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Abstract Shaker B potassium channels undergo rapid
N-type and slow C-type inactivation. While N-type in-
activation is supposed to be mediated by occlusion of the
pore by the N-terminal protein structure, the molecular
mechanisms leading to C-type inactivation are less well
understood. Considering N-type inactivation as a model
for aprotein conformational transition, weinvestigated in-
activation of heterologously expressed Shaker B potassium
channels and mutants thereof, showing various degrees of
C-type inactivation, under high hydrostatic (oil) pressure.
In addition to the derived apparent activation and reaction
volumes (AV), experiments at various temperatures
yielded estimates for enthalpic (AH) and entropic (TAS)
contributions. N-type inactivation was accelerated by in-
creasing temperature and slowed by high hydrostatic
pressure vyielding a equilibrium AH=76 kJmole,
TAS=82 kJmole, and AV =0.18 nm® indicating that the
transition to the N-type inactivated state is accompanied
by an increasein volume and adecreasein order. N-termi-
nally deleted ShA6-46 constructs with additional muta-
tions at either position 449 or 463 were used to investigate
C-typeinactivation. In particular at high temperatures, in-
activation occurred in two phasesindicating more than one
process. At equilibrium the following values were esti-
mated for the major inactivation component of mutant
ShA646 T449A: AH =—64 kJ/mole, TAS=-60 kJ/mole,
and AV =—0.25 nm?, indicating that the C-typeinactivated
state occupies a smaller volume and is more ordered than
the noninactivated state. Thus, hydrostatic pressure affects
N- and C-type inactivation in opposite ways.
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Introduction

Voltage-gated potassium channels (K™ channels) undergo
at least two types of inactivation (Hoshi etal. 1991).
N-typeinactivation isthought to occur through aso-called
“ball-and-chain” mechanism which wasinitially proposed
for the inactivation of sodium channels (Armstrong and
Bezanilla 1977). The N-terminal end of the K* channel
subunit presumably forms an inactivating domain which
can obstruct theion channel porefromthe cytoplasmic side
and thereby cause an interruption of the ion flow, i.e. it
leads to inactivation (Hoshi et al. 1990). Even after dele-
tion of the N-terminal structure, a much slower inactivat-
ing component remains in Shaker B channels. Since a
C-terminal Shaker splice variant (Shaker A) showsamuch
faster inactivation of this kind (Hoshi et al. 1991) it was
termed C-type inactivation. Several recent studies, how-
ever, have shown that amino-acid residues in the pore
region and the permeating ions play an important role in
thisinactivation (LOpez-Barneo et al. 1993; DeBiasi et al.
1993; Schlief et al. 1996). Therefore, the term P-type in-
activation would actually be more appropriate.

While acompelling body of evidence was compiled for
the mechanism of N-type inactivation, not very much is
known about the molecular mechanism of C-type inacti-
vation. What can be concluded at the moment is that, dur-
ing C-type inactivation, structural rearrangements at the
external entry of the pore must be occurring as the access-
ibility of amino-acid residues in the outer pore region to
chemically modifying agents shows aclear dependence on
theinactivation state (Liu et al. 1996; Schlief et al. 1996).

Therefore, at least two distinct molecular mechanisms
are leading to inactivation in K™ channels: During N-type
inactivation the presumably very flexible N-terminal ball
structure must diffuse — tethered with a peptide chain to
the rest of the channel protein —to its “receptor” where it
binds via hydrophobic forces (Hoshi et al. 1990; Murrell-
Lagnado and Aldrich 1993). It should be noted that thisre-
action is very much facilitated in the open channel state
which results in a strong coupling of inactivation and ac-
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tivation. C-type inactivation, on the other hand, is asso-
ciated with a conformational change of the external pore
entry whose nature is not known. These two types of inac-
tivation can be distinguished by their sensitivities to endo-
peptidases and the pore blocker tetraethylammonium
(TEA). N-type inactivation is sensitive to application of
cytosolic endopeptidases (Hoshi et al. 1990) and shows a
competition with intracellular TEA; extracellular TEA, on
the other hand, competes with C-type inactivation (Griss-
mer and Cahalan 1989; Choi et al. 1991). However, at | east
the latter criterion is not unambiguous and a coupling of
N- and C-type inactivation even complicates the situation
(Baukrowitz and Yellen 1995).

The motivation of the following study wasto gain more
insight into the molecular mechanisms underlying these
intra-protein conformational changes by investigating
their thermodynamic properties in two types of experi-
ments. Activation enthal py and entropy were measured by
changing the temperature in the range of about 10-30°C.
Information about the volume changes accompanying the
protein conformational transitions, i.e. the apparent acti-
vation volumes, was obtained by measuring the inactiva-
tion kineticsat hydrostatic pressure of up to 50 M Pa (=500
atmospheres).

All experiments were carried out with Shaker B
K™ channels and mutants thereof expressed in Xenopus
oocytes. Shaker B served as an example for an N-typein-
activating channel; C-typeinactivation wasinvestigatedin
mutants of Shaker B A6-46 channels, i.e. Shaker B with a
partially deleted N-terminal structure. Inthefollowingthis
construct will be referred to as ShA. In order to increase
the speed of C-type inactivation, various pore mutations
were introduced in the background ShA at positions T449
and A463 (Hoshi et al. 1991; LOpez-Barneo et al. 1993;
Schlief et al. 1996).

Preliminary results of thiswork have been presented in
abstract form (Meyer and Heinemann 1995).

Materials and methods
Oocyte preparation and mRNA injection

Stage V oocytes were obtained from Xenopus laevis, an-
aesthetized with 0.2% tricaine in ice water, according to
standard methods (Stihmer et al. 1992). The follicular
layer was removed by collagenase treatment prior to
MRNA injection. About 50 nl mMRNA in a concentration
ranging from 0.05 to 0.5 ug/ ml was injected into the
oocytes. Electrophysiological recordings were started
after 12 h of incubation at 17°C.

Thefollowing K* channel clones were used: Shaker B,
and mutants of ShA: T449A, T449K, T449Q, T449S,
A463V (Hoshi etal. 1991; Lopez-Barneo etal. 1993;
Schlief et al. 1996). Thetemplate DNA waslinearized with
Sstl and capped cRNA was synthesized withthe T7 mMes-
sage mMachine Kit (Ambion, Austin, TX, USA).

