Cl� permeability of lysosomes [46]. Mutations in ClC-7

leads to osteoporosis in mice and humans [47, 48], and osteoclasts derived from

patients harboring ClC-7 mutations show defective bone resorption [49, 50]. ClC-7

leads to acidification of lysosome, as a result an acid flux was characterized in
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control human ostereoclasts [50]. Loss of ClC-7 leads to lysosomal storage and

neurodegeneration [51].

2.2 Cystic Fibrosis Transmembrane Conductance Regulator

CFTR is the first anion channel to be identified by positional cloning. It is a cyclic-

AMP activated plasma membrane chloride channel that has also been assumed to

function as a chloride channel in intracellular organelles, where it could contribute

to support acidification along the exocytic and endocytic pathways [52–54]. How-

ever, it has been observed that while CFTR may function as a Cl� channel in some

intracellular membranes, the organellar acidification is not dependent on CFTR and

that organellar pH is not abnormal in cystic fibrosis [44].

Mutations in CFTR leads to disease cystic fibrosis. However, what are the other

functions of CFTR in intracellular membranes and whether alterations in these

functions contribute to the defects in cystic fibrosis are not well understood. Several

experiments were done to establish ion channel function of CFTR [55–57]. CFTR is

now known to be a voltage-independent anion channel, which requires the presence

of hydrolyzable nucleoside triphosphates for its efficient activity [9].

A spliced form of CFTR is found in cardiac muscle [58, 59]. In fact, the protein

kinase A-regulated cardiac Cl� channel has been found to resemble CFTR [58] and

alternative splicing of CFTR Cl� channel in heart has been studied [59].

CFTR has been found to act as a regulator of other ion channels, for example,

Na+ [60] and Cl� [61, 62]. The epithelial Na+ conductance (ENaC) is coexpressed

with CFTR in the apical membrane of most epithelia [63], and CFTR and outward

rectifying chloride channels (ORCCs) have been observed to be distinct proteins

with a regulatory relationship [62]. Egan et al. [61] found that the defective

regulation of ORCCs by protein kinase A could be corrected by insertion of CFTR.

As far as the structure of CFTR is concerned, it has been found that it has 12

transmembrane domains (TMs), two nucleotide binding folds (NBFs), and a regu-

latory R domain (Fig. 2) [9]. It is the only member of the large gene family of ABC

transporters that is known to function as an ion channel. Its opening is controlled by

interacellular ATP and through phosphorylation by cAMP- and cGMP-dependent

kinases. The two NBFs of CFTR differ in their functional characteristics. While

NBF1 is required for channel opening and determines the closed time of the

channel, NBF2 regulates the channel’s opening time, but is not required for channel

gating [9].

2.3 Ca2+-Activated Chloride Channels (CaCC Channels)

CaCC channels are thought to regulate the tonus of smooth muscle and to modulate

excitability by generating after potentials in neurons and muscle cells. In fact, they
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are found in many cell types, for example, epithelial cells [64, 65], neurons [66–68],

cardiac cells [69], smooth muscle cells [70], and blood cells [71–73]. An important

role of these channels is played in epithelial cells where they act as transepithelial

transporter [74].

Some Cl� channels are activated by extracellular calcium ions, for example,

cloned renal Cl� channels [75, 76] and certain of those found in Xenopus
oocytes [77]. In most of the cases the activation of Cl� channels by Ca2+

involves the phosphorylation by Ca2+/calmudulin-dependent protein kinase II,

for example, in human T84 and H-29 colonic cells [78, 79], in normal and cystic

fibrosis airway epithelial cells [73], and in Xenopus laevis oocytes [80]. How-
ever, in certain cases the phosphorylation was not found to be involved in the

activation of Cl� channels by Ca2+, for example, in parotid secretory cells [78]

and rat submandibular acinar cells [81]. In addition, however, the phosphoryla-

tion by the Ca2+/calmodulin-dependent protein kinase II may also be involved in

inactivation of Cl� channels by Ca2+ as observed by Wang and Kotlikoff [82] in

smooth muscle.

2.4 Ligand-Gated Cl� Channels

The GABA and glycine (Gly) receptors that belong to the family of LGICs act as

Cl� channels. The LGICs, also known as ionotropic receptors, open in response to

specific ligand molecules binding to extracellular domain of the receptor protein.

Ligand binding causes a conformational change in the structure of the channel

protein that ultimately leads to the opening of the channel gate and subsequent ion

flux across the plasma membrane.

