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Summary 

The inhibition of  the sodium current  in nodal membrane at low pH external  
solutions was studied under  voltage clamp conditions. Analysis of the data for  
membrane potentials f rom +10 to +150 mV shows that  the inhibition of  the 
Na ÷ currents at high positive potentials cannot  be described by a t i t rat ion curve 
of  a single acid group. The data can be explained on assumption that  the con- 
ductance of  each sodium channel is controlled by two acid groups: one is 
located within the pore, the other  just near the outer  mouth  of  the pore. The 
affinity of  both  groups for H ÷ is estimated. 

The results of  experiments on inhibition of the sodium currents by H* [1-- 
6] have led to a conclusion that  there exists an acid group within the sodium 
channel. This group is thought  to be a part  of  the selectivity filter [ 7 ], and its 
properties are essential for  conductance and selectivity of  the channel. Recent  
studies of  the sodium channels modified by aconitine [8,9] and t r imethyloxo-  
nium ions [10,11] have suggested that  the channel contains some other  acid 
group, which seems to be a part  of  the t e t rodo tox in  receptor.  In the present 
work, the inhibition of  sodium channels by H ÷ was studied with a view to 
determining how many acid groups are directly involved in the control  of  the 
channel conductance.  

The work was done. on myelinated fibres of  the frog, R a n a  r i d i b u n d a ,  using 
voltage clamp technique [8].  Membrane potential  (Vm) was referred to the out- 
side. Holding potential  was set at - -100 mV. Currents through the sodium chan- 
nels (Isa) were evoked by depolarizing test pulses. In order  to remove steady- 



252 

state inactivation, test pulses were preceeded by prepulses to --140 mV (100 
ms). Leakage and slow capacitative currents were subtracted automatically with 
an analogue electronic device. 

External solutions contained either 20 mM biphthalate (pH 4.0--6.3) or 10 
mM Tris-HC1 (pH 7.65--7.70} buffers. The content  of physiologically essential 
ions was the same in all solutions: 80 mM Na÷/30 mM K÷/2 mM Ca2÷/10 mM 
te t rae thylammonium ions. The ends of the fibres were cut in solution contain- 
ing 115 mM KF/5 mM te t rae thylammonium chloride/5 mM Tris-HC1, pH 7.7. 

Experiments were carried out  at 9--10°C. 
Ratio of the peak conductance for low pH to that  for high pH (gpH/g7.7) was 

used as a measure of H ÷ block. The use of  conductance ratio instead of current 
ratio enables us to reduce error due to a drift of reversal potential of Isa during 
experiment. The measurements at normal pH were repeated following each 
series of measurements at low pH solutions, g7.7 values from measurements 
before and after low pH solutions were averaged and this averaged value was 
used for calculating each gpH/gT. 7 value. Such a procedure enabled to minimize 
error due to progressive rundown of the sodium conductance in the course of 
experiment. If the g7.7 value turned out  to be markedly altered after pH lower- 
ing, results of corresponding measurements were discarded. 

Fig. 1 shows the family of  experimental gpH/gT.7 VS. pH curves corresponding 
to different levels of potential  during the test pulse. It can be seen that  gpH/ 
g7.7 vs. pH curves corresponding to more positive Vm values shift to the right, 
that  is to lower pH values. The shift of the experimental relation to the right is 
in qualitative accordance with the data on decrease of proton block of the 
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Fig.  I .  The  b l o c k  o f  th e  s o d i u m  c o n d u c t a n c e  b y  H + at  d i f f e r e n t  levels  of  m e m b r a n e  po tent ia l .  S y m b o l s  
represent  e x p e r i m e n t a l  gpH/g7.7 values  at  V m ( m V ) :  o, 140 ;  A, 100;  m 50  a n d  o, 10,  d u r i n g  tes t  pulse.  
Dashed  l ines  are t h e o r e t i c a l  t i t rat ion  curves  o f  a single acid group.  Sol id l ines  are ca lculated  b y  Eqn.  2 
w i t h  the  f o l l o w i n g  values  o f  parameters :  p K  1 = 5 .12 ,  6 = 0 .40 ,  p K  2 = 5.82.  
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Fig. 2. A p p a r e n t  pK values  of  the  acid g roup  in the  s o d i u m  channe l  as ca lcu la ted  wi th  Eqn,  1. The  n u m -  
bers to the  r ight  d e n o t e  the  p H  of  ex te rna l  solut ions .  S y m b o l s  d e n o t e  p K  A values  ca lcu la ted  by  subst i tu-  
t ion  of  e x p e r i m e n t a l  gpH/g7.7 values in to  Eqn.  1. Solid lines were  ob t a ined  by  subs t i tu t ion  of  theo re t i ca l  
g p H / g 7 . 7  va lues  f r o m  Eqn .  2 in to  Eqn.  1. The  same p a r a m e t e r  va lues  were  used  as in Fig. 1. Dashed  line 
r ep resen t s  p K  of  the  inner  acid g roup .  See t ex t  for  details .  Th e  same  e x p e r i m e n t  as in Fig. 1. 

sodium channels as potential increases [2]. However, if the reduction of the 
sodium conductance were due to the protonation of  one acid group with 
potential-dependent affinity for H +, gpH/g7.7 VS. pH curves for different Vm 
values would differ from each other only in position along pH axis, but not  in 
shape. Calculations on the assumption that  there is only one titrable group in 
the channel gives reasonable fit to experimental points for Vm = +10 mV, 
whereas it fails to do it for more positive potentials (Fig. 1). 