Electrophysiological recordings

For experiments at different temperatures the two-elec-
trode voltage clamp as well as the patch-clamp technique
wereused. Thetemperaturewas controlled by aPeltier el e-
ment underneath the bath chamber and was regulated with
atemperature control unit. Thetemperaturein solutionwas
measured with a thermo-element. Experiments were per-
formed in the temperature range of approximately 10 to
30°C. Whole-cell currentswere measured with atwo-elec-
trode voltage clamp amplifier (Turbo TEC 10CD, npi elec-
tronic, Tamm, Germany). Intracellular electrodes were
filled with 2 M KCI and had aresistance between 0.5 and
1.0 MQ. An EPC-9 electronic amplifier (HEKA elektro-
nik, Lambrecht, Germany) was used for patch-clamp ex-
periments. Data acquisition was performed with the
Pulse + PulseFit software package (HEKA elektronik)
running on Macintosh Computers (Apple Computer Inc.,
Cupertino, CA, USA). Data analysis was performed with
the programs PulseFit (HEKA elektronik) and IgorPro
(WaveMetricsInc., Lake Oswego, OR, USA). Datavalues
are given asmean + s.em.

The following external solutions were used (in mM):
K10Nal07: 10 KCI, 107 NaCl, 10 Hepes, 1.8 CaCl,; NFR:
115NaCl, 2.5KCI, 1.8CaCl,, 10Hepes, K50Na67:
50 KCI, 67.5NaCl, 1.8CaCl,, 10 Hepes; K-Ringer:
115 KCl, 1.8 CaCl,, 10 Hepes. In most cases the temper-
ature dependence of inactivation wastested in K10Nal07.
For experiments at different pressures solutions contain-
ing 2.5 mM K* and 115 mM K* were also used. Theinter-
nal solution for patch-clamp experiments was K-EGTA:
115 KCl, 1.8 EGTA, and 10 Hepes. All solutions were ti-
trated to pH 7.2.

High pressure apparatus

Patch-clamp experiments at various pressures were per-
formed with a pressure apparatus similar to that described
by Heinemann et al. (1987b). After obtaining an excised
patch, a glass cup, which was connected to the patch pi-
pette holder, was placed in front of the pipette tip such that
the pipettetip dippedinto thiscup. Together with thissmall
bath solution reservoir, the patch was then moved out of
the main bath chamber; subsequently it was placed into the
pressure vessel filled with pure paraffin oil. The pressure
vessel was sealed with alid of stainless steel which con-
tained the necessary high-pressure electrical feedthroughs
for the patch electrode, the ground electrode and the ther-
mistor. Pressure was applied by pressing oil with a hand-
driven pump into the pressure vessel. Data records were
taken about 5 minutes after changing pressure in order to
reach a temperature equilibrium. Temperature was meas-
ured by athermistor which was placed inside the vessel; it
wascontrolled withaHaake K 15 thermostat (Haake, M ess-
Technik GmbH, Karlsruhe, Germany) which was con-
nected to a water-filled jacket around the pressure vessel.

In addition to this high-pressure patch-clamp configu-
ration, in some casesaminiaturized two-el ectrode voltage-



clamp unit which fits into the pressure vessel of 20 mm
width and 60 mm height (Schmalwasser and Heinemann,
in preparation) was used for recording currents from en-
tire oocytes under high pressure.

Data analysis

Inactivation time constants, 7;, were determined from ex-
ponential fitsto thedecline of the current. Theinversetime
constants were used as rate constants, k;. Recovery from
inactivation at —100 mV was measured in double-pul se ex-
periments with increasing interpul se duration as shown in
the inset of Fig. 1B.

The temperature dependencies of the rate constants
were analyzed according to Arrhenius:

Ink=InA-Ea

RT )

where R indicates the gas constant, T the absol ute temper-
ature, and In A is a preexponential factor. From the slope
of an Arrheniusplot (In k versus 1/T) the activation energy
(E,) is obtained. According to the transition-state theory,
the free enthalpy for the activation step (AG") isrelated to
the rate constant by:

k:x"BTTce<-AG“RT> 2

wherekg isBoltzmann’s constant, and h Planck’s constant.
The transmission coefficient k was assumed to be unit¥.
The activation free enthal py consists of an enthalpic (AH™)
and an entropic part (AS"): AG* = AH* — TASF. From Ar-
rhenius plots both quantities can be obtained by assuming
that the rate constants were measured under constant pres-
sure and constant membrane potential.

AH*=E,—RT 3)

As*:R@nA—lnngT

> (4)

In the range of —20 to +50 mV there was, indeed, only a
very small voltage dependence of N- and C-type inactiva-
tion which was neglegted for the calculation of AH* and
TAS*. For the recovery from N-type and C-type inactiva-
tion a small voltage dependence of the rate constant was
observed in the range of =120 to —70 mV. In these cases
the voltage dependent term was not determined explicitly;
instead it was included in the activation enthalpy which
then slightly depended on the membrane potential. AG*,
AH*, and TAS* were cal culated for 293 K (20°C).

Thermodynamic equilibrium data were estimated from
inactivation time constants and the relative steady-state
current (h;; = steady-state current/peak current) at the end
of the test pulse. Rate constants for inactivation (k;) and
recovery (k) at +50 mV were evaluated according to:
K = ot

T

()
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The resulting equilibrium constant, K = k;/k,, was plotted
versustheinversetemperature (Van't Hoff plots). Enthal py
(AH), entropy (AS), and free enthalpy (AG) changes were
obtained from alinear fit to:

AH , AS

= 7
RT R U
From the pressure (P) dependence of the rate constants an
apparent activation volume (AV*) can be estimated accord-
ing to:

InkD __AVF
O O~ RT

The logarithm of the rate constant was plotted versus pres-
sureandfittedtoalinear equation (Fig. 5C). Fromtheslope
an activation volume was evaluated according to Eq. (8).

Macro-patches under high hydrostatic pressure are not
very stable and the recording time had to be minimized.
Therefore, in some cases rate constants for the recovery
from inactivation were only estimated from one double-
pulse experiment with a fixed interpulse duration and as-
suming a single-exponential time course.