The LGICs are pentameric proteins, in which each subunit has a large extra-

cellular domain at the N-end, four transmembrane (TM) segments, and an

Fig. 2 A schematic representation of cystic fibrosis transmembrane conductance regulator

(CFTR) that has 12 transmembranes (TMs), two nucleotide binding folds (NBFs), and a regulatory

R domain. Reprinted with permission from [9]. Copyright 2002 the American Physiological

Society
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interacellular (TM3–TM4) loop (Fig. 3) [9]. GABA and glycine receptors respond

to the inhibitory neurotransmitters by opening a chloride-selective central pore

lined with five TM2 segments. The central pore of LGICs is the only functional

domain for which structure-function relationships are relatively well understood

due to numerous electrophysiological, pharmacological, mutagenesis, and molecu-

lar modeling studies [83]. There is a consensus that five TM2 segments, predomi-

nantly in the a-helical conformations, contribute to the structure of this central pore

[84–86]. In a drug-receptor binding study with GABA and glycine receptors,

Zhorov and Bregestovski [83] found that the binding of the compounds such

as cyanotriphenylborate (CTB) and picrotoxin (PTX) in the cytoplasmic half of

the pore is stabilized by van der Waals interactions with five TM2 segments. A few

more observations made by these authors in this study provided the support to

general pore structure of LGICs as discussed.

Although both GABA and glycine receptors are ligand-gated Cl� channels, they

widely differ in their molecular structures, expressions, functional properties, and

disruption effects.

2.4.1 Molecular Structures

Out of the three different types of GABA receptors (GABAA, GABAB, and

GABAC), only GABAA and GABAC receptors act as Cl� channels [87, 88] and

GABAB receptors are G-protein-coupled receptors [89]. However, as Cl� channels

GABAA receptors have been most widely discussed. These GABA receptors are

Fig. 3 A diagrammatic model of ligand-gated ion channels. These channels are pentameric

proteins, in which each subunit has a large extracellular domain at the N-end, four transmembrane

(TM) segments, and an intracellular (TM3–TM4) loop. Reprinted with permission from [9].

Copyright 2002 the American Physiological Society
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pentameric with 6a, 3b, and 3g subunit isoforms [90]. On the contrary, the glycine

receptors have been found to be a pentameric assembly of ~48 kDa a1 subunit [91]
and 58 kDa b subunits [92]. To date, in humans a1 to a4 and b subunits have been

characterized.

2.4.2 Expression

GABA receptors are expressed in central as well as peripheral nervous systems,

while glycine receptors are prominently expressed in the spinal cord and the

medulla. They are also found in the retina [93], adrenal gland [94], kidney [95],

liver [96], and sperm [97]. GABA receptors are also found in nonneuronal tissue

where their function is not very clear. GABA and glycine receptors have been found

to often coexist in spinal cord neurons [98–100].

2.4.3 Functions

Both GABA and glycine receptors were found to be permeable to several ions in

the order SCN� > Br� > Cl� > F� with only a small difference that the former

are much more permeable to Cl� against F� than the latter. Further, the glycine

receptors have also been found to be permeable to NO3
� (>I�) but not the GABA

receptors [9]. However, the GABA receptors have been shown to be additionally

permeable to HCO3
� with a permeability of ~20% of Cl�.

2.4.4 Disorders Associated

The disruption in GABA receptors has been found to produce epilepsy [101].

Recently, mutations in the g2-subunit have been identified in patients suffering

from epilepsy [102, 103]. However, not one but several disorders have been found

to be associated with mutations in glycine receptors, for example, hunching of

shoulders, flexure of arms, and clenching of fists [9].

2.5 Chloride Intracellular Channels (CLICs)

The CLICs are the proteins that function as intracellular chloride channels. The

term CLIC was derived from “Chloride Interacellular Channel” [104], and it was

proposed that CLICs were the first proteins to function as interacellular chloride

channels [105]. The first CLIC to be described was a 64 kDa protein (p64, now

known as CLIC5B) isolated by Landry et al. [106] from bovine kidney membrane
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fractions. The expression of recombinant CLIC5B in cultured cells led to an

increased channel activity in whole cell membrane preparations, and the modifica-

tion of the protein altered the activity [107, 108].

