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Abstract. A detailed temperature dependence study of a
well-defined plant ion channel, the Ca2+-activated K+

channel ofChara corallina,was performed over the tem-
perature range of their habitats, 5–36°C, at 1°C resolu-
tion. The temperature dependence of the channel unitary
conductance at 50 mV shows discontinuities at 15 and
30°C. These temperatures limit the range within which
ion diffusion is characterized by the lowest activation
energy (Ea 4 8.0 ± 1.6 kJ/mol) as compared to the
regions below 15°C and above 30°C. Upon reversing
membrane voltage polarity from 50 to −50 mV the pat-
tern of temperature dependence switched from discon-
tinuous to linear withEa 4 13.6 ± 0.5 kJ/mol. The
temperature dependence of the effective number of open
channels at 50 mV showed a decrease with increasing
temperature, with a local minimum at 28°C. The mean
open time exhibited a similar behavior. Changing the
sign of membrane potential from 50 to −50 mV abol-
ished the minima in both temperature dependencies.
These data are discussed in the light of higher order
phase transitions of the Characean membrane lipids and
corresponding change in the lipid-protein interaction,
and their modulation by transmembrane voltage.
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Introduction

Many membrane processes exhibit discontinuous behav-
ior with a change in temperature. It is intriguing that

these discontinuities occur at approximately the same
temperatures (around 15 and 30°C) regardless whether
one observes short-term or long-term phenomena. Both
macroscopic phenomena such as a growth rate of a mung
bean hypocotyl (Raison & Chapman, 1976) and meta-
bolic heat rate of tomato cells (Hansen et al., 1994) and
short-term reactions characteristic for the functioning of
a membrane, such as various oxidative activity of mito-
chondria (Raison & Chapman, 1976; Raison, Chapman
& White, 1977),b-galactoside andb-glucoside transport
in E. coli (Thilo, Träuble & Overath, 1977), the reflec-
tion coefficient of chloroplast membrane permeability to
different alcohols (Nobel, 1974), or the bioelectric po-
tential of Valonia (Thorhaug, 1971) exhibit discontinu-
ities in temperature dependence. Several authors have
correlated these critical temperatures to the structural re-
organization of membrane lipids (Raison & Chapman,
1976; Thilo et al., 1977; Hansen et al., 1994).

Though temperature is an important factor for plant
growth (Simon, 1981), only few studies have been fo-
cused on the effect of temperature on gating and con-
ductance processes of the plant membrane single ion
channels (Tyerman, Terry & Findlay, 1992; Colombo &
Cerana, 1993; Zanello & Barrantes, 1994; Ilan, Moran &
Schwartz, 1995). Animal cells have been more fre-
quently studied (Grygorczyk, 1987; Correa, Bezanilla
& Latorre, 1992; McLarnon, Hamman & Tibbits, 1993;
Rodriguez & Bezanilla, 1996), but discontinuities in
temperature dependence of either conductance or kinet-
ics have not been reported, except at 20°C for the mean
open time of ATP-dependent potassium channels in car-
diac myocytes (McLarnon et al., 1993). In contrast, a
multiphase behavior of ion-channel current with a
change of temperature has been demonstrated in a
whole-cell patch-clamp study onArabidopsis thaliana
(Colombo & Cerana, 1993). It has been shown that the
critical temperature range for the activity of three differ-
ent K+ channels lay between 15 and 20°C and phase
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J. Membrane Biol. 178, 215–224 (2000)
DOI: 10.1007/s002320010029