InK =-

(8)

Results
Temperature dependence of N-type inactivation

N-type inactivation was studied with wild-type Shaker
B channels. In Fig. 1A current traces from Shaker B at dif-
ferent temperatures are shown. As N-type inactivation was
much faster than C-type inactivation, for analysis of the on-
set of inactivation only theinitial, fast decline of current was
used. Inactivationwasclearly accel erated by increasing tem-
perature (Fig. 1A). The recovery rate was determined from
double-pulse experiments (Fig. 1B). A single exponential
time course for recovery was observed indicating that the
channelswere mainly N-typeinactivated during thefirst test
pulse. Recovery from inactivation at —100 mV reveded a
weaker temperature dependence than that of inactivation.
Thisresulted in alower activation energy for recovery than
for inactivation (Fig. 1C). Free activation enthalpy (AGY),
activation enthal py (AH"), and activation entropy (AS) were
estimated and are summarized in Table 1. For inactivation
the determined activation enthalpy (AH*) was greater than
the free activation enthalpy (AG"). This resulted in a posi-
tive activation entropy (ASF), while for the recovery aneg-
ative activation entropy was determined.

Temperature dependence of C-type inactivation
of ShAT449A

In Fig. 2A current traces of ShA T449A at different tem-
peratures are shown. At low temperatures the decline of
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Fig. LA—C Temperature dependence of N-type inactivation. The
data were recorded from on-cell patches with K10Nal107 in the pi-
pette and K-EGTA in the bath. The holding potential was —100 mV
and the channels were activated by voltage stepsto +50 mV. A Cur-
rent traces of Shaker B channels recorded at the indicated tempera-
tures. B Recovery from N-type inactivation at the indicated tem-
peratures. The fraction of recovery was determined according to
([a2—a0]/[a1l—-a0]). al and a2 indicate the peak currents of first and
second pulse and a0 the steady-state current at the end of the first
pulse. The continuous curves indicate results of single-exponential
datafits. Inset: Examplefor adouble-pul se experiment with increas-
ing duration between the pulses. This protocol was employed to
measure the recovery from the inactivated state at =100 mV. C Ar-
rhenius plots for the rate of N-typeinactivation (at +50 mV) and the
rate of recovery from N-typeinactivation (at —100 mV) based on one
experiment. Activation energies resulting from the linear fits (see
Eq. (1)) areindicated. All displayed data points are from one experi-
ment

the current seemed to be single-exponential, but amore de-
tailed analysisreveal ed that theinactivation which remains
after removal of N-type inactivation has two components.
The proportion of the slow component increased with in-
creasing temperature and was observable under our experi-
mental conditions down to about 18°C. The traces were
fitted with a double exponential equation and both result-
ing time constantswere used for analysis. The correspond-
ing Arrhenius plots are shown in Fig. 2C. For the main
(fast) component an activation energy of about 65 kJ/mole
was estimated which is similar to that found for N-type
inactivation of Shaker B (~75 kJ/mole, see Table 1). The
slow component revealed a much higher activation energy
(=165 k/mole).

Temperature dependence of recovery was determined
from double pulse experiments at —100 mV. Again, two
components could be distinguished. The main part recov-

8
o Inactivation
82 kJ/mole
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2 Recovery
21 kd/mole
3.3 3.4 3.5
1/T (x10° K7)

ered slowly, while only asmaller part recovered more rap-
idly (Fig. 2B). Thefraction of fast recovery increased with
increasing temperature. To show the double exponential
time course of recovery more clearly, data were also plot-
ted on alogarithmic time base in Fig. 2B. For both recov-
ery components relatively high activation energies were
determined (Fig. 2C, Table 1).

Estimation of AG, AH and TAS at equilibrium

Asinactivation and recovery were determined at different
potentials, the evaluated rate constants cannot be used for
the calculation of an equilibrium constant without infor-
mation about thevoltage dependence of therates. Although
the voltage dependence of recovery and inactivation were
small at hyperpolarized or depolarized potentials, altera-
tions of the rate constants during activation, i.e. at inter-
mediate potentials, cannot be excluded. To determine not
only activation quantities but also thermodynamic quan-
titiesvalid for equilibrium, recovery ratesat +50 mV were
estimated for Shaker B and ShAT449A. For N-type inac-
tivation of Shaker B the amplitude of the slowly C-typein-
activating current component wastaken as the steady-state
level. For ShAT449A the amplitude of the slowly inacti-
vating current component was taken to be the steady-state
level of the fast current component. It was assumed that an
equilibrium between inactivation and recovery was
reached. The steady-state current was estimated fromasin-
gle-exponential fit to theinitial decline of the current. Re-
covery rates at +50 mV were determined according to
Eq. (5). Current traces and analysis plotsfor Shaker B and
ShAT449A are shown in Fig. 3. The estimated recovery
rates and activation energies for recovery at +50 mV were
for both channel types comparable to those determined at
—100 mV (Fig. 3B and 3E).
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Fig. 2A—-C Temperature dependence of C-typeinactivation of mu-
tant ShAT449A. A Current traces recorded at the indicated temper-
atures with the two-el ectrode voltage-clamp technique with solution
K10Nal07 in the bath. Traces were scaled to maximal current. In-
activation was best described by a double-exponential equation. To
enhance visibility of the two phases of inactivation, the data are
shown in the right panel on a logarithmic time base. Both compo-
nents of inactivation were speeded up with temperature; the relative
proportion of the slower component increased with temperature.

l 1T (x10° K™

B Recovery of ShAT449A from inactivation was measured in dou-
ble-pul se experiments with increasing interpul se duration. The time
course of recovery reveal ed two phases which can be clearly seen by
plotting the data on alogarithmic time base (right panel). The frac-
tion of the fast recovery component increased with increasing tem-
perature. C Arrhenius plots for both components of the inactivation
(at +50 mV) and the recovery (=100 mV). The data were fit with
straight lines (Eg. (1)) and the resulting activation energies areindi-
cated in the figure

Table1l Thermodynamic acti-

- = . * t St

vation quantities determined Channel type () T AG AH TA

from experiments at different ©® (k¥mole) (k¥mole) (k¥mole)

temperatures. Values are given Inactivation (at +50 mV

asmean + s.e.m. The number nactivation ( mV)

of experimentsisgivenin pa-

rentheses. The time constants Shaker B (5) 0.0029 + 0.0002 57.4+0.2 754 18+4

were extrapolated from the ShAT449A (fast) (6) 2.66 + 0.36 74.0+0.3 66+ 6 -8+6

Arrheniusfitsto 20°C ShAT449A (slow) (3) 38.0+9.2 80.4+ 0.6 167+ 4 86+3
ShAT449K (6) 0.100 + 0.038 65.7 £ 0.7 40+ 4 —26+5
ShAT449Q (5) 0.097 £ 0.022 65.8+ 0.5 54+8 -11+8
ShAT449S (fast) (4) 0.0062 + 0.0014 59.1+0.6 77+ 12 18+ 12
ShAT449S (slow) (4) 0.066 + 0.017 64.8+0.7 56+ 8 -9+8
ShAA463V (3) 0.094 + 0.010 65.9+ 0.3 60+4 —-6+4