However, there are several other members in the CLIC family of proteins, which

have been termed as CLIC1, 2, 3, 4, 5, and 6 [109, 110]. There exists a high degree

of similarity in their C-termini, but their N-termini are divergent in both length and

sequence. In addition to these six CLICs, which are mostly found in vertebrates

[109], there are a few more which are found in invertebrates, for example,DmCLIC
(in Drosophila melanogaster), EXC4 and EXL1 (in Caenorhabditis elegans) and
AtDGAR1-4 (in Arabidopsis thaliana) [11].

2.5.1 Structure of CLICs

All CLICs share structural homology with members of omega glutathione S

transferase (GST) superfamily [110, 111]. Unlike other ion channels, they all

exist in dimorphic form: either as a soluble globular protein, or as an integral

membrane protein suggested to form functional ion channels. The functional ion

channels are formed by undergoing a structural transition from the water-soluble

form. This transition is, however, a complex process, which is due to the many

degrees of freedom and the balance between enthalpic and entropic contribution

to the free energy from the polypeptide chain and solvent molecules. To form

a functional channel in the membrane by any CLIC protein, it is predicted that there

should be at least four molecules, since CLIC proteins have only one transmem-

brane domain and thus a single molecule cannot form a functional ion channel.

Positively charged residues form two selectivity rings in the pore region of the

channel indicating their importance in maintaining selectivity.

2.5.2 Biophysical Properties of CLICs

Because of the unavailability of method to directly access intracellular organelles

and due to limited electrophysiological techniques for examining intracellular ion

channels, no detailed study on the biophysical properties of CLICs so far could be

made. So far all electrophysiological studies carried out in planar bilayers have

indicated that CLIC proteins predominantly form non-selective ion channels

[112–115] with different conductance levels. However, all CLICs form functional

ion channels that vary in their conductance in different systems and within the

same system [115]. The single putative transmembrane domain present in them

lines the pore region of the channels, targets the protein to the membrane, and plays

an active role in ion transport. However, it is suggested that CLICs may be

functional only in specific cholesterol-rich microdomains in membranes. These
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domains facilitate the insertion and proper refolding of CLICs to form functional

channels.

2.5.3 Functions of CLICs

There are several hypotheses regarding the functions of CLICs. According to one

hypothesis, the CLICs can function as ion channels, while another hypothesis is that

they possess other functions in the cell, which do not appear to be related to channel

activity. CLICs are also supposed to be multifunctional proteins that can transition

between the integral membrane forms, which support ion channel activity, and the

soluble globular forms, that may support regulation of various cell processes, such

as structure of the cytoskeleton or modulation of gene expression. Control of their

distribution between soluble globular and integral membrane forms is central to the

understanding of their mode of function [44].

CLICs behave as atypical ion channels and function as intracellular ion channels

with limited physiological roles. They are implicated in several important

functions, such as membrane trafficking, cytoskeletal function, apoptosis, cell

cycle control, mitosis, and differentiation [11]. However, there is limited evidence

to believe that they function as Cl� channels in intracellular membranes. There

are only three systems for which some reports are available for their function

as Cl� channels: CLIC1 in nuclear membrane, CLIC4 in vesicles along the intra-

cellular tubulogenic pathway, and CLIC5B in osteoclast ruffled membrane.

2.6 Bestrophins

Bestrophins are a group of four proteins, which have been found to support Cl�

channel activity when overexpressed in cell expression system [116, 117]. Some

studies on mutagenesis, in which mutation of the bestrophin causes discrete

changes in the associated channel activity, led to assume that they themselves

function as channels [44]. The first member of the bestrophin family, bestrophin

1, is assumed to primarily reside in epithelium reticulum (ER) and not in the plasma

membrane [118]. An observation that bestrophin 1 modulates both Ca2+ release and

uptake from interacellular stores, presumably ER, leads to assume that bestrophin

functions as an ER chloride channel, which could provide counter ion movement

during cycles of Ca2+ release and uptake [117]. However, it is only an indirect

evidence to say that bestrophin functions as a channel in the ER; it only suggests

that bestrophin facilitates only Ca2+ movement. The identification of bestrophin 1

as the site of mutation in the Best’s disease, a form of early onset macular

degeneration [116, 117], simply supports a Ca2+-activated chloride current in the

basal membrane of the retinal pigment epithelium. It hardly provides any direct

evidence that bestrophin 1 itself functions as chloride ion channel [119].
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3 Human Diseases Related to Chloride Ion Channels

The mutations in Cl� channels have been found to be responsible for the develop-

ment of a number of deleterious diseases in muscle, kidney, bone, and brain,

including myotonia congenita, dystrophia, cystic fibrosis, osteopetrosis, and epi-

lepsy. Not only the mutations, but activation also of these channels has been

responsible for the development of certain diseases, such as the progression of

glioma in the brain and the growth of the malaria parasite in the red blood cells

[120–123]. In addition, it has also been found that a loss of Cl� channel activity

may also mediate the development of chronic pancreatitis, bronchiectasis, congen-

ital bilateral aplasia of vas deferens, alcoholism, cataract, and Best’s disease [3].

