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ABSTRACT Squid giant axons were used to investigate the reversible effects of intracellular
pH (pH,) on the kinetic properties of ionic channels. The pharmacologically separated K* and
Na* currents were measured under: (a) internal perfusion, () enzymatic Pronase treatment,
and (c) continuous estimate of periaxonal ion accumulation. Variations of internal pH from
4.8 to 11 resulted in: (@) a decrease of steady-state sodium inactivation at positive potentials
similar to the effect of the proteolytic enzyme Pronase, (b) a shift of the h_(E) curve toward
depolarizing voltages, and (c) a decrease of the time constant of inactivation for potentials
below —20 mV (an increase above). A plot of the steady-state sodium conductance at £ -
+40 mV as a function of pH; suggests that two groups with pK, 10.4 and 5.6 affect
respectively the inactivation gate and the rate constants for the transition from the inactivated
to the second open state (k,) (Chandler and Meves, 1970b). The voltage shifts of the kinetic
parameters predicted by the Gouy-Chapman-Stern theory are well satisfied at high pH; and
less at low. Once corrected for voltage shifts, the forward rate constants for channel opening
were found to be slowed with the acidity of the internal or external solution.

INTRODUCTION

The action of external hydrogen ions on the ionic currents of various cell membranes has been
widely investigated (Hille, 1968; Mozhayeva and Naumov, 1970; Woodhull, 1973; Drouin
and Neumcke, 1974; Shrager, 1974; Campbell and Hille, 1976; Schauf and Davis, 1976;
Ohmori and Yoshii, 1977; Carbone et al., 1978). In spite of this, little information is available
as to the effects of altering the pH of intracellular solutions (pH;) (Chandler and Meves,
1965; Ehrenstein and Fishman, 1971; Nonner et al., 1980). In the squid axon findings are
limited to the existence of three groups: one controlling Na-inactivation gating (Brodwick and
Eaton, 1978), one modulating the open K* channel conductance (Wanke et al., 1978, 1979),
and one blocking in a voltage-dependent manner the open Na* channel (Wanke et al., 1980).

We report here detailed studies of the action of pH; on the properties of ionic channels in
the squid axon membrane. Since they were most impressive, the effects on sodium inactivation
were studied first with a classical sequence of voltage-clamp measurements: 4., 7, and then
steady-state conductance as a function of membrane potential. Secondly, we studied the
action of pH; on the activation kinetics of Na conductance in terms of the rate constant of
channel opening. Finally, to complete the set of results on the pH effects already published
(Carbone et al., 78; Wanke et al., 1979, 1980) we also measured 1, at various extracellular pH
(pH,) and both g and «, at very low values of pH; and pH,.
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The whole series of experiments gave us the possibility of drawing some tentative
conclusions as to the effect of pH on the membrane of the squid axon which seems at present
the sole nerve preparation in which a complete set of data is available. In particular, we found
evidence for the presence of two groups with very different pK, which allow selectively, either
removal or closure of the inactivation gate. The data relative to the forward rate constants of
both K* and Na* channels are consistent with the idea that H* ions act on the activation
gates by either altering the channel-sensed electric field (as a result of a surface-charge
density variation) or changing the free energy level associated with the rate constant.

MATERIALS AND METHODS

Axon Chamber and Voltage Clamp

All experiments were performed on isolated segments of giant axons with the squid Loligo vulgaris
(available in Camogli, Italy). The cleaning and axon-mounting procedure as well as the internal
electrode assembly were similar to those described previously (Carbone et al., 1978; Wanke et al., 1979).
Axons were internally perfused according to a modified version of the Tasaki method (Armstrong et al.,
1973) and bathed in continuously flowing extracellular solutions. The axon chamber was similar to that
of Armstrong et al., 1973), except for the central and guard electrodes which were two semicylindrical
platinized silver blocks of 8 and 5 mm length, respectively. Two 3-mm wide air gaps were used on each
side of the space clamp region. Inside the two semicylindrical regions, three small holes were allocated
for: (a) a bead-thermistor (0.25 mm), (b) the external Ag/AgCl voltage electrode, and (¢) the inflow of
external solutions. The temperature of the bath was measured by the thermistor and controlled by a
Peltier cell in direct contact with the silver block through a feedback system. Except when mentioned, all
experiments were done at 2 + 0.1°C.

The voltage clamp apparatus uses field effect transistor (FET) hybrids and integrated circuits; the
open loop gain was adjusted in order to have good DC control. The phase shift was compensated to allow
both a relatively slow settling time (30 us) and the possibility of an almost complete elimination of the
series resistance (90%). The series resistance itself was measured with a brief pulse of current each time
the ionic content of the internal and external solutions was changed (Binstock et al., 1975). Details on
data acquisition and storage as well as on the method used to measure the time-course of K*
conductance avoiding the effects of K* ion accumulation in the periaxonal space (Frankenhaeuser and
Hodgkin, 1956) have been given elsewhere (Wanke et al., 1979).

At rest, fibers were usually held at a membrane potential of —60 to —70 mV and preconditioned to
—90 mV for 1-2 min before stimulation. In experiments were Na* currents were investigated, removal
of slow sodium inactivation (Chandler and Meves, 1970 d) was accomplished by preconditioning the
fiber to —90 mV for at least 180 s before a pulse series and to — 130 mV for 0.5 to 1 s between successive
stimuli. When strong depressions of Iy, were observed, tetrodotoxin-insensitive currents were subtracted
from the total at the end of the experiment. Routinely, current records were corrected analogically and
digitally for leakage and capacitative components.