Recovery from inactivation (at —100 mV)

Shaker B (4) 0.046 + 0.005 64.2+0.3 317 -33+7
ShAT449A (fast) (3) 0.203 + 0.043 67.7+05 384+ 34 316+34
ShAT449A (slow) (6) 8.33+0.85 76.8+0.3 188+ 23 112 + 23
ShAT449K (6) 4.07+0.77 749+04 128+ 12 53+ 13
ShAT449Q (6) 4.34+0.72 75.1+04 1377 62+8
ShAT449S (5) 226+5.0 79.1+0.5 120+ 6 41+7
ShAA463V (3) 1.81+0.16 73.1+x0.2 157+ 11 84 +11
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Fig. 3A—F Estimation of equilibrium thermodynamic parameters.
A Current traces of Shaker B recorded at the indicated temperatures
at +50 mV in the on-cell patch-clamp configuration. B Arrhenius
plots for N-type inactivation and recovery from N-type inactivation
of Shaker B. Rate constants were determined according to Egs. 5
and 6. Steady-state current was obtained at the end of the pulse and
was normalized to the peak current. Resulting activation energiesare
indicated. C Van't Hoff plotsfor N-typeinactivation at +50 mV. The
equilibrium constants were calculated from the rate constants:
K=k;/k;; AG, AH, and TAS were determined according to Eq. (7).
D Current traces recorded from ShAT449A at the indicated temper-
atures with the two-el ectrode voltage-clamp technique. Traces were
fitted to asingle-exponential function. Rate constants of inactivation
and recovery were obtained according to Egs. (5) and (6). E Arrhen-
iusplotsfor C-typeinactivation of ShAT449A; analysissimilar to B.
F Van't Hoff plots for C-type inactivation at +50 mV; analysis sim-
ilarto C

Equilibrium constants for N-type inactivation of
Shaker B and for the fast component of C-type inactiva-
tion of ShAT449A were determined from therate constants
for inactivation and recovery at +50 mV. From van’'t Hoff
plots the changes in free enthalpy (AG), enthalpy (AH)
and entropy (AS) were estimated (Fig. 3C and 3F). For
Shaker B enthal py and entropy were positive; the negative
AG results from a greater entropic part. N-type inactiva-
tion of Shaker B is, therefore, favored by the entropy. For
C-typeinactivation investigated with ShAT449A negative
enthalpy and entropy values were obtained; the negative
AG resultsfrom agreater enthal pic contribution indicating
that C-type inactivation is primarily driven by enthalpic
energies.

Temperature dependence of C-type inactivating
channel mutants

As C-type inactivation of ShA and ShAT449A is rather
slow, channel mutantswith faster C-typeinactivation were
used. These mutants carry a single amino-acid exchange
at either position 449 or 463 (ShAT449K, ShAT449Q,
ShAT449S, ShAA463V) in the background of ShA. For the
mutants ShAT449K (Fig. 4A), ShAT449Q (Fig. 4B), and
ShAA463V (Fig. 4D) inactivation time courses could be
approximated with single-exponential functions. This,
however, does not exclude the possibility that these mu-
tants also have a slow inactivation component like
ShAT449A. The second component may not havebeenvis-
ible because of insufficient pulse lengths (<1 s). Activa-
tion energies in the range of 40-60 kJ/mole were deter-
mined for C-type inactivation of these mutants; for recov-
ery at —100 mV much greater activation energies were ob-
tained (Fig. 4A, 4B, and 4D; Table 1). AG*, AH*, TAS val-
ues for these mutants were estimated and are summarized
in Table 1. Activation enthalpies are nearly equal to acti-
vation energies; small negative AS* val ues were eval uated
for inactivation and positive AS* values for recovery
(Table1). Thisagreeswith theresultsfound for thefastin-
activation and slow recovery components of ShAT449A
channels.

The inactivation of ShAT449S clearly showed a dou-
ble-exponential time course. Therefore, the current traces
werefitted according to adouble-exponential equation and
both resulting rate constants were used for analysis
(Fig. 4C, Table 1). The thermodynamic parameters of the
slow component were comparabl e to those of the other mu-
tants with enhanced C-type inactivation. In contrast, for



= 53 kJ/mole
0 O‘O‘O-Oo—o‘o‘o
X 0 (mt

£

178 kdJ/mole

ShAT449K

52 kd/mole

[ -

159 kdJ/mole
T T I

5 .0C ____71kJ/mole

ShAT449Q

N w o0 PP 0ty cmane we
10 A 186°C 4pg°c < g 44 kJ/mole
< Dw;mole
5 [u)
e T T T
ShAT449S
D o s I
10 uA 10.5°C :cw/ 0
=
172 kJ/mole
—oioeoe- Sy | |
100 ms ShAA463V 3.3 34 35
1/T (x10™ K')

Fig. 4A—D Temperature dependence of various ShA mutants. Data
were recorded with the two-el ectrode voltage-clamp technique with
the solution K10Nal07 in the bath. Left panels: Current traces re-
corded from (A) ShAT449K, (B) ShAT449Q, (C) ShAT449S, and (D)
ShAA463V at the indicated temperatures. Right panels: Arrhenius
plots for inactivation (+50 mV, open circles) and recovery from in-
activation (=100 mV, open squares). In A, B, and D the time con-
stants for the C-type inactivation were determined from single-ex-
ponential fitsto the declining phase of the traces. For ShAT449S (C)
thedeclining phase wasfitted to adouble-exponential function. Both
resulting rate constants were used for determination of the indi-
cated activation energies (fast component: open circles; slow com-
ponent: filled circles). Recovery frominactivation of thismutant was
measured in inside-out patches with K-EGTA in the bath and
K10Nal07 in the pipette; it could be described by a single-exponen-
tial time course

thefast component thevaluesfor AG*, AH*, and TAS* were
similar to those found for N-type inactivation of Shaker B
(Table 1). The recovery from inactivation at =100 mV re-
vealed a single-exponential time course. Qualitatively, the
activation energy and activation entropy were similar to
those found for the other C-type inactivating ShA mutants
(Fig. 4C, Table 1).