The development of the various forms of cystic fibrosis (CF) and Bartter syndrome

has been attributed to the defective Cl� transport in epithelial cells [124]. Mutations

in a-1 subunit of inhibitory glycine receptor have been found to cause the dominant

neurological disorder, hyperekplexia [125–128]. All such human diseases thus

known to be associated with the abnormality in Cl� channels have been well

described by Puljak and Kilic [3]. They can be briefly mentioned here as follows.

ClC-1: Myotonia congenita Becker [36], myotonia congenita Thomsen [129],

dystrophia myotonica 1 [130, 131], and dystrophia myotonica 2 [130, 132]

ClC-2: Childhood absence epilepsy type 3, juvenile absence epilepsy, juvenile

myoclonic epilepsy, and epilepsy with grand mal [133], and seizures on awakening

ClC-Kb: Bartter syndrome III [40]

ClC-Ka, ClC-Kb (Barttin): Bartter syndrome IV or BSND [134, 135]

ClC-5: Dent’s disease [136–138]

ClC-7: Autosomal dominant osteopetrosis [139] and autosomal recessive

osteopetrosis [140]

CFTR: Cystic fibrosis [141], idiopathic chronic pancreatitis [142–144], bronchi-

ectasis [145–148], and congenital bilateral absence of vas deferens [149–152]

Bestrophin: Best’s disease [153–155], adult-onset vitelliform [156], macular and

concentric annular macular dystrophy [156]

Unknown: Cataract [157–160]

GABAA: Juvenile myoclonic epilepsy [161], childhood absence epilepsy type

2 [103], generalized epilepsy with febrile seizures plus severe myoclonic epilepsy

in infancy [162], alcoholism [163, 164], and insomnia [165]

GlyR: Hereditary hyperekplexia [125–128]

Association of these diseases with Cl� channels suggests that these channels may

be novel targets for the development of useful drugs for a broad spectrum of diseases.

4 Chloride Ion Channel Blockers

The Cl� channels are usually present in the neurons and muscle cells and in

epithelial cells. While in neurons and muscle cells they regulate the excitability,

in the epithelial cells they mediate the transepithelial transport of salt and water.
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As already discussed, the activation of Cl� channels lead to variety of human

diseases; therefore, the study of their inhibitors is of paramount importance.

The chloride channel blockers can be grouped according to their targets: (1)

agents acting at the neuronal chloride channels; (2) agents acting with chloride

channels in muscle cells; and (3) agents interfering with the channels in epithelial

cells. A brief description of all these groups is as follows.

4.1 Agents Acting at the Neuronal Chloride Channels
(GABA and Glycine Receptors)

So far the well studied GABA receptor channel blockers are picrotoxin – a mixture

of picrotoxinum (1, PTX) and picrotin (2, PTN) – pentylenetetrazole (3, PTZ),

bicuculline (4) and some bicyclic phosphates [9, 166], and the only known glycine

receptor channel blocker is cyanotriphenylborate (5,CTB) [83], which can be used

to distinguish receptors containing a1- or a2-subunit, as the a2-subunit is relatively
insensitive to CTB.
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4.2 Agents Acting with Chloride Channels in Muscle Cells

In a review, Bretag [167] discussed four groups of compounds that act as chloride

channel blockers in striated muscle cells: (1) polycyclics, (2) benzoates, (3)

phenoxyacetates, and (4) sulfonates and sulfonamides. The representative

compounds of these groups can be cited as anthracene-9-carboxylate (6, 9-Ac),

furosemide (7), ethacrynic acid (8), and stilbene disulfonate (9), respectively.