For most experiments h_(E) was measured by the two-pulse procedure described by Bezanilla and
Armstrong (1977). Conditioning prepulses were 40-ms long and varied from —90 to +90 mV. Test
potentials were either +40 or 0 mV depending on whether axons were perfused respectively with 200 or
50 Na-standard internal solution (SIS) (Table I). The brief hyperpolarization delivered between the
offset of the conditioning and the onset of the test pulse lasted 0.9 ms and took E,, to —90 mV. Measured
in this way, h_(E) at negative potentials has the same voltage dependence as determined by conventional
methods (Hodgkin and Huxley, 1952 a). For membrane potentials below —30 mV the time-course of
inactivation was measured following the two-pulse procedure adopted by Hodgkin and Huxley (1952 a).
Above —40 mV, 7, was determined by curve fitting the time-course of sodium currents, Iy, (¢), after a
Hodgkin and Huxley type of analysis.

394 BIOPHYSICAL JOURNAL VOLUME 35 1981




TABLE 1
IONIC COMPOSITION OF THE SOLUTIONS

External Solutions, mM

Na* K* TMA Chol. Tris Ca* Mg*  ClI- pH(z0.1)

ASW 435 10 20 10 40 555 8
1/4 NaSW TMA 109 10 326 20 10 40 555 8
1/4 NaSW Chol 109 10 326 20 10 40 555 8

Internal solutions, mM

Na* K~ Cs* F- H,PO,~ Citrate Glutamate pH (= 0.1)

50 NaSIS 50 135 215 317 45 7.2

200 NaSIS 200 117 45 7.2

200 Na (pH 10) 200 130 45 10

200 Na (pH 5.5) 200 80 45 55

400 KSIS 400 317 45 7.2
Solutions

The ionic composition of the solutions employed are reported in Table 1. Internal solutions were prepared
with fluoride as the main anion. Phosphate and glutamate, which are the anions usually employed for
internal perfusion studies (Tasaki et al., 1965), were used as pH-buffers at a concentration of 45 mM.
This, however, did not produce appreciable distortions as to the effects of pH; on ionic currents. Solutions
of different pH, had the same buffer concentration (45 mM) and Na* or K* content, depending whether
Na* or K* currents were studied. Sucrose was added to adjust the osmolarity to 1,070 mosmol. The
amount and the type of buffers used was already established in a previous work (Wanke et al., 1979).
When required, fast sodium inactivation was removed by perfusing the fiber for 30—60 s with 400 KSIS
at pH 9-10 containing 1 mg/ml Pronase (Calbiochem, Behring Corp., American Hoechst Corp., San
Diego, Calif.). This procedure speeded up the rate of inactivation removal without much affecting the
peak amplitude of the sodium records (Carbone and Wanke, manuscript in preparation).

Axons were usually perfused with 200 NaSIS and bathed in !4 Na-sea water (SW) tetramethyl-
ammonium (TMA) or Choline. This allowed: (a) the use of ohmic relations to calculate the sodium
conductance, gy,, instead of using the Goldman-Hodgkin-Katz equation to derive sodium permeability,
(b) reduced the errors due to series resistance, and (¢) avoided distortions due to K*-channel blocking
ions. On the contrary, it prevented reliable g\, measurements at low depolarizing voltages near the
sodium equilibrium potential (Ey, = —15 mV). Membrane voltages were not corrected for liquid-
junction potentials.

Data Analysis

For computational reasons the forward rate constants of the Na*-activation process was determined in
terms of the Armstrong and Bezanilla model (AB) (1977), not inclusive of the second open state #,.
Channels were assumed to be in state x, at ¢ = 0 and rate constant X to be equal to zero for E,, > 0 (E,,,,
membrane potential in absolute units). Qualitatively similar results were obtained in terms of the
classical Hodgkin and Huxley model (1952 4). In the range of potentials explored (0 to + 110 mV), only
the forward rate constant, a(E), was considered to be meaningful and, thus, reported. At positive
voltages the backward rate, b(E), was found to be small and affected by large errors.

The time-course of K* conductance, g¢(f), was analyzed in terms of the Hodgkin and Huxley
equations (1952 b) assuming for n a constant exponent equal to four and n, (E,) = 0 (E,, holding
potential). As for the sodium kinetics, data on 8, are not reported.
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FIGURE | Sodium current density records from two axons at low and high pH; - ¥, —90 mV. Step
depolarizations were respectively: —30, —10, +10, +30, +70, +90 and + 110 mV. The internal solution
was 50 NaSIS containing 45 mM K-glutamate (pH 10.2) or 45 mM K-phosphate (pH 5.9). Out: artificial
sea water (ASW).

The method used to determine the horizontal and vertical shifts of a(E), a,(E), gna(E) and g¢(E) at
high and low pH; was empirical and based on a curve-fitting analysis done manually. A continuous curve
was drawn by eye through control data at pH; 7.2 and than moved along the horizontal and vertical axis
until a good fitting of the test pH points was obtained. The final displacements were estimated and
reported on the figures with a corresponding arrow. Although quite subjective, the uncertainty of the
method did not exceed 4-6 mV for the horizontal shift and 5-10% for the vertical displacement.

RESULTS

General Observations

Variations of internal pH result in a rapid modification of the fast inactivation process of
sodium channels, as illustrated in Fig. 1. In the presence of 215 mM Cs™ to block delayed
ionic currents, low pH; produces a reduction of peak /Iy, and a stronger depression of the
residual steady-state level. On the contrary, high pH; removes sodium inactivation and
depresses peak sodium currents, resembling partly the action of the proteolytic enzyme
Pronase (Armstrong et al., 1973). pH effects are usually complete within 30—40 s and reverse
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to 90% of the initial conditions upon returning to control pH. In both cases no appreciable
variations of Ey, are observed.