Pressure dependence of N-type inactivation

I nformation about volume changes accompanying the mo-
lecular rearrangements during inactivation were obtained
by performing patch-clamp and two-electrode voltage-
clamp experiments at different hydrostatic (oil) pressures.
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Table2 Apparent activation volumes (AV*) determined from ex-
periments at various hydrostatic pressures. Values are given as mean
+ s.e.m. The number of experimentsis given in parentheses

Channel type AVF (nm®) AVF (nm®)
Inactivation Recovery
(at +50 mV) (at =100 or -80 mV)
Shaker B 0.105 + 0.008 (6) —0.073 £ 0.010 (4)
ShAT449A —0.125 + 0.009 (8) 0.108 + 0.022 (4)
ShAT449K —0.064 £ 0.017 (3) n.d.
ShAT449Q —0.064 + 0.017 (2) n.d.
ShAT449S (slow) —0.058 + 0.009 (2) n.d.
ShAT449S (fast) 0.054 + 0.008 (2) n.d.
ShAA463V 0.022 + 0.040 (3) n.d.

In Fig. 5A current traces recorded from Shaker B channels
in a membrane patch under various pressures are shown.
N-typeinactivation as well as activation of these channels
was slowed with increasing pressure. Assuming that the
channels inactivate after activation and that activation is
faster than inactivation, the influence of activation on the
inactivation time course should be small in the late phase
of the current decline. Therefore, this late current decline
was used for analysis. Thelogarithm of the determined in-
activation rate constants was plotted as a function of pres-
sureyieldingalinear relationship (Fig. 5C). Fromtheslope
of alinear fit to the data, positive apparent activation vol-
umes (AV*) were determined (Fig. 5C, Table 2).

Recovery from N-type inactivation (at =100 mV) was
accelerated with increasing pressure, indicating anegative
activation volume (Fig. 5B, C, Table 2). As inactivation
(+50 mV) and recovery (—100 mV) were investigated at
different potentials, the evaluated data cannot simply be
used to cal culate an apparent reaction volume (AV). There-
fore, the recovery rate at +50 mV was measured from the
steady-state current according to Eq. 5in order to estimate
the influence of the potential on the recovery rate. Com-
parisons of recovery rates determined at +50 mV and
—100 mV from identical two-electrode voltage-clamp ex-
perimentsreveal ed that therecovery wasslower at +50 mV
than at —100 mV. However, the estimated apparent activa-
tion volumeswere nearly identical. In patch-clamp experi-
ments the steady-state current was relatively small and,
therefore, the estimated recovery rates had arather big sta-
tistical error: AV¥ =—0.022+0.022 nm® (n=6). A positive
apparent reaction volume of about +0.15 nm® was esti-
mated from the pressure dependencies of inactivation and
recovery rates at +50 mV according to Egs. 5 and 6. From
the difference of activation volumes for inactivation at
+50 mV and recovery at —100 mV an apparent reaction
volume of 0.18 nm® was obtained (Table 3).

Pressure dependence of C-type inactivation

Current traces recorded from ShAT449A channels in the
inside-out patch-clamp configuration at various hydro-
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Fig. 5A—C Pressure dependence of N-typeinactivation. A Current
traces recorded from Shaker B channels at the indicated hydrostatic
pressures. The datawere obtained from inside-out patcheswith NFR
in the pipette and K-EGTA in the bath. The holding potential was
—80 mV and the channelswere activated by voltage stepsto +50 mV.
B Recovery from N-typeinactivation (-80 mV) at theindicated pres-
sures. The data were obtained from outside-out patches with
K50Na67 in the pipette and K-EGTA in the bath. Inset: Example for
a double-pulse experiment with increasing duration at —-80 mV
between the pulses. C Logarithm of the rate constants for N-typein-
activation and recovery as a function of pressure. The indicated ap-
parent activation volumes (AV*) were estimated according to Eq. (8)

static pressures are shown in Fig. 6A. In excised patches
inactivation of ShAT449A was considerably faster thanin
two-electrodevoltage-clamp experiments. Furthermore, as
pressure experimentswere performed at roomtemperature,
no prominent slow component of inactivation could be
measured. Thus, we only studied the pressure dependence
of the main fast inactivation component. As shown in
Fig. 6A, increasing pressure accelerated C-type inactiva-
tion of ShAT449A. Owing to the limited life time of macro
patches under high pressure, the rate of recovery from in-

Table3 Equilibrium thermodynamic parameters determined at
+50 mV. K, AG, AH, and TASwere calculated for 293 K. Values are
given as mean + s.e.m. The number of experimentsis given in pa-
rentheses. Thereaction volume (AV) for Shaker B was obtained from
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activation could only be estimated by applying two con-
secutive pulses, separated by a constant duration at
—100 mV (8 s). From the ratio of the peak currents of the
second and first pulse, recovery rates were estimated by
assuming a single-exponential function. Analysis of inac-
tivation and recovery is shown in Fig. 6B. For C-typein-
activation a negative apparent activation volume was ob-
tained; for recovery from C-typeinactivation AV* was pos-
itive. These thermodynamic parameters are qualitatively
the opposite of those found for the process of N-type in-
activation of Shaker B channels.

As C-type inactivation was nearly complete during de-
polarizations of excised patches, it was not possible to
measure accurately a recovery rate from the steady-state
current at +50 mV. However, as estimated from two-elec-
trode voltage-clamp experiments, the recovery rates at
—100 mV and +50 mV are similar. Assuming that this is
also true for excised patches, an apparent reaction volume
can be estimated from the apparent activation volumes for
inactivation at +50 mV and recovery at =100 mV. Thisre-
sulted in a negative apparent reaction volume of about
—0.25 nm® (Table 3). Similarly to the comparison of there-
action entropy, the sign of the apparent reaction volume of

experiments performed at 22°C, 26 °C, and 29 °C, whereas
ShAT449A was investigated at 21 °C and 25 °C. AV values were
determined from rate constants of inactivation at +50 mV and recov-
ery at =100 mV, both determined in identical patches