Further, two sulfonic acid stilbene derivatives, 4-acetamide-40-isothiocya-
nostilbene-2,20-disulfonate (SITS) and 4,40-diisothiocyanostilbene-2,20-disulfonate
(DIDS), were also assumed to interfere with chloride channels in smooth muscle

cells in analogy to their effects in Torpedo electric organ chloride channel [168].
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4.3 Agents Acting on Epithelial Chloride Channels

Chloride permeation through CFTR channel in epithelial cells can be inhibited

by a broad range of organic anions that enter the pore from its cytoplasmic end

and physically occlude it [169, 170]. Some of the important examples of such

anions may be diphenylamine carboxylate (10) [171], gluconate (11) [172], and

glibenclamide (12) [173]. The interaction of the anions with CFTR channel

involves electrostatic interaction with a positively charged amino acid side chain

that lines the pore, K95 [174]. The CFTR channel has also been found to be

potentially inhibited by arachidonic acid (13) [175], involving the electrostatic

interaction with positively charged amino acid side chains located within the

chloride ion permeation pathway K95 and R303 [176]. While K95 is located in

the first transmembrane region of the CFTR protein and is supposed to form part

of the wider inner vestibule of the channel pore [174], R303 is thought to be situated

at the very intracellular end of the fifth transmembrane region to be the part of the
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cytoplasmic mouth of the pore, where it can attract the Cl� into the pore by

a surface charge mechanism [177]. Thus, arachidonic acid is thought to enter the

cytoplasmic end of the channel pore to inhibit the CFTR Cl� currents, most likely

by physically occluding the Cl� permeation pathway [176]. According to Linsdell

[174], however, other negatively charged substances, too, such as sulfonyl ureas,

disulfonic stilbenes, indazoles, arylaminobenzoates, and conjugated bile salts,

inhibit CFTR Cl� currents by interacting electrostatically with K95 and blocking

the open channel. However, while the inhibition by these substances is weakened

by the depolarization of the membrane potential [169, 174] and increase in extra-

cellular Cl� concentration, the arachidonic inhibition is practically independent of

both membrane potential and Cl� concentration [175].

326 S.P. Gupta and P.K. Kaur



In general, all anion channels can be blocked by many unrelated classes of

compounds, bearing a negative charge at physiological pH. Even many small

anions, for example, HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid) and MOPS (3-(N-morpholino)propanesulfonic acid) buffers, have been

found to block Cl� channels [178, 179]. Transition metal cations, such as Zn2+,

Cd2+, La3+, Gd3+ can also block anion channels; for example, Zn2+ has been found

to block ClC-1 [180, 181] and the GABA receptor [182, 183], and Cd2+ has been

often used to block ClC-2 channel [184–186].

4.4 Agents Acting on Other Cl� Channels

As discussed in the preceding section, some members of ClC channels could be

blocked by Zn2+ and Cd2+ ions. The inhibitors for the other chloride channels are

not so well studied. However, the Ca2+-activated chloride channels in mammalian

cells were found to be inhibited by niflumic and flufenamic acids (14,15) [187] as

well as by 5-nitro-2-(3-phenylpropylamino)benzoic acid (16, NPPB). In addition,

the disulfonic stilbene DIDS has also been found to potentially block the CaCC in

mammalian cells. For CLIC channels, indanylooxyacetic acid (17, IAA-94)

was found to be a potential blocker. This could block CLIC-1-induced currents

[188]. In addition, disulfonic stilbene DNDS (4,40-dinitrodisulfonic stilbene and

TS-TM-calix(4)arene were also found to block p64-induced currents [108].
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4.5 Other Cl� Transporting Systems and Their Blockers

In addition to the above important classes of Cl� channels and their blockers

described in the preceding sections, there are some other systems by which chloride

ions can be transported, for example, Na2+/2Cl�/K+ carrier and apolar cells. A brief

description of these two and their blockers are given below.

4.5.1 Na2+/2Cl�/K+ Carrier

Na2+/2Cl�/K+ carrier was detected by Geck et al. [189] to be another Cl� transport

system. This system is found in many polar and apolar cells [166, 190]. It was so far

believed to be only a primary pump, sensitive to furosemide (18)-like substances,

but now it has been found to also act as a secondary active chloride carrier. Thus,

the chloride transport can be blocked by all furosemide-like substances, for exam-

ple, furosemide (18), piretanide (19), triflocine (20), and torasemide (21), which

can interact with Na2+/2Cl�/K+ carrier in epithelial cells. This carrier acts as

transepithelial transporter of NaCl, and is found together with Cl� channels on

the opposite cell membranes [191].
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4.5.2 Apolar Cells

The red blood cells also act as Cl� transporters, where the Cl� flux occurs via the

band 3 protein, a form of bicarbonate/chloride exchange system [192]. This protein

is assumed to perform electroneutral anion exchange and to also permit the

channeling of Cl�. Its activity may thus be blocked by the compounds related to

stilbene, furosemide, and arylbenzoate classes.