One of the questions which arose during the course of the investigations was whether the
presence of Cs* (or other K*-channel blocking agents) might affect the action of internal pH
on sodium currents. In Myxicola axons, internal Cs* alters Na-inactivation (Schauf and
Bullock, 1978) whereas in the squid tetraethylammonium (TEA*) depresses more efficiently
Na* channels which have been previously treated with Pronase (Rojas and Rudy, 1976), as if
removal of the inactivation gates increases the affinity of TEA* toward the channel. Our
personal observation is that in normal axons at pH; 7.2 internal Cs* decreases the steady-state
Na conductance and accelerates the time-course of fast inactivation. In Pronase-treated
fibers, Cs* reduces by 10-20% the magnitude of the sodium current. Thus, to avoid any
interference of Cs*, test pH experiments were carried out with solutions in which Cs* and K*
were replaced with Na*. As shown in Fig. 2, the two families of curves present strong
similarities with those of Fig. 1, i.e., sodium inactivation is almost completely removed at pH

i

11

recovery

i

FIGURE 2 Sodium current density records at pH; 5 and 11 in the absence of internal Cs*. Records are
taken from different axons. ¥, —90 mV. Step depolarizations were to: +40, + 70, +90, and + 110 mV at
low pH; and +10, +30, +50, +80, and +110 mV at high pH;. Records were corrected by subtracting
tetrodotoxin (TTX) insensitive currents. In: 200 NaSIS. Out: '4 NaSW TMA.
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11 and enhanced at pH 5. In 10 fibers perfused at high pH;, peak amplitude increases similar
to that in Fig. 2 (5-20%) were consistently observed. Occasionally, at pH; higher than 10
axons with high resting potential and low leakage conductance could have peak sodium
currents as much as 30% greater than the original value. No such changes could be detected in
Pronase-treated axons.

The effects of pH; on I, are more evident from the results of Fig. 3. pH; variations from 7.2
to 11 result in an increase of the normalized steady-state level I%,/I{,) while the time-course
of sodium inactivation is prolonged (see Fig. 3, right). Lowering pH; from 7.2 to 5.4 results in
a potentiation of the sodium inactivation which partly resembles the action of internally
applied n-alkanols (Oxford and Swenson, 1979). At £ = +40 mV, I3, /I}, decreases from
0.28 to 0.1 without remarkable effects on the decay time constant (Fig. 3, bottom).

A plot of the normalized I}, at various pH; (filled circles) is given in Fig. 4. On the ordinate
are reported /%, values at E,, = +40 mV which were scaled up so that the amplitude of the
peak current matched that of the control records. Scaling corrects for the block by hydrogen
ions at low pH; (Wanke et al., 1980) and for the slight increase of peak conductance at high
pH;. Data are all referred to the average I}, at pH 7.2, 0.26 + 0.1 times I}, (open square).
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FIGURE3 Normalized Iy, records at various pH,. Left: records taken from five different axons and scaled
in amplitude to match the peak value of the control curve at £,, = +40 mV. Normalization factors are:
0.97 (pH 9.8), 1.2 (10.5), 1.12 (11), 1.54 (5.4), and 1.3 (5.9). Right: Semilog plots of the decaying part of
the /Iy, records. Symbols are experimental points. Straight lines are the results of a least-square fitting.
Records were corrected for TTX-insensitive currents. In: 200 NaSIS. Out: Y4 NaSW TMA.
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FIGURE 4 Normalized [, (®) and k. (O) as a function of pH, Data points represent test pH
measurements taken from 33 axons perfused either with 50 or 200 NaSIS. The O indicates the average of
the control Iy, values (see text). The continuous curve is the result of a least-square fitting according to Eq.
4 in the Appendix for i,/ i, = 0.27, pK, = 5.4 and pK, = 10.4.

The solid curve drawn through the data points represents the results of a least-squares analysis
based on Eq. 4 in the Appendix (Discussion).

Effects of pH; on h..(E)

The effects of internal pH on the sodium inactivation parameter h_(E) are illustrated in
Fig. 5. Curves are normalized at £ = —90 mV and show the characteristic S-shaped voltage
dependence with residual values between —20 and +90 mV. During high pH; exposure,
h.(E) increases with the pH. At pH; 10.9 steady-state inactivation (1-h_(E)) is close to zero
and practically voltage independent whereas at intermediate values (9.8 and 10.5), 1-A_(F)
increases from 0 to 0.6 or 0.25. No detectable shifts were observed as estimated by the position
of the midpoint potential, E,/,, defined as the potential at which &, is half the difference
between its maximum and minimum value.

Under low pH; treatment,h_(E) decreases with pH in the voltage-independent region and
shifts toward negative potentials. Evaluated from E, , the pH dependence of the shifts (AV)
are shown to the right of Fig. 5. The solid line represents the result of a curve fitting (see
figure legend for details). Interestingly values of h, at E,, = +40 mV obtained at different pH;
have a pH dependence similar to I§,, as shown in Fig. 4 (open circles).

Inactivation Time Constant and pH,

Two major features should be stressed about the action of pH; on the time constant of
inactivation (Fig. 6 a). First, intracellular pH drastically affects the amplitude of the
bell-shaped curves without appreciably affecting their peak position. Second, the effect of pH;
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FIGURE 5 Left: Steady-state inactivation curve h, ( £) at various pH; as determined with a double-pulse
method (Bezanilla and Armstrong, 1977). The pulse procedure is indicated in the inset. Ordinate:
normalized peak sodium current at £, = +40 mV. Abscissa: membrane potential during conditioning
prepulse. Continuous curves were drawn by eye to best fit the experimental points. Records were corrected
for TTX-insensitive currents. In: 200 NaSIS. Out: Y NaSW TMA. Similar results were obtained also
from axons perfused with solutions containing Cs* and K* (50 NaSIS). Right: pH-dependence of the
voltage shift as determined from E,;, (see text). Dots represent experimental points obtained from
different axons. The solid line is the result of a curve-fitting analysis based on the following equation
(Gilbert and Ehrenstein, 1969; Mozhayeva and Naumov, 1970; Hille et al., 1975):