Channel type K AG AH TAS AV

(kJ/mole) (kJmole) (kJ/mole) (nm?3)
Shaker B 129+ 1.0(3) —6.2+£0.2(3) 76+ 8 (3) 82+8(3) 0.18 + 0.03 (4)
ShAT449A 6.8+23(3 -4.4+0.8(3) —64 + 17 (3) —60 + 16 (3) -0.25+0.02 (4)
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Fig. 6A, B Pressure dependence of C-type inactivation of
ShAT449A. A Current traces recorded from double-pulse experi-
ments with ShAT449A at the indicated pressures. The data were
obtained from inside-out patches with NFR in the pipette and
K-EGTA inthebath. In order to visualize the difference in time con-
stant, thetraceswere scaled to themaximal current. The second pul se,
given after an 8-sinterval at —-80 mV, was used for the estimation of
the recovery rate. B Logarithm of the rate constants for C-type inac-
tivation and recovery as afunction of pressure. Theindicated appar-
ent activation volumes (AV¥) were estimated according to Eq. (8).
Symbolswith acrossin the center denote data points obtained while
the pressure was decreased, indicating the reversibility of the ob-
served effects
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Fig. 7 Pressure dependence of the C-type inactivation of ShA mu-
tants. The logarithm of the rate constants determined from the indi-
cated ShA mutants was plotted as a function of pressure. Apparent
activation volumes were estimated from linear fits according to
Eqg. (8) (mean values are listed in Tablel1). For the mutants
ShAT449A, ShAT449K, and ShAT449Q negative activation volumes
were determined. The fast and slow component of ShAT449S were
analyzed separately

N-type inactivation is the opposite of that obtained for
C-type inactivation.

Experiments at different pressures were also performed
with other Shaker B mutants (ShAT449K, ShAT449Q,
ShAT449S, ShAA463V) which show various rates of
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C-typeinactivation. C-typeinactivation of ShAT449K and
ShAT449Q wasaccel erated by increasing pressure(Fig. 7).
The resulting apparent activation volumes were negative,
but smaller than those found for ShAT449A. As known
from experiments at different temperatures, ShAT449S
showed a double-exponential inactivation. The fast com-
ponent of inactivation was slowed, while the slow compo-
nent was accelerated by pressure (Fig. 7). The estimated
apparent activation volumeshad, therefore, oppositesigns.
For ShAA463V time constants of inactivation were only
marginally altered by pressure (Fig. 7). Mean values of the
apparent activation volumes are summarized in Table 2.

Discussion

In this study we investigated the thermodynamic proper-
ties of K™ channel inactivation by measuring the depen-
dence of inactivation phenomena on temperature and hy-
drostatic pressure. We used Shaker B channelsand mutants
thereof in order to characterize N- and C-typeinactivation.
N-type inactivation, whose temperature dependence was
aready intensively studied, was considered as a process
which served as a control owing to the relatively simple
underlying molecular mechanism. C-type inactivation,
which is much more complex in terms of molecular mech-
anisms, proved to display thermodynamic properties re-
flecting this complexity.

N-type inactivation

Investigation of the temperature dependence of N-typein-
activation of Shaker B revealed ahigh activation enthal py,
while the activation enthal py for recovery from inactiva-
tion waslow (Table 1). These results confirm data by No-
bile et al. (1997). Studies of the interaction of Shaker B
N-terminal peptideswith channelsalso yielded ahigh tem-
perature dependence for binding of peptides and a very
low temperature dependence for release of peptides
(Murrell-Lagnado and Aldrich 1993). The thermodynamic
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parameters determined for peptide-mediated inactivation
revealed the same tendency as our data (binding of
peptides: AG*=36 kJmole; AH*=110 kJ/mole; TAS'=
74 kJmole; release of peptides: AG*=65 kJ/mole; AH*=
—0.3 kJ/mole; TAS*=—65 kJ/mole).

Equilibrium constants for N-type inactivation of
Shaker B were determined from inactivation and recovery
rates, estimated at +50 mV. From van’t Hoff plots the free
enthalpy, enthalpy, and entropy for N-type inactivation
were evaluated (Table 3). The negative free enthalpy of
N-type inactivation is a product of overcompensating the
positive enthalpy by the entropic term. Murrell-Lagnado
and Aldrich (1993) estimated equilibrium constants for
peptide binding and release at +50 mV (AG=-34 kJ/moale;
AH =111 kJ/mole; AS=145 kJmole). Changesinenthal py
aswell asin entropy were positive and the negative AG re-
sulted from the greater entropic component. This agrees
with our results (Table 3).

Hoshi et al. (1990) showed that positively charged as
well as hydrophobic amino acidsin the N-terminusareim-
portant for N-type inactivation. Murrell-Lagnado and Al-
drich (1993) suppose that the charged amino acids enhance
diffusion and increase the effective concentration of N-ter-
minal “balls’ near the pore. The binding, onthe other hand,
should be mainly stabilized by hydrophobic interactions.
The thermodynamic characteristics of such hydrophobic
interactions were investigated by transfer experiments.
Transfer of nonpolar molecules from a nonpolar liquid
phase to an agueous sol ution is accompanied by adecrease
of the entropy (Creighton 1993). This is generally ex-
plained by a reordering of water molecules surrounding
the nonpolar molecules. During the generation of hydro-
phobic interactions, the number of water molecules neigh-
bouring hydrophobic residues decreases and the entropy
increases. The effect of hydrophobic binding should be
most prominent during the unbinding process (recovery)
as no preceding diffusion is involved. In accordance with
ahydrophobic binding model, TAS* of N-type recovery is
negativeand AH* issmall, (Table 1). Furthermore, the free
enthalpy at equilibrium is dominated by the positive en-
tropic term (Table 3). This can aso be taken as an indi-
cation for the important influence of hydrophobic interac-
tion on N-type inactivation. However, positively charged
amino acids are also necessary for fast N-typeinactivation
(Hoshi et a. 1990) and a dominating enthalpic term was
determined for this process (Table 1). The obtained acti-
vation enthalpy of inactivation may, therefore, result from
both, diffusion and ionic or polar interactions of the N-ter-
minus with the pore region.

Although macro-patches from Xenopus oocytes were
not very stableunder high hydrostatic pressure, the method
of pressurizing patch-clamp holders in an oil-filled pres-
surevessel (Heinemann et al. 1987b) proved useful for de-
termining volume changes associ ated with conformational
transitions of cloned wild-type and mutated ion channel
proteins. From the pressure dependence of N-type inacti-
vation positive activation volumes were determined (Ta-
ble 2). Thus, on the way from the open to the inactivated
state, the volume occupied by the channel and the system

environment, i.e. the surrounding solution and the mem-
brane, transiently increases. Similarly to these results, the
inactivation of sodium channels is also slowed by high
pressure asreported by Conti et al. (1982a) and Heinemann
et al. (19874). This similarity presumably reflects related
molecular mechanismsfor inactivation accordingtoa*“ ball
and chain” model which was originally proposed for the
inactivation of sodium channels (Armstrong and Bezanilla
1977).