The Journal of

Membrane
Biology
© Springer-Verlag New York Inc. 2000



transitions of membrane lipids were implicated. Unfor-
tunately, the study was performed in a rather limited
temperature range (11–22°C). In a patch-clamp study on
guard-cell protoplasts ofVicia faba (Ilan et al., 1995) a
wider temperature range was examined (13–36°C), but
with a rather crude temperature resolution (7–8°C). Two
types of K+ channel behaved differently, one showing a
monotonic dependence on temperature while the tem-
perature function of the other channel showed a break at
20°C. The temperature sensitivity of the Ca2+-activated
K+ channel in Characean tonoplast also has been inves-
tigated (Tyerman et al., 1992; Zanello & Barrantes,
1994). A thermodynamic analysis of the activity of this
channel has been performed, but again with a relatively
low temperature resolution (5°C) and, due to a limited
ability to maintain the giga-seal at higher temperatures,
in a somewhat limited temperature range, 3–25°C
(Zanello & Barrantes, 1994). An increase in temperature
resulted in a decrease of the probability of the channel
opening. Further thermodynamic analysis revealed that
the channel closure appears to have the highest energetic
requirements and that the closing rate exhibits a less
negative entropic change as compared to the more or-
dered open state. Similar findings have been reported for
the Na+ channel in the squid giant axon (Correa et al.,
1992) or theShakerK+ channel (Rodriguez & Bezanilla,
1996). Tyerman and coworkers (1992) showed that tem-
perature induces a change in the occupancy of different
conductance substates of the Ca2+-dependent K+ channel
in Chara. In neither of these two reports breaks in tem-
perature functions of any single-channel parameter have
been recorded. In contrast, a study on the temperature
dependence of the unitary current of the K+ channel in
the cytoplasmic droplet of a charophyte alga,Nitellopsis
obtusa,revealed multiphasic behavior with breaks at 10
and 27°C (Pottosin, 1990).

The lack of discontinuities may simply arise from an
inadequate temperature resolution employed in afore-
mentioned studies and/or particular experimental condi-
tions (e.g., Zanello & Barrantes, 1994, have used nega-
tive potentials to scan single-channel activities at differ-
ent temperatures, whereas preliminary data onNitella by
Pottosin (1990) that showed breaks in temperature de-
pendence of the channel current at around 15 and 30°C
have been measured at positive potentials). Apart from
the question of adequate temperature resolution, some
discrepancies may also arise as a consequence of the rate
of temperature change. For example, measurements of
the metabolic heat rate (Hansen et al., 1994) showed that
the breaks can be observed only when experiments were
performed under conditions of thermodynamic equilib-
rium, i.e., using a rather slow temperature scan rate (2°C/
hr). On the other hand, most of the experiments in re-
ports cited above have been performed using a relatively
fast rate of temperature change, i.e., under nonequilib-

rium conditions. Nonetheless, discontinuities have been
observed. In other words, observation of certain discon-
tinuities in the reaction rate of membrane functions may
depend on the relative ratio of the reaction rate of par-
ticular physiological parametervs. the rate of tempera-
ture change. In our experiments both high temperature
resolution and isothermal conditions were used. It there-
fore appears that temperature induces discontinuities in
both short-term and long-term events of membrane func-
tioning; hence their origin should be sought at the level
of the structure-function relationship between membrane
proteins and their lipid environment.

We studied the Ca2+-activated K+ channel in Char-
acean tonoplast over a temperature range that encom-
passes the environmental temperature range of the Char-
acean habitat (5–36°C), with resolution of 1°C per da-
tum, to establish whether discontinuities in temperature
behavior of single-channel parameters exist. Further, we
tried to explain the existence of the breaks in the tem-
perature dependence of the single-channel conductance
by employing a combination of diffusion and chemical
reaction processes. We also tried to correlate all the
single-channel parameters measured with those previ-
ously reported for water transport inChara (Andjus et
al., 1987, 1999) or other membrane phenomena in plants
(Thorhaug, 1971; Raison & Chapman, 1976; Thilo et al.,
1977; Hansen et al., 1994) through the influence of the
structural organization of membrane lipids. The influ-
ence of the sign of the membrane potential on the overall
characteristics of temperature dependence of single-
channel conductance and kinetics was investigated.

Materials and Methods

EXPERIMENTAL OBJECT

The object of investigation was the tonoplast membrane of the fresh-
water algaChara corallina. The alga was grown on sterilized sand in
aquariums filled with dechlorinated tap water. Water temperature was
maintained at 22 ± 2°C. The light regime was 12:12 hr and the light
intensity was 2 Wm−2.