a(l + 'Y[H]a/Kl)_l + oy(1 + ‘Y[H]o/Kz)~l —a(1 + KJ/V[H]o)_I
=C i c(v" — 1)]I/2,

where y = fA-E/RT. £ R T, have the usual meaning and B is an arbitrary constant determining
reference for potential shifts; K, K, and K are the dissociation constants regulating first-order reactions
between hydrogen tons and fixed surface charges (K, and K, refer to acid groups and K|, to a basic group);
a,, 65, and o, are the corresponding total charge densities; [H], is the concentration of H* in bulk; m is the
number of ionic species; ¢; and z, are respectively the concentration and the valence of ionic species i; Cisa
constant at a given temperature. The line was obtained by setting: B = 20 mV, g, g,, and g, respectively 4,
3.5, and 6 x 107? electronic charges: A2, K, K, and K, respectively 0.31 x 107%,0.16 x 107% 0.13 x
10~* M to which corresponds a pK, of 4.5, 2.8, and 9.9.

reverses at about —20 mV. pH; 10.2 produces a reduction of 7, in the range —90 to —20 mV
but an increase from —20 to +90 mV. Opposite effects are observed at low pH,. For
comparison, in Fig. 6 b are reported the effects of external pH (pH,) on r, which extend
previous observations by Carbone et al., 1978. At low pH, the peak amplitude of the
bell-shaped curve increases and shifts to the right (Courtney, 1979).

Effects on gy, (E}

Fig. 7 summarizes the results of measurements on peak (gR,) and steady-state (gx,) sodium
conductances extended to very large voltages at high (a) and low pH; (¢). In agreement with
Chandler and Meves (1970 a), gf, and g\, show remarkably different voltage dependences at
control pH (circles). Peak conductance is a steep function of voltage (8-10-mV potential
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FIGURE 6 Time constant, 7,, vs. E,, at various pH; and pH,. For details of the procedure see Methods.
Lines through experimental points (circles) were drawn by eye. Note the different scale of the ordinates.
In: 50 NaSIS. Out: ASW. Compared with other 7, curves in the literature, e.g., Fig. 3 in Chandler et al.,
1965, our r, curves at pH; 7.2 appear lower and slightly shifted toward depolarizing voltages. This might
be due to different perfusion conditions (300 mM KCl against 215 mM CsF, see Schauf and Bullock,
1978).

change for an e-fold increase) whereas gy, is less voltage sensitive, requiring a 40-50-mV
potential variation for an e-fold change. Incidentally, the slight bend of gx, above 150 mV was
somehow unexpected and not further investigated in the present paper. ,

At high pH, (squares) gR, shifts to the right and g¥, approaches more closely the peak
conductance curve. A plot of the voltage shifts (AV) of gk,(E) vs. pH, is illustrated in the
inset. As shown in Fig. 7a, gk, and gy, at pH; 9.9 have similar voltage dependences at negative
potentials and reach approximately equal values at £ = 150 mV. Interestingly, the same
effects are observed when axons are exposed sequentially to the action of Pronase (Fig. 7 b).
As the enzyme action approaches completeness (long-lasting digestions) g, tends to gR,.
Such a striking correspondence between the results of Figs. 7 @ and b was taken as strong
support for the idea that high pH; and pronase remove sodium inactivation probably by
modifying the same kinetic reaction (Discussion).

Remarkably different are the effects of low pH;. As shown in Fig. 7 ¢, low pH; produces
appreciable changes in the shape of both g}, and g5,. Above 150 mV at pH; 5.3 the two curves
are seen to increase with potential even though the corresponding quantities at pH; 7.2 are no
longer voltage dependent. Since for g, the phenomenon has been interpreted in terms of a
voltage-dependent internal block of Na channels by hydrogen ions (Wanke et al., 1980), the
present results would suggest that the properties of the block could be also valid at the steady
state of gy,.

Na* Activation Kinetics and pH,

In this paragraph attention is focused on the time-course of the Na*-conductance increase.
Fig. 8 shows the effect of PH; on the rising phase of gy, at £ = +110 mV in intact axons
(a, d) and in fibers heavily treated with Pronase to reduce the activation-inactivation coupling
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" FIGURE7 Normalized steady-state, g*, and peak, g?, sodium conductances vs. E,, at high pH,(a), during
Pronase treatment (5) and at low pH;(c). Inser: voltage shift of gf, (AV) against pH;. The solid line is the
result of a curve-fitting based on the model illustrated in Fig. 5, using the same set of parameters. g* (E)
curves (O, ) are normalized to the corresponding g”(E) curve at control pH (@, ®). Normalization
factors for g? were: 1 for pH 9.9, 0.9 for Pronase at 60's and 1 for 1205, 1.2 for pH 5.3. In (b) are indicated
the durations of the enzyme action. Pronase was dissolved in 200 NaSIS at pH;, 9.9 (1 mg/ml). Errors due
to accumulation of Na* ions in the periaxonal space (Frankenhauser and Hodgkin, 1956) were estimated
with the same procedure used for K* ions by Wanke et al. (1979) and found to be <5%. TTX-insensitive
currents were subtracted before measuring gy,. This avoided the contribution of outward Na* currents
through K* channels which is appreciable at very high voltages (20-30% at V > 180 mV) (Bezanilla and
Armstrong, 1972; French and Wells, 1977). In: 200 NaSIS. Out: Y4 NaSW Chol.

(b, e). As shown, both low and high pH; appear to slow down the rising phase of Iy, records
regardless of the presence of the fast inactivation process. In spite of this, however, their action
on a(FE) presents substantial differences. High pH; merely shifts a(E) along the horizontal
axis while low pH; reduces its amplitude by 50% (see “Data Analysis™ for a description of the
procedure followed to estimate horizontal and vertical displacements).

