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Basic gating properties of the mutants 

Voltage-dependent gating 
To characterize the activation gate for mutant channels, the peak amplitudes for the tail current at -50 mV 
were plotted as a function of the preceding activation voltages (the tail I-V; Fig. S1, sigmoidal curves). For 
the inactivation gate the current amplitudes at the end of the 3 s depolarization pulses (isochronal I-V 
curves) were drawn, which were superimposed on the tail I-V curves for each channel species (Fig. S1). 
The isochronal I-V curves show a typical bell shape, indicating the characteristic inactivation of HERG 
channel.  

The activation gating was slightly shifted by mutations. Among them the effect of F656A was prominent. 
The shifts of the activation curve were additive as the numbers of F656 were decreased, suggesting the 
stabilizing effects of F656 
residues for the closed gate 
structure. The effects of 
Y652-deletion on the 
activation gating were 
weaker. In fact, total loss of 
Y652 did not shift V1/2. 

In contrast to the 
activation gating, the 
effects of the mutation on 
the inactivation were 
more prominent. Most of 
the mutants destabilized 
the inactivation, 
indicating contributions of 
these residues to the 
inactivation gating. It is 
noted that the shifts of 
V1/2

inac seemed to be 
negatively correlated with 
those for the activation. 
The opposite directions of 
the shifts of V1/2 for the 
activation and inactivation 
made the variations of 
relative amplitude for the 
tail and isochronal I-Vs 
among mutants prominent. 
Compared to these shifts, 
the slope factors, for both 
activation and inactivation, 
were not changed 
significantly by 
mutations. 

 

 
Figure S1. Voltage-dependent gating of HERG channels. Tail I-V 
curves and the isochronal I-V curves at the end of the depolarization 
pulses. Note that for F656A the inward currents were recorded at 
negative potentials. 

 
 
Voltage-dependent blocking of mutant channels 
As has been shown in the main text, the voltage-dependent blocking was examined using the tail 
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I-V curves for different concentration of cisapride. Here the tial I-V curves for mutant channels 
are shown (Figure S2). Ki values were obtained from the concentration-dependence of peak 
amplitudes for the tail current. The Ki values for different membrane potentials were shown in 
Figure 4B.  

 
 
Figure S2. Voltage-dependent blocking of HERG channels by cisapride. The tail I-V curves at 
various concentrations of cisapride are shown for WT and mutants.  
 

 
 
Blocking kinetics 
Blocking kinetics was evaluated by two different methods: Unblocking kinetics at repolarized 
potential and slow blocking kinetics from the envelope analysis. Both use the tail current to 
minimize possible contamination of the endogenous currents. 
 

Unblocking for F656A 
In F656A, release of cisapride from the blocked channel was observed at the time of peak for tail 
current. This unblocking process appeared as a novel kinetic component with the time range 
faster than deactivation and slower than recovery from inactivation. The time courses of the tail 
currents for F656A in the presence of cisapride were fitted by a triple-exponential function: 

 
CtExpAtExpAtExpAI actdeactdeunblockunblockInactdeInactde +−+−+−= −−−− ]/[]/[]/[ τττ     Eq. S1 
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in which the subscripts represent de-inactivation, unblocking and de-activation, respectively. C 
represents the time-independent component of current.  

 
Figure S3. Unblocking kinetics for F656A. (A)Three time constants for the tail currents at 
different pre-potentials and at different cisapride concentrations. (B)The intermediate time 
constant at different cisapride concentrations. (C) Fractional amplitudes for the unblocking 
(intermediate) component. Same symbols are used in the panels A and C, and are indicating 
cisapride concentrations (μmol/L); ○: 0 (control), ▲: 0.63, ■: 1.6, ●: 4, ▼: 10, ♦: 25 μmol/L.

The time constants were plotted as a function of pre-potentials (Figure S3A). In the absence 
of cisapride, only fast and slow components were detected (open symbols). Therefore, the 
intermediate component representes the unblocking process. The three time constants were 
independent of the pre-potentials, suggesting the fit of the data to be reliable. In Figure S3A the 
time constants at different cisapride concentration are superimposed. The fast component with the 
time constant of ~10 ms represents the recovery from the inactivation and is not affected by 
cisapride. The slow component represents the deactivation and the time constants became smaller 
at high cisapride concentrations. The time constants for unblocking are plotted as a function of 
cisapride concentration in Figure S3B and the reciprocal values of the time constant (rate 
constants) were shown in Figure7A.  

Fractional amplitudes of the unblocking component (= Aunblock / [Ade-inact + Aunblock + Ade-act]) at 
different membrane potentials are shown in Figure S3C. At low concentration of cisapride, the 
voltage-dependence of unblocking is clearly seen: More fractions of channels showed unblocking 
at the tail potential when the preceding depolarization potentials were more positive. At high 
concentration of cisapride, only a fraction of channels showed unblocking. 

 
Voltage-dependent blocking of F656A corrected for unblocking 

Since F656A showed fast unblocking at repolarized potentials, current amplitudes at the peak of 
the tail current do not reflect steady-state blocking at the preceding depolarization potentials. 
Without correction for unblocking components, the affinity and its voltage-dependence will be 
underestimated. The amounts of unblocking at the peak of tail currents were estimated from the 
kinetic parameters obtained from fitting with triple-exponential function (the previous section). 
The amplitude of the intermediate component of the exponential function corresponds to the 
unblocking component (Aunblock), which was subtracted from those of the deactivating component 
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(Ade-act). Corrected current amplitudes were used for Ki values and from their voltage-dependence 
the gating charge (slope factor) was evaluated (Figure 4B legend). 
 

Blocking rates 
In this study a simple blocking model was proposed from experimental data for 
voltage-dependent blocking and blocking kinetics. From the voltage-dependence of the blocking 
the successive binding model was suggested.  
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in which voltage dependence occurs after drug binding rather than upon binding.  

If the binding and unbinding kinetics are slow relative to the subsequent transition between BB1 
and B2B , the apparent rate constant of blocking show shallow and non-linear dependence on 
cisapride concentration. Nearly linear relationships observed for most of the channels (Figure 7A) 
suggest that the binding process is fast. If the initial binding reaction is much faster than the 
subsequent reaction, the transition between O and BB1 may be approximated as being in 
equilibrium. Then the probability of B1 state can be expressed as: 

 

21

1

][
][

1 kkB
kBPB +

=  

 
The rate of blocking becomes 
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Kf (= k2/k1) is the dissociation constant for the initial binding site. 

When the concentration of blocker is low compared to Kf, this equation is reduced to the 
following equation: 
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This equation gives linear concentration dependence. The Y-axis intercept gives the off-rate (koff), 
or k4 value. 

When the blocker concentration becomes close to Kf, non-linearity becomes apparent. Three 
kinetic parameters were obtained by fitting the equation S2 (Eq. 1 in the main text) to the data 
(Figure 7A and legends). The Kf, and koff values were listed in the figure legend. 
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