Another  representation of the data also shows that  the assumption that  the 
conductance of the sodium channel is controlled by one acid group is inade- 
quate. If this assumption were correct, the apparent pK for the group can be 
calculated from the following equation [9]: 

pK A = log[(gT.7/gpH ) - -  1] + pH (1) 

When deriving this equation, H ÷ concentration at normal pH was neglected. Cal- 
culated p K  A for any particular Vm should not  depend on pH at which measure- 
ments were made. However, as shown by experiments in Fig. 2, with the 
decrease of  pH the calculated pKA decrease and pK A vs. V m curves become 
steeper. 

These results can be interpreted as follows. Let us assume that  there are two 
acid groups: the first one deep inside the pore and the second just at the exter- 
nal end of the pore. In this case, the protonat ion of  the first group would 
depend on Vm [2] and the protonat ion of  the second would not. Let us further 
assume that  the protonat ion of the first group results in complete block of the 
channel and the protonat ion of the second reduces conductance (current) of 
the channel to the fraction a of  its normal value. Then the relative sodium con- 
ductance can be expressed by the equation: 

gpH _ aK2 CH + 1 aK2 CH + 1 

gT.~ (1 + K2CH)(1 + KICH)  (1 + K:CH)(1 + SK2CH)  (2) 
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where Cn is activity of H ÷ in external solution; K1 and K2 are binding constants 
of H ÷ with first (inner) and second (surface) groups, respectively; S = KI/K2. 

Absolute Ks values affect only the position of gpH/g~.7 VS. pH curve on pH 
axis and can be determined by shifting calculated curve (with arbitrary Ks) 
along pH axis until it fits to experimental points. The shape ofgpH/gT.7 vs. pH 
curve depends on a and S values, which are not  known beforehand. As follows 
from studies by Sigworth and Spalding [11,12], both t reatment  of the mem- 
brane by t r imethyloxonium ions and decrease of pH of the external solution 
result in nearly 3-fold reduction of the single channel conductance at zero 
potential. It  is natural t o  identify the assumed surface groups with the groups 
available for esterification by t r imethyloxonium ions. Both esterification and 
protonat ion of this group remove its negative charge. So let us assume a to be 
equal to 0.3 at Vm = 0 mV. The above mentioned studies as well as our own 
experiments (not illustrated) with t r ie thyloxonium ions, which exert the same 
action as t r imethyloxonium ions [13], show that  removal of the negative 
charge of the surface group makes the current-voltage curve less convex at posi- 
tive potentials. In terms of our model, this implies that  a would increase as Vm 
becomes more positive. The comparison of current-voltage relations before and 
after t r ie thyloxonium treatment  enables to evaluate approximately a values 
over all the positive potential range used. For instance, at potentials +50, +100 
and +140 mV (see Fig. 1), a = 0.34, 0.43 and 0.54, respectively. 

A number of experimental data (unpublished observations) suggests that  
interaction of H ÷ with the inner group is not  at equilibrium because of proton 
motion through sodium channels. Therefore, KI obtained from H ÷ block 
experiments is not,  strictly speaking, genuine equilibrium-binding constant and 
it should depend on potential in a more complicated way than a single exponen- 
tial (see e.g. Ref. 2). However, data available are not  enough to use the model 
taking into account permeation of H ÷ for calculations. Therefore, following the 
simple Woodhull 's model [2], let us assume for the present that  K~ (or S) 
depends exponentially on potential, at least at positive Vm, with the factor in 
the exponent  proportional to the fraction of the way across the membrane 
from the outside to the binding site (5). 

Solid curves in Fig. 1 were calculated from Eqn. 2 and in Fig. 2 from Eqns. 1 
and 2. A rather good agreement between calculation and experiment was ob- 
tained with the following numerical values of parameters of the model: pK1.0 = 
5.12, 5 = 0.40, pK~ = 5.82. pK 1,0 is the value of pK~ at Vr~ = 0 mV, obtained by 
means of extrapolation. It should be noted that  owing to the fact that  the theo- 
retical curves had to be fit ted to experimental points obtained for a wide range 
of pH and Vm values, arbitrariness in the choice of  parameters is significantly 
minimized. The calculations for eight experiments gave the following average 
(+-S.D.) values of  parameters: pK1,0 = 5.02 + 0.11, 5 -- 0.42 -+ 0.04, pK2 = 5.39 -+ 
0.25. 

An a t tempt  was made to take into account coulombic interaction between 
protons bound to two acid groups, with a result that  the same 5 values and 
lower values of inherent binding constants for both groups were obtained. 

Thus, the results of the study presented enable us to make the following con- 
clusions. (1) The conductance of the sodium channel is controlled by at least 
two acid groups with different affinities to H ÷ and different localization in the 
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channel. Properties of  the surface group unlike those of  the inner group do not  
seem to be affected by aconitine [9] ,  while the inner group seems to be inac- 
cessible for tr imethyloxonium ions [10 ,11] .  (2) It is impossible to estimate the 
parameters of  the inner group without  taking into account the existence of  the 
surface group. Thus, calculation based on the assumption that the channel con- 
ductance is affected by the inner acid group alone (Fig. 2) gives overestimated 
pK value and underestimated 5 value for the inner group. The higher the pH, 
the more pronounced this discrepancy. Thus, 5 value is estimated to be no less 
than 0.4 in the present study, while previous studies [2,5,9]  gave 5 values of  
approx. 0.25. Hence, taking into account the influence of  the surface group on 
the channel conductance,  it can be assumed that the inner acid group and con- 
sequently the whole selectivity filter is located deeper within the channel than 
has been thought previously. 
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