Effects on K* Channels

The effects of pH; on the time-course and voltage dependence of potassium conductance have
already been reported (Wanke et al., 1979). Referring to those experiments, we report here
pH; effects on the shifts, AV, of g« (E) curves and on the activation rate constant «, (Fig. 9).
Two features in the figure should be stressed. First, AV, behaves at high pH; similarly to the
shifts of gR,(E) previously described. Second, by comparing Fig. 9a with Fig. 3 of Wanke et
al. (1979), a clear difference in the pH dependence of AV and gy becomes evident, indicating
the existence of distinct titratable groups controlling the two quantities.

The behavior of «,(E) at low pH; (Fig. 9 b) is similar to the observed a(E) curve for Na*
activation. Slightly different are the effects of high pH;. At pH; 9.5, a,(E) crosses over the
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control curve at around +25 mV requiring a 20% vertical shift and a 10-mV voltage
displacement to overlap the control data points.

Further Studies on the Effects of Low pH; and pH , on g.

In an early stage of our work we reinvestigated the effects of low pH; on maximum potassium
conductance, gg, to study whether the non-zero conductance at pH; below 5.2 was due to
imperfect buffering of internal solutions (see Fig. 3 of Wanke et al., 1979). To do this, four
axons were first extensively treated with Pronase at pH; 7.2 for 20 min at a concentration of 1
mg/ml and then perfused at pH; below 5.5. Surprisingly, in all four experiments we obtained
reversible gx depressions 50-70% stronger than those previously reported, as if in heavily
Pronase-treated fibers pH; blocks K* channels more efficiently, perhaps as a consequence of
the reduced amount of residual buffering protoplasm. The possibility that long Pronase
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FiIGURE 8 Na* channels activation kinetics. (a, b, d, and e) Normalized time-course of Na* currents at
high and low pH; for E,, = 110 mV. Normalization factors are indicated on top of each curve. (¢, f)
Forward rate constant afE) obtained according to an AB-fitting analysis of records from intact axons.
Arrows indicate vertical and horizontal shifts required to match the control and test-pH curves drawn by
eye. Pronase-treated fibers (b, e) were perfused for 100 s with an enzyme concentration of 2 mg/ml, pH;
9.9. Current records were corrected by subtracting TTX-insensitive currents. In: 200 NaSIS. Out: Y%
NaSW TMA. Similar results were obtained with axons perfused with 50 NaSIS.
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FIGURE9 (a) Internal pH effects on the voltage shift AV of gx(E). The line is the result of a curve-fitting
based on the equation given in Fig. 5. Parameters were the same except for K; which was 107°. (b, ¢)
Forward rate constant vs. membrane potential, a,( E ), obtained according to an HH-fitting analysis at the
indicated pH. Arrows represent the horizontal and vertical shifts required to superimpose control and
test-pH data. Curves through experimental points were drawn by eye. In: 400 KSIS. Out: ASW + 3 x
10" M TTX.

digestions could have affected channel properties was ruled out by the observation that the
action of the enzyme did not produce appreciable alterations to the voltage dependence of
gk (E) and o, (E). The implication of these findings is that a large fraction of K* channels
(<95%) are controlled in an all-or-none manner by a single titratable group with pK, near 6.4.
In a series of six experiments with axons bathed in 300 mM KCI there was evidence that H*
blockage at low pH; is independent of the direction of K* current flow.

With the present set-up we also extended the gy measurements of Carbone et al. (1978) to
very low pH, in the absence of internal sodium ions. Below pH, 4, we could observe excellent
reversibility of changes in g kinetics accompanied by incomplete recovery of the maximum
conductance. A plot of gi as a function of pH, (not shown) indicated the existence of an acidic
group (pK, near 3.4) affecting the ionic conductance of the channel. In a series of experiments
in which pH; and pH, were varied simultaneously, the results confirmed the tacit assumption
that pH, and pH; act independently on the two sides of the membrane.

DISCUSSION

Steady-State Sodium Conductance and pH; Action

One of the main findings of the present paper is that the steady-state conductance of Na
channels might be controlled by the degree of protonation of two titratable groups: tentatively
one with pK, 10.4 and the other with pK, 5.6. The two groups have well-separated dissociation
constants and affect so differently the voltage dependence of g, that it seems safe to assume
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different mechanisms of action of the two groups on the kinetics of Na channel. To study the
specific effects of those groups in more detail, we analyzed the data in terms of the kinetic
model proposed by Chandler and Meves (1970 b) or, which is equivalent in our case, by
Armstrong and Bezanilla (1977). In this latter model the normal open (x,) the inactivated
(x,2) and the noninactivated (h,) states of Na channels are kinetically related as follows:

K €

X — Xz hz, (l)

where «, ¢, and 7 are rate constants; x, and h, are open states with a voltage dependence
represented by gR.(E) and gN,(F), respectively. X is nearly zero at positive potentials
(Hodgkin and Huxley, 1952 b; Chandler and Meves, 1970 b).

According to the above scheme, part of the present results can be tentatively interpreted
saying that high pH; would increase the average number of channels in state x, by blocking or
affecting the fast-inactivation process (reaction x, — x,z). This view is supported by the
evidence that high pH; shares common properties with other inactivation-removing agents
such as Pronase (Armstrong et al., 1973) and N-bromoacetamide (Oxford et al., 1978): (a)
increasing the steady-state sodium currents (Figs. 1-3), (b) decreasing (1-A.) (Fig. 5), and
(¢) modifying g, (E) into gR, (E) (Fig. 7). The alternative possibility that the increments of
gx, at high pH; could be merely due to changes of the rates ¢ and =, either caused by a
variation of their voltage dependence or by a voltage shift, is ruled out by the results of Fig. 7.
Under these conditions an increase of € with respect to 7 at high pH; would certainly produce
an increment of the number of channels in h, and hence of gg,, but it would not modify
28, (E) into gk, (E) as shown in the figure.