Recovery from N-typeinactivation at —100 mV isasso-
ciated with a negative activation volume (Fig. 5C). From
estimated recovery rates at +50 mV negative activation
volumes with similar values were determined. These data
were used to estimate a positive reaction volume of about
0.15 nm?, indicating that the difference between the total
volumes of an N-type inactivated and a noninactivated
Shaker channel including its energetically coupled envi-
ronment i sequival ent to thevolume change associated with
the transition of about 50 water molecules from liquid to
ice structure (Conti 1986). However, as volume changes
accompanied with hydrophobic interactions are still dis-
cussed controversially (Lidemann 1988), the observed
volume increase cannot be taken as unambiguous indica-
tor for hydrophobic binding of the N-terminus to the pore.

The energy associated with a volume change is part of
the enthalpy (AH = AU + PAV). At atmospheric pressure
(~ 0.1 MPa) thisenergetic contribution (PAV) isvery small
(= 6 Jmole). Therefore, the influence of the volume
change on the enthalpy at atmospheric pressure could be
neglected. Interestingly, the positive activation volume of
N-type inactivation is paralleled by a positive activation
entropy and the negative activation volume of recovery by
anegative activation entropy (Tables 1 and 2). Inasimple
consideration, it can be specul ated that the greater volume
of the N-typeinactivated state induces a decrease of order
and, therefore, an increase of entropy.

Osmotic versus hydrostatic pressure

Changesin unilateral osmotic pressure were also reported
to affect ion channel kinetics. A slowing of both, N-type
inactivation and recovery from N-type inactivation of
Shaker B channels, could be induced by increasing the os-
molarity of the intracellular solution in inside-out patches
(Starkus et al. 1995). Hyperosmolar internal solutions,
therefore, increasethe energy barrier between the open and
inactivated states, while no effect of high external osmo-
larity on N-type inactivation was observed (Starkus et al.
1995). As shown in this study, hydrostatic pressure also
slowed N-type inactivation, but recovery from N-type in-
activation was accel erated. Hydrostatic pressure seems not
only toinfluence the energy barrier but also the energy dif-
ference between open and inactivated state. Therefore, ki-
netic effects of N-typeinactivation induced by hydrostatic
and osmotic pressure cannot be compared in asimple way.
Hydrostatic pressureinfluencestheinternal interactions of
the protein as well as the interactions with the environ-
ment, i.e. membrane and water. Osmotic pressure, on the



other hand, mainly changesthe availability of water mole-
cules for specific interactions with the protein surface,
thus, both methods provide complementary approachesfor
studying the thermodynamics of protein conformational
changes.

Inactivation of ShA mutants has two components

Attempting to study the thermodynamics of C-type inacti-
vation we realized that the inactivation remaining after
N-terminal deletions (A6—46) of Shaker B channels con-
sists of more than a single component. Asshown in Fig. 2,
in particular at high temperature, the slowly inactivating
mutant ShAT449A clearly reveal ed two componentsfor in-
activation and for recovery from inactivation at room tem-
perature. The fast fraction is the major component of in-
activation and it has properties which are indicative of a
C-type mechanism. Fast inactivation was slowed by high
[K*]owhichistypical for C-typeinactivation (L 6pez-Bar-
neo et al. 1993). The slow recovery of ShAT449A was also
accelerated by elevated [K*],, aphenomenon al so reported
for recovery from C-type inactivation of Kv1.4 channels
(Rasmusson et al. 1995). Theslow recovery constituted the
main fraction and, therefore, reflected the recovery from
therapidly C-typeinactivated state. The component of fast
recovery was not affected by [K™], (data not shown).

The proportion of the slow inactivation as well as that
of the fast recovery increased with temperature (Fig. 2A,
B), which corroborates the indication that the slow inacti-
vation and the fast recovery belong to the same process.
Presently itisnot clear if these components reflect anovel
type of inactivation or whether they are just a modulated
form of C-type inactivation. The latter possibility is sup-
ported by the strong variability of the magnitude of these
components and, in particular, by the observed alterations
upon excision of membrane patches. Furthermore, al-
though N-type inactivation was largely removed by the
N-terminal deletion (A6—46), it isfeasible that aresidual,
very slow N-type inactivation remained. The determined
activation energy for the slow inactivation was higher than
that determined for C-typeinactivation. Also the estimated
activation entropy was positive and not negative as evalu-
ated for C-type inactivation of the other ShA mutants. But
this negative correlation is certainly not a sufficient criter-
ion for excluding a C-type mechanism for the slow inacti-
vation. In terms of thermodynamic parameters the second
component ismore similar to N-typeinactivation. Therate
constant determined for the fast recovery isin the range of
N-type recovery. However, N-typeinactivation of Shaker B
was accompanied by a small activation energy, whereas
for the fast recovery of ShAT449A avery high activation
energy was observed. Considering that the substantial de-
letioninthe N-terminuswould significantly change the ab-
solute magnitude of temperature dependence, itisstill pos-
sible that, in particular at high temperatures, a truncated
N-terminal structure could contribute to inactivation.

During long depolarizing pulses (60 s) aso for the
mutant ShAT449Q a second slow inactivation could be
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observed (not shown). However, as most of the ShA mu-
tants inactivate much more rapidly than the wild type or
ShAT449A, the slow inactivation was not always detect-
able.

Therapidly inactivating mutant ShAT449S al so showed
adouble exponential time course for inactivation. In con-
trast to the results obtained from mutant ShAT449A, both
inactivation components were very fast. The faster com-
ponent revealed a temperature as well as pressure depen-
dence which was similar to that of N-type inactivation of
Shaker B channels. Theresults obtained for the slow com-
ponent were comparable to those of the major C-type in-
activation component of the other mutants. Recovery from
inactivation was dominated by a single exponential time
course indicating that both types of inactivation can occur
in parallel. Thusfar, the molecular mechanism of therapid
phase of ShAT449S inactivation remains elusive.