The preparation of the cytoplasmic droplets (presumably bor-
dered by vacuolar membrane only) was performed according to Bertl
(1989). In short, both ends of the internodal cell were cut and perfused
with an iso-osmotic experimental solution (in mM): 150 KCl, 0.9
EGTA, 0.5 citric acid, 1.3 CaCl2 −0.15 free Ca2+, 20 HEPES-KOH, pH
7.2). The cytoplasmic droplets, 30–60mm in diameter, were isolated
almost instantaneously.

ELECTROPHYSIOLOGY

Single Ca2+-activated K+ channel activity was measured in inside-out
patches. This configuration is convenient for scanning of the tempera-
ture dependence since it is mechanically more stable and persists for a
longer time period than other single-channel measuring configurations.

The micropipettes for patch-clamp recordings were made from
thick wall borosillicate glass capillaries (0.86 mm i.d.; Clark Electro-

216 M. Djurišić and P.R. Andjus: Modulation of K+ Transport by Temperature



medical Instruments, UK). After filling the micropipettes with the in-
ternal solution (in mM): 150 KCl, 0.9 EGTA, 0.5 citric acid, 1.1 CaCl2

−0.05 free Ca2+, 20 HEPES-KOH, pH 7.2 the resistance of microelec-
trodes was 10–20MV.

The channel activity was monitored in the temperature region
5–36°C at membrane potentials,Vm, of 50 and −50 mV. Single-
channel currents were measured by means of an EPC9 patch-clamp
amplifier (HEKA Elektronik, GmbH, Germany) controlled by the
EPC9 SCREEN (HEKA) acquisition program installed on an Atari
Mega ST-4 minicomputer. Acquisition was performed at a frequency
of 2 kHz. Additional filtering was not employed because the observed
signal-to-noise ratio (SNR) was sufficient for reliable discrimination of
short events (∼1 msec) from noise. Analysis was performed on 20 sec
records usually containing about 2000 events. Single channel record-
ings were analyzed by the half-threshold technique (Colquhoun & Sig-
worth, 1983), implemented in the TAC software on the Atari computer
(Instrutech, NY).

The sign of the membrane potential corresponds to the conven-
tion: luminal side (pipette in inside-out patches) is zero.

TEMPERATURE CONTROL

The temperature in the experimental chamber was controlled by means
of a system consisting of a Peltier element with a temperature control
unit and two temperature sensors (Luigs & Neumann, Germany), one
placed in the experimental bath and the other in the chamber holder.
Starting from 20°C (the temperature at which all patches were iso-
lated), the temperature was changed in 5°C steps in either heating or
cooling direction. Prior to the data acquisition, the isolated patches
were kept at the selected temperature for 15 min. Whenever the patch
persisted, after reaching the outer limits of experimental temperatures
(i.e., 5 or 36°C), a thermal scan in the opposite direction was performed
in the same manner, but temperature points at which measurements
were performed were shifted by 2–3°C, hence additional temperatures
were covered in the same thermal region. The temperature intervals
were also shifted in the same manner for different patch samples. Con-
sequently, pooling these data yielded a temperature resolution of 1°C.

Pooling together data points obtained from cooling and heating
cycles appears justified since hysteresis was not observed. Values for
single-channel currents at 50 mV (mean ±SD), at 15 and 29°C (tem-
perature of breaks) were: heatingvs.cooling4 7.07 ± 0.23vs.7.09 ±
0.33 pA (15°C), and 9.4 ± 1.1vs.8.2 ± 0.9 pA (29°C) (n 4 2–4).

DATA ANALYSIS

Activation energies (Ea) were obtained from Arrhenius plots by fitting
the data to the equation:

ln k 4 ln A − Ea/RT (1)

wherek is the rate constant (or a related measured parameter),A is the
Arrhenius constant,R is the gas constant, andT is the absolute tem-
perature.