The effects of high pH; differ from those of Pronase in several aspects. They are quick,
reversible, and produce alterations in the time constant of the decaying part of /y,. Hence,
considering that protonation-deprotonation reactions are fast processes (microseconds at 2°C)
with respect to the time scale of channel gating (Atwell and Eisner, 1978), it seems reasonable
to assume (Appendix) that at high pH; there would exist simultaneously two types of channels
in rapid equilibrium with each other: one (type C,) following scheme 1 and one (type C;)
lacking the reaction x, — x,z. Fluctuations between the two schemes would occur at rates
102-10° times more rapid than channel gating.

Although less straightforward, the effects of low pH; on g, can be interpreted according to
scheme 1 by saying that in the steady state an increased average number of channels would
populate state x,z. However, on the basis of the present findings we can not discriminate
whether low pH; would simply modify reactions rates «, ¢, and = or if more likely (results of
Fig. 10) it would inhibit transition x,z — h,, creating channels of type C, (Appendix). The
results of Fig. 7 ¢ would only indicate that low pH; produces variations of g, (E) which are in
agreement with the idea that a voltage-dependent block for g, of the type described by
Wanke et al. (1980) is also valid at the steady state. Nevertheless, a third possible interaction
like the time-dependent ionic block produced by certain pharmacological agents (Yeh and
Narahashi, 1977), can be excluded a priori by the results of Fig. 8 e. Sodium currents from
Pronase-treated axons show no significant evidences of an inactivation process at low pH;
indicating that H* ions act on state x,z and/or h, rather than becoming an inactivating
particle.
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FIGURE 10 Computer simulation of the time-course of gy, at normal (top), high (middle), and low
(bottom) pH;. Dots are experimental gy, values taken from different axons, depolarized from —90 mV to
+40 mV. TTX-insensitive currents were subtracted. In: 200 NaSIS. Qut: %4 NaSW. Thin curves illustrate
the time-course associated with the kinetic schemes C,, C,, and C; indicated in the Appendix. Thick lines
are the results of the fitting. The value of parameters and the percent of C,, C,, and C, required to best fit
the dots are reported in Table II. Referring to the assumptions described in the Appendix, curve fittings
were carried out by postulating that: (a) the total number of channels is constant at any time, x; + x, +
Xy + x,2 + h; = N, (b) all channels are in state x; at £ = 0 and (¢) gn, = Bna (X; + A1) where gn,
represents the conductance of the open channel times N. To limit our fitting to four adjustable parameters:
Zne @, b, and ¢/x, we assumed that at E,, = 40 mV: (1) x = 7,7, (2) A = 0, and (3) (¢ + %)~ equals the
value determined by the two-pulse procedure described by Chandler and Meves, 1970 b, (for further
details of the method see Chandler and Meves, 1970 ¢: pages 682-3). The parameters gu,, a and b relate to
sodium channel activation and were determined to best fit the rising phase of the curve, whereas ¢/ refers
to the second open state of the channels and sets the steady-state level of the sodium conductance. In a
series of measurements (not shown) the ratio (¢ + x)~' to r, was found to remain constant, independent of
pH; (Table II}, and in good agreement with the value obtained by Chandler and Meves (1970 ¢).

406 BIOPHYSICAL JOURNAL VOLUME 35 1981




Further support for the appropriation of the model adopted in the Appendix comes from the
results of the curve fitting shown in Figs. 4 and 10. Following those arguments, we were able
to fit both the pH-dependence of gX, and the time-course of gy, at various pH;. Particularly,
gna (2) curves were simulated by linearly combining the contributions of channels C; and C, at
pH; 9.9 and channels C, and C, at pH; 5.4 (Appendix and Fig. 10 legend for further details).
As shown in Table I, variations of «, ¢, and = are required to best fit the experimental points
both at high and low pH;. This does not conflict with the hypothesis of channels mixtures
which at present seems to be inescapable (at least for the high pH;), but it would rather
indicate that an action of pH; on reaction rates should also be considered. Interestingly, an
attempt at curve fitting the experimental points in terms of simple changes of «, ¢, and = did
not give reliable results.

Chemical Nature of Groups Controlling the Inactivation Gate

The existence of a titratable group with pK, 10.4 modifying h_(E) is in good agreement with
the suggestion of Rojas and Rudy (1976) and Eaton et al. (1978) that a basic amino acid
residue, either arginine or lysine, might be involved in the inactivation gating structure. Such
structure was assumed to be: (a) positively charged at neutral pH;, () located nearly at the
inner mouth of the Na* channel, and (¢) free to move from a resting to a blocking position on
depolarization. A consequence of this is that at very high pH; a large fraction of basic residues
would be in the uncharged form so that, once opened by step depolarizations most Na
channels would be unable to inactivate. This seems in fairly good agreement with the results of
Figs. 1-3. Sodium currents can inactivate normally at pH; 7.2, much less at intermediate pH
and not at all at pH 1.

An alternative to the “arginine-lysine hypothesis’ could be that a tyrosine residue might be
involved in the inactivation gating, as suggested by Oxford et el., 1978, and Brodwick and
Eaton, 1978. Under these conditions, the presence on the same gating structure of the
phenolic group of tyrosine (uncharged at neutral pH) and the guanidino group of arginine
(positively charged at pH 11) would give origin to a short peptide chain positively charged at
neutral pH and uncharged at pH 11 where the phenolic group of tyrosine is in the anionic
form. Of course, other aminoacid combinations and/or totally different mechanisms could
account reasonably well for the above data. Further experiments are required to clarify this

point.