4.6 Mechanism of Action of Anionic Channel Blockers

As discussed in a review by Greger [166], all Cl� channel blockers are essentially

converted into anionic form at physiological pH, in which the anionic group is

usually a carboxylate. All compounds also possess an amino bridge and an apolar

residue. The amino bridge is supposed to be necessary; it cannot be replaced by any

other group, such as oxygen, phosphorus, or carbon. The amino bridge may

probably be essential because of its ability to form a hydrogen bond acting as

a hydrogen-bond donor. An apolar group may be essential to have any hydrophobic

interaction with the receptor. In some group of compounds, the distances between

the amino and apolar groups and between amino and carboxylate groups are very

critical, for example, in the group of NPPB (16) derivatives, the optimal spacer

between the phenyl ring and the amino group was a propyl group. Replacing this
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spacer by a butyl or ethyl led to dramatic reduction in the potency of the

compounds. In the case of NPPB class of compounds, which also have a nitro

group at the meta-position with respect to carboxylate group, the distance between

this nitro group and the carboxylate group was also found to be important. These

observations lead to suggest that chloride channel blockers interact with several

sites of the channel.

However, this nitro group is found to be possessed by only the chloride channel

blockers. The blockers of Na2+/2Cl�/K+ carrier contain instead a sulfonamide group

as in furosemide (18) and piretanide (19), or a pyridine ring as in triflocine (20)

and torasemide (21). All other groups, namely, a carboxylate group, an amino group,

and an apolar moiety are commonly essential for both the classes of blockers [166].

5 Conclusion

Chloride ion channels have been found to play crucial roles in the development of

human diseases. They have been classified into different groups based on their

gating mechanisms that depend on changes in the membrane electrical potential,

activation of a protein kinase, increase in intracellular Ca2+ levels and binding of

a ligand. Thus, there are four groups of Cl� channels termed chloride ion channels

(CLC channels), cystic fibrosis transmembrane regulator (CFTR), Ca2+-activated

chloride (CaCC) channels, and ligand-gated chloride ion channels (LGICs). How-

ever, a new class of Cl� channels known as CLICs has also been reported. Further,

another class of Cl� channels is constituted of bestrophins, a group of proteins,

which have been found to support Cl� channel activity when overexpressed in cell

expression.

CLC chloride channels constitute the only class of Cl� channels that are

conserved from bacteria to man. The crystal structure of two bacterial proteins

pictured out a dimer with two identical subunits, each composed of 18 a-helices,
most of which do not cross the membrane entirely. CFTR is a cyclic-AMP activated

plasma membrane chloride channel that has also been assumed to function as

a chloride channel in intracellular organelles. CFTR has been found to act as

a regulator of other ion channels, for example, Na+ and Cl�. As far as its structure
is concerned, it has been found to possess 12 transmembrane domains, two NBFs,

and a regulatory R domain. The Ca2+-activated chloride channels (CaCC Channels)

are found in many cell types, for example, epithelial cells, neurons, cardiac cells,

smooth muscle cells, and blood cells. They play an important role in epithelial cells

as a transepithelial transporter. The ligand-gated Cl� channels (LGICs) open in

response to specific ligand molecules binding to extracellular domain of the receptor

protein. The two important LGICs are pentameric proteins, in which each subunit

has a large extracellular domain at the N-end, four transmembrane segments, and

an intracellular loop (Fig. 3). The LGICs are also called ionotropic receptors.

The CLICs are the proteins that function as intracellular chloride ion channels.

There are several members in CLIC family of proteins. All CLICs share structural
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homology with members of omega GST superfamily. Unlike other ion channels,

they exist in dimorphic form: either a soluble globular protein, or as an integral

membrane protein suggested to form functional ion channels. Bestrophins are

a group of four proteins, which have been found to support Cl� channel activity.

The first member of this family, bestrophin 1, is relatively well studied and has been

shown to support Ca2+-activated chloride current in the basal membrane of the

retinal pigment epithelium. There is no evidence that it itself functions as a chloride

ion channel. It is assumed to primarily reside in epithelium reticulum and not in the

plasma membrane.