Enthalpy (DHa) and entropy (DSa) of activation were calculated
from the Eyring’s transition states theory (Eyring, 1935) by fitting the
data to the equation:

ln k 4 ln (kbT/h) − DHa/RT + DSa/R (2)

wherekb is the Boltzmann constant andh is the Plank constant. The
temperature coefficient,Q10, of single-channel parameters was calcu-
lated as a ratio of the values of a quantity over a 10°C change in
temperature.

The data are presented as mean ±SE with the number of indi-
vidual patches in brackets. The values obtained by fitting are presented
with the standard error of the fit.

The significance (P < 0.05) of discontinuities was assessed by an
analysis of variance (Anova) test, which tested the hypothesis that
means from two groups of samples (data points at the minimumvs.data
points limiting the region of the minimum) are equal.

Results

SINGLE CHANNEL CHARACTERISTICS

The following results show that the studied channel is the
previously well-described Ca2+-activated K+ channel.
Current recordings from multichannel patches at mem-
brane voltages,Vm, in the range −100 to 100 mV (Fig.
1A) showed that the channel was more active at hyper-
polarizing potentials. Since multichannel patches are
usually the most abundant even when high-resistance
microelectrodes are used (Pottosin et al., 1993), the chan-
nel activity was analyzed asNpo, whereN is the number
of channels in the patch andpo is the single-channel open
probability. Npo values were averaged over a number of
patches (n 4 3–5) and plotted against voltage. The solid
curve in Fig. 1B is the prediction of the effective number
of open channels obtained using the Boltzmann distribu-
tion:

Npo~Vm! = Npo~max!~exp@zdF~V1/2 1 Vm!/RT#/~1
+ exp@zdF~V1/2 1 Vm!⁄RT#!! (3)

whereNpo(Vm) is channel activity at membrane voltage
Vm, Npo(max) is the maximal value ofNpo, zd is the ef-
fective valence of the gating charge,V1/2 is the value of
the voltage where half-maximal activation of the channel
occurred, and other parameters have their usual meaning.
The best fit was obtained for the following values:V1/2

4 −40.0 ± 12.9 mV,zd 4 0.32 ± 0.07 andNpo(max) 4
1.7 ± 1.6.

The single-channel conductance,GK, calculated
from the slope of theI/V curve (Fig. 2B), at 20°C was
148 ± 2 pS. Both activation at hyperpolarization (Fig. 1)
and large single-channel conductance are characteristic
features of the Ca2+-activated K+ channel in the droplet
membrane ofChara (Lühring, 1986; Laver & Walker,
1987; Laver, Fairly & Walker, 1989; Laver & Walker,
1991, Pottosin et al., 1993). Values forV1/2 andzd also
correspond well with the values obtained by other au-
thors using a similar preparation (Laver, 1990; Pottosin
et al., 1993).

Time histogram analysis revealed the presence of at
least one open state (mean open time constant,to, of 8.3
± 0.9 msec) and three closed states (Fig. 3) in accordance
with previous studies on the Characean Ca2+-activated
K+ channel where results were mainly discussed in terms
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of one open state and several closed states (Laver &
Walker, 1987). In a number of patches the mean open
time distribution could be fitted with two components
(1.9 ± 0.3 msec and 12.0 ± 2.1 msec), a possibility also
considered by Laver (1990). Nevertheless, the use of the
single component fit appears to be more justified both
because of the small difference between two mean open
time constants and because the relative contribution of
these two components to the dwell-time histogram did
not change with temperature (50 ± 14% for both com-
ponents at all temperatures).

We conclude that the single-channel characteristics

obtained from experiments in the present study are simi-
lar to or identical with the previously described charac-
teristics of Ca2+-dependent K+ channel in the membrane
of Characean cytoplasmic droplets.

TEMPERATURE DEPENDENCE OFCHANNEL CONDUCTANCE

The rise in temperature induced an increase in single-
channel current,I, and a change in channel kinetics (Fig.
2A). The I/V dependence was linear at all temperatures
in the range ofVms from −100 to 100 mV (seeexamples
for three temperatures in Fig. 2B).