TABLE 11
PARAMETERS OF THE THEORETICAL CURVES IN FIG. 10

pH a b k A € x 8 C, C, C,
ms~! mS - cm™? %

7.2 6.5 0.05 0.54 0 0.16 1.09 47 0 100 0

9.9 5.5 0.1 0.32 0 0.164 746 33 0 42 0

5.5 0.1 0 0 0 0 33 0 0 58

5.4 { 35 0.2 0.48 0 0.26 1.2 31 0 32 0

35 0.2 0.48 0 0 0 31 68 0 0
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Very little is known about the nature of the side-group titrating at low pH; (pK, = 5.6).
From the pK, of the titration curve it is difficult to argue which type of amino acid residue is
implicated in the potentiation of sodium inactivation. Carboxyl groups of aspartic and
glutamic acid as well as the imidazole group of hystidine might titrate in that pH range. In
addition, the lack of other papers reporting implications of protein side-groups in the control
of e and 7 suggests some caution in drawing general conclusions from the present data.

An important aspect of the H* inactivation interaction is the decrease above —20 mV of
the rate of inactivation with increasing pH;. An explanation for this could be that, because
protonation-deprotonation reactions are very fast, the groups responsible for the Na inactiva-
tion would acquire a positive charge which on average decreases with increasing the pH; (+e
at pH; 7.2 and 0 at pH; 12). Thus, if one assumes that the rate « is somehow related to the
average charge of those groups, it would follow that the time required by channel to go from
the open (x,) to the closed state (x,z) would increase at high pH;. The contrary would be true
for lowering the pH;. Of course, the hypothesis deserves further investigation; especially on the
view that other chemical agents and toxins can easily affect the time-course of fast
inactivation (Meves, 1978; Catterall, 1979; Oxford and Swenson, 1979).

Actions on Membrane Surface Charges

An interesting finding of this paper is that, besides horizontal shifts, the kinetic parameters of
both Na* and K* channels apparently show also vertical shifts upon altering the intracellular
pH. In terms of the Eyring rate theory (Glasstone et al., 1941) this would suggest that H* ions
affect both the electrostatic and the nonelectrostatic free-energy terms associated with the
activation rate constants. A tentative separation of the two phenomena based on an empirical
procedure has been shown in Figs. 8 and 9. Obviously, the method suffers serious limitations
and thus, for the vertical shifts, we thought it more realistic to discuss the qualitative aspects
of some plausible mechanism accounting for the observed shifts rather then furnishing a
quantitative interpretation of the phenomenon. For the horizontal shifts the matter is
simplified by the observation that other parameters show also voltage shifts in the same
direction (h., gR, and gi). As described below, they can be satisfactorily explained in terms of
the Gouy-Chapman-Stern equation applied to the diffuse double layer generated by the fixed
membrane surface charges (Gilbert and Ehrenstein, 1969; Hille et al., 1975).

HORIZONTAL SHIFTS Three main pieces of experimental evidence suggested to us a
model (Fig. 5, legend) with a minimum of three different surface charges: (a) the shift toward
depolarizing voltages of gg, gR.. @, and a at high pH;, (b) the shift toward hyperpolarizing
voltages of h_(E) at low pH; and (c) the existence at the internal side of the membrane of a
net negative charge at pH; 7.2 (Chandler et al., 1965). Points a and b are fairly well satisfied
by assuming the existence of a basic group with pK, 9-10 (pK;) and an acid group with pK,
4.5 (pK,) while the need for a second type of negative charge with pK, 2.8 (pK,) is merely
imposed by the third constraint for which the total surface charge (o, + o, + ;) has to be
negative at pH; 7.2.

The fitting of the AV shifts shown in Figs. 5, 7, and 9 was carried out by simple trial and
error assuming for the variable B a value of 20 mV, in agreement with Chandler et al., 1965,
that estimated a value of 17 mV for axons perfused with 300 mM KCIl. Under these
conditions, the results from both Na* and K* channels would suggest that on the internal

408 BIOPHYSICAL JOURNAL VOLUME 35 1981




surface of the squid axon membrane there would exist possibly three types of surface charges.
They would be tentatively associated with carboxyl (pK, 4.5), phosphate (pK, 2.8), and amino
(pK, 9-10) groups, furnishing a total negative surface charge of 1.5 x 107 electronic charges
A2, corresponding to a linear separation of 26 A (in good agreement with the value of 27 A
obtained by Chandler et al., 1965). However, some ambiguity remains as to the reason why
we failed to detect clear shifts of g and «,(or gk, and a) toward hyperpolarizing voltages at
low pH;. For this reason and because of the lack of systematic studies changing the ionic
strength and the divalent ion concentration, the present results should be considered as mainly
indicative.

VERTICAL SHIFTS The simplest way in which vertical shifts of the kinetic parame-
ters can be produced is by changing the temperature of the solution bathing the axon
(Frankenhaeuser and Moore, 1963; Schauf, 1973). For the case of pH;, there are at least two
possibilities (not necessarily mutually exclusive) in which this might occur: either the pH
alters considerably the fluidity of the lipid bilayer or it affects the activation gating
mechanism by modifying the average charge of some titratable group associated with the
gate. In favor of the first possibility, evidence has been accumulated (Traiible and Eibl, 1974;
Verkleij et al., 1974; Watts et al., 1978; Eibl and Blume, 1979) on the effects that H* ions
produce on the ordered fluid-phase transition temperature of lipid bilayers, suggesting that
when the phospholipid head groups are mostly uncharged (protonated), the fluidity of the
membrane is lower because of the decreased intermolecular separation caused by the lower
electrostatic repulsion. On a macroscopic scale, this would produce effects similar to lowering
the temperature (slowing down of rate constants) with an action that would be symmetric
with respect to the plane of the membrane and common to both types of channels.
Interestingly, this would account also for the effects of low pH, on «, and «,, (Carbone et al.,
1978) which have been found to produce not simple horizontal shifts of the two quantities.