Number of diseases have been found to be related to the abnormality of Cl�

channels, for example, the mutations in them lead to several deleterious diseases in

muscle, kidney, bone, and brain, including mytonia congenita, dystrophia, cystic

fibrosis, osteopetrosis, and epilepsy, their activation may lead to progression of

glioma in the brain and the growth of malaria parasite in the red blood cells, and the

loss of their activity may mediate the development of chronic pancreatitis, bronchi-

ectasis, congenital bilateral aplasia of vas deferens, alcoholism, cataract, and Best’s

disease. Thus, the blockers of Cl� channels may be developed as useful therapeutic

agents against many of these diseases. So far there are drugs such as picrotoxin,

a mixture of picrotoxinin (1) and picrotin (2), acting as blocker of GABA receptor,

and cyanotriphenylborate (5) acting as the blocker of glycine receptors. Some

polycyclics, benzoates, phenoxyacetates, and sulfonates and sulfonamides have

been found to block Cl� channels in muscle cells, and broad range of anionic

ions such as diphenylamine carboxylate (10), gluconate (11), and glibenclamide

(12), have been found to block CFTR channel in epithelial cells. Disulfonic stilbene

DIDS has been found to potentially block the CaCC in mammalian cells, and

indanylooxyacetic acid (17) is a potential blocker of CLIC channels.

Thus, this article presents all important aspects of Cl� channels, which may help

the medicinal chemists to develop important drugs for many diseases.

References

1. Nilius B, Droogmans G (2003) Amazing chloride channels: an overview. Acta Physiol Scand

177:119–147

2. Hille B (1991) Ion channels, 2nd edn. Sinauer Associates, Sunderland, MA

3. Puljak L, Kilic G (2006) Emerging roles of chloride channels in human diseases. Biochim

Biophys Acta 1762:404–413

4. Merzak A, Pilkington GJ (1997) Molecular and cellular pathology of intrinsic brain tumours.

Cancer Metastasis Rev 16:155–177

5. Ransom CB, O’Neal JT, Sontheimer H (2001) Volume-activated chloride currents contribute

to the resting conductance and invasive migration of human glioma cells. J Neurosci 21:

7674–7683

6. Romisch K (2005) Protein targeting from malaria parasites to host erythrocytes. Traffic

6:706–709

7. Breman JG, Alilio MS, Mills A (2004) Conquering the intolerable burden of malaria: what’s

new, what’s needed: a summary. Am J Trop Med Hyg 71:1–15

Chloride Ion Channels: Structure, Functions, and Blockers 331



8. Martin RE, Henry RI, Abbey JL et al (2005) The ‘permeome’ of the malaria parasite: an

overview of the membrane transport proteins of Plasmodium falciparum. Genome Biol 6:

R26

9. Jentsch TJ, Stein V, Weinreich F et al (2002) Molecular structure and physiological function

of chloride channels. Physiol Rev 82:503–568

10. Landry DW, Reitman M, Cragoe EJ Jr et al (1987) Epithelial chloride channel. Development

of inhibitory ligands. J Gen Physiol 90:779–798

11. Singh H (2010) Two decades with dimorphic chloride intracellular channels (CLICs). FEBS

Lett 584:2112–2121

12. Miller C, White MM (1984) Dimeric structure of single chloride channels from Torpedo
electroplax. Proc Natl Acad Sci USA 81:2772–2775

13. Bauer CK, Steinmeyer K, Schwarz JR et al (1991) Completely functional double-barreled

chloride channel expressed from a single Torpedo cDNA. Proc Natl Acad Sci USA 88:

11052–11056

14. Middleton RE, Pheasant DJ, Miller C (1994) Purification, reconstitution, and subunit com-

position of a voltage-gated chloride channel from Torpedo electroplax. Biochemistry 33:

13189–13198

15. Middleton RE, Pheasant DJ, Miller C (1996) Homodimeric architecture of a CLC-type

chloride ion channel. Nature 383:337–340

16. Ludewig U, Pusch M, Jentsch TJ (1996) Two physically distinct pores in the dimeric

ClC-0 chloride channel. Nature 383:340–343

17. Fahlke C, Knittle T, Gurnett CA et al (1997) Subunit stoichiometry of human muscle

chloride channels. J Gen Physiol 109:93–104

18. Dutzler A, Campbell EB, Cadene M et al (2002) X-ray structure of a ClC chloride channel
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