Importance of herg potassium channel pharmacology in relation to cardiotoxicity
After protein kinases and G protein-coupled receptors, voltage-gated ion channels constitute the third largest group of signalling molecules encoded by the human genome. With 40 members, voltage-gated K+ channels (KV) have various structures and their functions include repolarization of neuronal and cardiac action potentials and regulation of Ca2+ signalling and cell volume. The significance of hERG (human ether-a-go-go-related gene) KV channels in normal cardiac electrical activity became strikingly obvious when inherited mutations in HERG were found to cause long QT syndrome (LQTS) a cardiac repolarization disorder. When the QT interval is prolonged, there is an increased risk of ventricular tachyarrhythmia, including the life threatening form torsade de pointes (TdP).

Before this discovery, it was known that a similar disorder could be induced by high doses of some hERG-channel blockers such as quinidine and dofetilide, which were, ironically, used to prevent arrhythmia. Other common non-cardiac medications such as some antihistamines and antibiotics can also trigger ventricular arrhythmia and sudden death via block of the hERG channel. This led to their withdrawal and it is now routine practice in the pharmaceutical industry to test compounds for hERG-channel activity early in the drug-development process.
Structure of the hERG channel
Much of our current understanding of hERG-channel gating is inferred from detailed biophysical studies of another Kv channel, called Shaker (Kv1.1), in Drosophila. In addition, X-ray crystal structures of several bacterial K+ channels (KcsA, MthK and KvAP) and a mammalian channel (Kv1.2) (MacKinnon et al) have revolutionized our understanding of the structural basis of selective K+ permeability and channel gating.

Kv channels are formed by the co-assembly of four identical α-subunits, each containing six α-helical transmembrane domains, S1–S6. Each subunit comprises two functionally distinct modules, one that senses transmembrane potential (S1–S4) and is critical to voltage dependent changes in conduction, and one that forms the K+-selective pore (S5–S6). The channel pore is asymmetrical and its dimensions change when the channel gates from a closed to an open state. The extracellular end of the pore is a narrow cylinder called the K+-selectivity filter that is optimally constructed for conduction of K+ ions. This K+-selectivity filter is the primary hallmark of all K+ channels and is defined by the highly conserved sequence Thr-Val-Gly-Tyr-Gly (K+ signature sequence), located at the carboxy-terminal end of the pore helix.

Below the selectivity filter, the pore widens into a water-filled region, called the central cavity, that is lined by the S6 α-helices. In the closed state, the four S6 domains criss-cross near the cytoplasmic interface to form a narrow aperture that is too small to permit entry of ions from the cytoplasm. The constriction is alleviated in the open state. This is thought to occur via a kink and swivel at a highly conserved glycine residue central to the S6 transmembrane helix, which enlarges the opening to the cavity to allow access of ions and small molecules.

Furthermore, the hERG N terminus contains a PAS (Per–Arnt–Sim) domain. This structure in hERG has been shown to slow channel deactivation. Another noticeable characteristic of hERG is the extracellular segment of amino acid residues between the S5 transmembrane and the pore helices, which is termed the ‘turret’. This region is unusually long in hERG and contains a helix that may potentially interact with the outer mouth of the selectivity filter.
Drug-induced block of hERG channels
The toxicity of common medications that can prolong the QT interval and induce TdP is widespread. Drug-induced TdP by the antiarrhythmic drug quinidine, for example, is a relatively frequent side effect, affecting 2–9% of treated patients. Induction of TdP by drugs other than antiarrhythmic agents, however, is rare. For example, cisapride-induced TdP occurs in only about 1 out of 120,000 patients prescribed this medication. Nonetheless, this level of risk is unacceptable for drugs such as cisapride or terfenadine that are used to treat non-life-threatening gastrointestinal disorders or allergies.
Drug-induced LQTS by direct block of hERG channels
Electrocardiographic abnormalities similar to those seen in patients carrying mutations in the hERG gene can be produced via direct blockade of the specific delayed rectifier current, IKr, generated by expression of HERG gene, by various drugs. The well-recognized susceptibility of hERG to block is attributed to several unique structural features of the channel. First of all, the promiscuous high-affinity drug-binding site of hERG has been located to the central cavity/conduction pathway of the channel protein, which holds hydrated K+ on their approach to the selectivity filter once the cytoplasmic gate has opened. Consequently, most blockers bind only after they gain access to the central cavity, which appears to be larger than in most other K+ channels and is therefore able to trap blocking molecules after closure of the activation gate. Another crucial component of high-affinity drug binding originates from two concentric rings of aromatic amino acid side chains stacked on top of each other in the central cavity.