The alternative possibility that pH; could affect the rate of opening and closing of channels
by acting directly on the gating mechanism should also be considered (Shrager, 1974). If, for
instance, the rate of opening and closing of the activation gate is assumed to be controlled by
the degree of protonation of some acid group, one would predict that at low pH when the
group is uncharged for a greater fraction of time, the time required by the gate to move from
the closed to the open position would increase. Obviously, to account for the similar effects
that pH; and pH, have on Na* and K* channels, analogous residues should be postulated to
exist at the two sides of both types of channels.

CONCLUSIONS

For the sake of clarity, we thought useful to list in Table III the pK, values of the most
probable groups associated with the various voltage-clamp variables of the squid axon
membrane. From the table it appears that at the extracellular side of the membrane there are
no basic residues affecting either one of the listed parameters. This would suggest two orders
of considerations. First, amino, imidazole, and sulfhydryl groups are not very likely accessible
at the outer side of the axolemma. Second, the squid axon membrane seems to be
characterized by a high degree of asymmetry on its membrane constituents (Zambrano et al.,
1971). Significantly, the steady-state sodium inactivation is the only parameter affected by
residues having the same pK,, on both sides of the membrane.
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TABLE 111
TITRATABLE GROUPS ASSOCIATED WITH VOLTAGE-CLAMP PARAMETERS

Internal External
pK, Reference pK, Reference

Na

Maximum conductance 5.8 Wanke et al., 1980 4.6 Wanke et al., 1980
Zna (block)

Peak conductance gy, (E) 9.9 Fig. S 4.5* Carboneetal, 1978
(shift)

Steady-state conductance, 5.6 and Fig. 4 and — —
g.(ampl) 10.4 Brodwick and Eaton, 1978

Activation rates, a(E), 9.5-10% Fig. 8 4.5 Carbone et al., 1978
a,, (E) (shift)

Inactivation, A, (E) 4.5 Fig. 6 4-5% Carboneetal., 1978
(shift) (Fig. 5)

K

Maximum conductance 6.4 Wanke et al., 1979 34§  This paper
8k (block)

Steady-state conductance, 9 Fig. 9 4.7* Carboneetal., 1978
8x (E) (shift)

Activation rate, 9-9.5% Fig. 9 4.7 Carbone et al., 1978

a, (E) (shift)

*The group is reported to be similar to the group associated with the corresponding activation rate.
$The pK, of this group is determined qualitatively from the figure indicated.
§The group is only stated to exist in this paper (Results).

In our opinion it is extremely difficult, at present, to furnish a correct topology of the
discovered titratable groups. Perhaps, with reasonable caution, one might conclude that the
amino acid residues controlling gy, (Wanke et al., 1980), gx (Wanke et al., 1979) and gy,
(Fig. 4) are possibly located nearly the channel mouth. On the contrary, very little can be
inferred about those groups controlling the voltage shifts of the remaining variables. For this,
more information concerning both the lipid-proteins interactions (Warren et al., 1974) and
the nature of the voltage-sensitive channel gating would be required. Along this line,
experiments designed to measure gating signals as a function of pH are in progress.

APPENDIX

We will give here a brief description of the theoretical model adopted to fit the experimental data of
Figs. 4 and 10. The model is based on the assumption that:

(a) There are three types of channels C,, C,, C, at various pH; in rapid equilibrium with each others,
having respectively the following reaction scheme:

a a K

<) Xy==X3 ==X} —*> X, Z
b
a a K €
<) Xy==Xy =X —> X, z2=—=h,
b b x
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a a
(Cy) Xy==Xy=— X,
b b

where x; and x, represent the resting closed state of the channel and a,b are rate constants. For
computational reasons, only two rather than three closed states are considered. The other quantities are
defined in the text.

(b) The populations of C,, C,, C,, are governed by two independent first-order chemical reactions,
with dissociation constants K, and K,

Kl
Cz -+ H+ — C|
K,
C3 + H+ _ C2
furnishing the following relations:
[Ci] = [C,] - 1OPR— (1
[Ca] = [C] - 10PK-#H (2)

(c) The two open states x, and h, have the same single-channel conductance (Chandler and Meves,
1970 b; Bezanilla and Armstrong, 1977) whereas state x,z is nonconducting.

(d) The total number of channels [C,] + [C,] + [C;] is constant at any pH.

Under these hypotheses the steady-state sodium conductance at a given pH will be the sum of the
contributions of the channels C, and C,. For large values of ¢ all C, are inactivated and therefore do not
contribute to g¥,. Hence:

gra(PH) = (gRalCs) + gRalC;D/(ICH] + [Co] + [CiD), (3)
where g\, and gy, indicate the conductance that would have been obtained if all channels were either of
the C, or C; type.

Substituting Eqs. 1 and 2 into 3 we obtain:
gNa/8Ra = (1 + 10PKPH 4 1QPH-PK) =1 [1OPHPR ot (o, / gR)]. 4)

Assuming g¥, = gf. at pH; 7.2, the ratio g3,/g, becomes gf,/gk. = IN./IR the latter being the
quantity plotted on the ordinate of Fig. 4. Indeed, the theoretical value of g7, is nearly 20% higher than
the experimental g{, (Bezanilla and Armstrong, 1977). Thus the above assumption would introduce a
comparable distortion in the pH dependence of Eq. 4. Such an error, however, is of the same order of
magnitude of the scattering of our data and it would introduce only negligible deviations in the actual
values of pK, and pK,.

The solid line in Fig. 4 is the results of a best-fitting analysis of the experimental data with Eq. 4 for
BRa/8Ne = 8Na/8Ra = I/ Ke = 0.27, pK, = 5.4 and pK, = 10.4. From these values it derives that
I, (pH) equals I, at pH; 7.7.

A preliminary report of some of these experiments was presented at the EMBO (European Molecular Biology
Organization) Workshop on Polypeptide Neurotoxins, Nice (France), 1979.
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