Temperature dependence of the main C-type
inactivation component

The mutants ShAT449K, ShAT449Q, and ShAA463V
mainly showed a single exponential time course of C-type
inactivation. In terms of the thermodynamic characteris-
tics, the fast component of inactivation and the slow one
of recovery from ShAT449A inactivation and the slowly
inactivating component of ShAT449S show similar prop-
erties compatible with this major C-type mechanism.

In contrast to the N-type inactivation mechanism, the
temperature dependence of C-type inactivation is smaller
than that determined for recovery from C-type inactiva-
tion. In addition, the activation energies of C-type inacti-
vation are smaller than that obtained for N-type inactiva-
tion. However, this difference is relatively small and may
not be sufficient for distinguishing between N- and C-type
inactivation. The temperature dependencies of recovery
from N- or C-typeinactivation, however, werevery differ-
ent. Only a small activation energy could be detected for
N-typerecovery, whereasfor C-typerecovery much higher
activation energies were determined (Table 1). Therefore,
this difference might be used to discriminate between
N- and C-type inactivation in Shaker B channels.

For C-type inactivation of the mutant ShAT449A simi-
lar valuesfor AH* and TAS* were obtained asfor the faster
C-type inactivating mutants (ShAT449K, ShAT449Q,
ShAT449S, ShAA463V). No clear correlation between the
speed of C-type inactivation and AH* or TAS* of ShA mu-
tants could be determined. The free activation enthal py of
the investigated ShA mutants differs by about 10 kJ/mole
which is in the range of the determined standard devia-
tions. Therefore, possible differences of AH* and TAS* in-
duced by the amino acid exchanges could not be detected.

L eeand Deutsch (1990) aswell asPahapill and Schlich-
ter (1990) investigated the temperature dependence of in-
activating K™ currentsin human T-lymphocytes. Thesecur-
rents are supposed to be mediated by the K* channel Kv1.3
which is known to undergo C-type inactivation. Lee and
Deutsch reported a lower temperature dependence for
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inactivation than for recovery (at =90 mV). Thisisin ac-
cordance with our results determined for C-type inactiva-
tion of ShA mutants. Furthermore AG*, AH*, and TAS*
for inactivation given by Pahapill and Schlichter
(AG* =67 kJ/mole, AH* =55 kJ/mole, and TAS*=—12 kJ/
mole) are similar to the values obtained for the ShA mu-
tants (Table 1).

For thefast inactivation of ShAT449A equilibrium con-
stants were estimated and from van't Hoff plots AG, AH,
and TAS at +50 mV were determined. Negative enthal py
and entropy values were obtained. The free enthalpy is
dominated by a high negative enthalpy. C-type inactiva-
tion, which is assumed to be aresult of structural changes
in the outer mouth of the pore, is, therefore, enthalpic
driven indicating that the inactivated state is more ordered
than the open state. It isinteresting to note that the closed
(deactivated) state of Shaker B channels is less ordered
than the open (activated) state as reported by Rodriguez
and Bezanilla (1996). The N-type inactivated state is also
less ordered than the open state.

Pressure dependence of C-type inactivation

C-type inactivation of several Shaker B mutants was ac-
celerated with increasing pressure. The activated state
seemed to have a smaller volume than the open state. This
was consistent for all ShA mutants with a single amino-
acid exchange at position 449 (Table 2). Only for mutant
ShAA463V amost no change of inactivation rate was
found upon increasing pressure. Pressure dependence of
recovery from C-type inactivation was tested with
ShAT449A yielding a positive activation volume. Assum-
ing that recovery ratesreveal only aminor voltage depen-
dence, anegative apparent reaction volume for ShAT449A
was estimated from the activation volumes evaluated for
inactivation at +50 mV and for recovery at —100 mV (Ta-
ble 3). A smaller volume should force the molecules into
amore ordered state which is consistent with the estimated
negative entropy for C-type inactivation (Table 3).

The apparent activation volumes of inactivation of ShA
mutants seem to depend on the speed of inactivation
(Fig. 7). With increasing rate constants apparent activation
volumes decrease and finally change sign (ShAA463V and
the fast component of ShAT449S). This result for the first
time correlates site-directed aterations of channel protein
structuresand vol ume changesassociated with protein con-
formational transitions. Lacking an insight into the mech-
anism involved, it is presently not possible to provide a
molecular interpretation.

For thefast inactivation component of ShAT449S apos-
itive activation volume was determined which is contrary
to the results found for the other C-type inactivating mu-
tants. As N-type inactivation of Shaker B is also accom-
panied by a positive activation volume, it may be specu-
lated that the fast component of ShAT449Sis possibly me-
diated by akind of residual N-type mechanism. However,
ShAT449A also revealed two kinetically different inacti-
vation components whose thermodynamic parameters are

not compatible with N-type inactivation. Therefore, it re-
mains elusive whether or not the fast inactivating compo-
nent of ShAT449S is mediated by a new or a modulated
C-type mechanism.

N- and C-type inactivation are known to be mediated
by different mechanisms. Thisisalso reflected in adiffer-
ent thermodynamic behavior. Temperature aswell as pres-
sure influence the kinetics of N- and C-type inactivation
differently. This difference can be used as a complemen-
tary tool for distinguishing between both types of inacti-
vation. For ShA mutants an additional inactivation compo-
nent was observed. Inactivation seems, therefore, to be
more complex than assumed thus far.

Pressure dependence of ion channel function

Effects of hydrostatic pressure on biological functions are
of particular importance for deep-sea divers. The High
Pressure Nervous Syndrome (HPNS), occurring during ex-
posure to hyperbaric pressure in the range of 2-20 MPa, is
characterized by an increased excitability of the central
nervous system. The involvement of ion channels in the
HPNS s discussed controversialy (for review see Kendig
and Grossman 1987). Although transmitter release by ex-
ocytosis is more sensitive to pressure than ion channel
function (Heinemann et al. 1987a), it isfeasible that are-
duction of K* currents can contribute to the hyperexcit-
ability of the nervous system observed under hyperbaric
conditions. Conti et al. (1982b) already pointed out that ac-
tivation of squid-axon K™ channels are slowed down by
high pressure; similar results were obtained for Shaker B
channels (see Fig. 5A). Although N-type inactivation of
Shaker B channelsshowed apositiveapparent reaction vol -
ume, favoring the non-inactivated state, the large negative
apparent reaction volume determined for C-type inactiva-
tion of mutant ShAT449A indicates that, on the average,
K™ current can be reduced by high pressure as most
K™ channels undergo C-type inactivation to some extent.
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