The diversity and high affinity of hERG blockers depend on the interactions between a positively charged tertiary amine present in most blocking molecules and the π-electrons of Tyr652, located in the S6 domain that project directly into the central cavity. Drug–channel interactions are further stabilized by strong, hydrophobic interactions between rigid, planar aromatic elements present in therapeutic compounds and the π-electrons of Phe656, again located in S6 (Sanguinetti and Mitcheson).
Drug-induced LQTS by inhibition of hERG channel trafficking
A novel mechanism for acLQTS that may go undetected in most conventional safety studies has also been described and at least three therapeutic compounds have been shown to reduce hERG/IKr currents not by direct block but by inhibition of hERG/IKr trafficking to the cell surface.

In inherited LQTS2, a large group of mutations produces trafficking-deficient hERG channels that are retained in the endoplasmic reticulum (ER). Many of these mutant channels adopt a conformation that reaches the cell surface and produce functional channels on incubation with pharmacological chaperones. Since ‘channel rescue’ may provide a therapeutic window, it is imperative to gain a better understanding of the molecular mechanisms guiding hERG trafficking to the cell-surface membrane. However, only few proteins in the entire hERG trafficking pathway have been identified.

Of these proteins, Hsp90 is probably best characterized. The chaperone Hsp90 assists with late folding steps and catalyses conformational transitions close to the native conformation of a protein. Consequently, inhibition of Hsp90 prevents maturation of hERG wild-type channels in the ER and reduces hERG/IKr currents at the cell surface. A novel inhibitor of Hsp90 that has been identified is celastrol, which also reduces hERG maturation and cell surface expression via an interaction site on Hsp90 distinct from the ATP-binding pocket used by the classical inhibitors geldanamycin and radicicol.

In As2O3- induced cardiotoxicity, As2O3 produces its effects on the repolarization of cardiac myocytes indirectly, by reducing surface expression of hERG/IKr channels. As2O3 interferes with hERG trafficking by inhibiting the formation of channel– Hsp90 complexes. As a metalloid, arsenic represents an unusual therapeutic compound with broad activity against a multitude of cellular targets due to its high affinity for thiol groups and its propensity to induce oxidative stress in many different cell types.

In contrast, pentamidine, another example of an hERG trafficking inhibitor, represents a more typical small organic molecule that is used as second line treatment of Pneumocystis carinii pneumonia, a common opportunistic infection in patients with impaired immune function. Pentamidine disrupts hERG trafficking and reduces hERG currents in heterologous expression systems as well as in cardiac myocytes, with cardiac repolarization being delayed as a direct consequence.

Furthermore, probucol, a cholesterol-lowering therapeutic compound associated with acLQT, selectively reduces hERG/IKr currents and prolongs the cardiac action potential via inhibition of hERG trafficking.

Finally, fluoxetine (Prozac) has been described in more detail as an hERG trafficking inhibitor. Fluoxetine is a widely prescribed antidepressant inhibiting serotonin re-uptake in the brain, which was known to directly block hERG at concentrations reached in the clinic on overdosing. While it has been thought previously that direct hERG block may provide an explanation for the rare cases of acLQTS observed with fluoxetine, it is now clear that fluoxetine produces acLQTS via a dual mechanism that includes both direct channel block as well as inhibition of hERG channel trafficking (January et al).
Future directions
Although, hERG has received a tremendous amount of attention since its discovery in 1994, many issues regarding its pharmacology in relation to cardiotoxicity remain unresolved. Although the crucial residues of the drug-binding site seem to have been identified, clearly not all drugs interact with hERG in the same manner. Further studies are needed to explain why hERG in particular is blocked by so many different drugs. Regardless of the mechanisms responsible for this promiscuity, a combination of ligand-docking and receptor homology models and quantitative structure–activity relationship analyses provides the best hope of truly predictive in silico assessment of the potential hERG-binding affinity of new chemical entities.
