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WHY DO HERG CHANNELS ACTIVATE SLOWLY?  FLUORESCENCE SPECTROSCOPY AND GATING CURRENT MEASUREMENTS SHED NEW LIGHT ON VOLTAGE SENSOR-PORE COUPLING
D. Fedida
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The hERG channel encodes the pore forming α-subunit of the rapid delayed rectifier potassium channel, IKr, which plays a central role in cardiac action potential repolarization, and therefore in the termination of cardiac systole. Suppression of hERG function is linked to congenital or acquired long QT syndrome, a prolongation of the QT interval of the ECG associated with ventricular arrhythmias. Compared to other Kv channels, hERG activation gating is slow. One important contentious issue is whether this is due to slow S4 movement, or to slow coupling of the gating mechanism to pore opening. 

We have created mutants at the top of the S4 activation domain and attached the fluorescent dye, TMRM. Using voltage-clamp fluorimetry we have studied voltage-dependent movements of the hERG channel, and correlated them with gating currents, which we recorded for the first time from a human cell line. Our data from both techniques show that S4 can move fast, but that pore opening itself is relatively slower. The results from the two techniques were very comparable, as a double Boltzmann function provided the best fit to both the charge-voltage and fluorescence-voltage relations. The hyperpolarized portion of the Q-V1/2 and F-V1/2 curves were -16 and -20 mV negative to the G-V1/2, respectively, suggesting that they reflect S4 movements that lead to pore opening, and an intriguing right-shifted component was observed using both techniques that is less well understood. The time constant for the fast S4 movement was about 5 ms from both fluorescence and gating current measurements at +50 mV, which is an order of magnitude faster than pore opening (around 60 ms at those potentials), leading to the conclusion that S4 movement is not the rate limiting-step for pore opening in hERG channels. Slower fluorescence signals from the top of S4 closely matched the activating and deactivating ionic currents, and tracked pore opening and closing. Comparison between the fluorescence signals from WT and an inactivation-removed mutant suggest that the signal from the top of S4 may also reflect turret movements that are reduced in the mutant. Other important features of our gating current results were the appearance of a slow component after 20 ms, and a charge immobilization suggested by a time-dependent reduction of the amount of charge return. Our data suggest that re-assessment of mechanisms underlying hERG activation gating is required, particularly with regard to the coupling mechanisms between voltage sensor movement and channel pore opening.