When values ofGK obtained atVm 4 50 mV were
plotted against temperature in Arrhenius-type plot, be-
side the expected increase ofGK with temperature, two
breaks appeared at 15 and 29°C (Fig. 4A). The region

Fig. 1. Voltage dependence of the Ca2+-activated K+ channel activity
at 20°C. (A) Original current recordings at different holding potentials
(Vm) from a multichannel inside-out patch detached from the droplet
membrane ofChara corallina. Dashed lines indicate closed channel
levels. (B) Channel open probability,Npo (N 4 number of channels in
the patch;po 4 open channel probability)vs. voltage. Experimental
points are mean values obtained from 3–5 independent inside-out
patches. The solid curve is the best fit of the data to the Boltzmann
distribution (seeResults). Values of the half-activation potential, ef-
fective gating charge, and maximal number of open channels areV1/2

4 −40.0 ± 12.9 mV,zd 4 0.32 ± 0.07, andNpo(max) 4 1.7 ± 1.6.

Fig. 2. (A) Original single channel recordings from an inside-out patch
at 10, 20 and 30°C (as indicated for each trace on the right). Holding
potential wasVm 4 −50 mV. Dashed lines denote the current baseline.
(B) Voltage dependence of the unitary current of the Ca2+-activated K+

channel at different temperatures. Experimental points are the mean
values obtained at different holding voltages for 3–5 independent in-
side-out patches. The slope of linear fit of eachI/V curve gave the
single-channel conductance,GK, of 111 ± 3 pS (r 4 0.995; 10°C), 148
± 2 pS (r 4 0.999; 20°C) and 181 ± 1 pS (r 4 0.999; 30°C).
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between these breaks showed the lowest activation en-
ergy (Table 1) when compared to the values ofEa below
15°C and above 30°C. Upon reversing the sign of the
membrane potential (Vm 4 −50 mV), the discontinuous
temperature dependence was not observed and the tem-
perature dependence ofGK in the entire temperature re-
gion is characterized with a singleEa (Fig. 4B, Table 1).
It should be noted, that the use of Eqs. (1) and (2) to
calculate thermodynamic parameters of transport is
strictly valid only under equilibrium conditions, i.e., low
heating rate or isothermal measurements (Hansen et al.,
1994). The rate of change of temperature in our experi-
ment (0.2°C/min), and time of equilibration (15 min)
should be sufficient for attaining equilibrium conditions
during measurement.

A substate of smaller conductance was often ob-
served at all temperatures, but the frequency of its oc-
currence was higher at temperatures below 10°C, which
is congruent with the observation of Tyerman et al.

(1992). Of 22 patches in the 5–10°C region, in 11 (50%)
there was an obvious subconductance activity. The con-
tribution of substate events to the total amplitude histo-
gram was 15.7 ± 8.3% for temperatures from 5 to 10°C.
In patches where substate activity was recorded, only the
full-level data were used for the Arrhenius plots in Fig. 4.

TEMPERATURE DEPENDENCE OFCHANNEL KINETICS AND

OPEN PROBABILITY

Current recordings (Fig. 2A) indicate prolonged dwelling
of the channel in closed states with the increase of tem-

Fig. 3. An example of log-log histograms of channel mean closed
dwell times (MCT) from the same patch atVm 4 −50 mV at three
different temperatures. The fitted pdf (probability density function)
components are shown by thin lines under the thick line of the total fit.
At 20°C MCT constants were 0.7 ± 0.06 msec, 8.7 ± 1.6 msec, and 96.0
± 25.2 msec (n 4 10).

Table 1. Thermodynamic parameters of Ca2+-dependent K+ channel
conductance (GK) at Vm of 50 or −50 mV

Q10 Ea (kJ/mol)

5–14°C 1.28 (5–15°C) 16.5 ± 3.5
50 mV 15–28°C 1.12 (15–25°C) 8.0 ± 1.6

29–36°C 1.31 (30–40°C) 21.5 ± 8.6

−50 mV 5–36°C 1.21 (15–25°C) 13.6 ± 0.5

Q10—temperature coefficient,Ea—activation energy.

Fig. 4. Arrhenius plots of the unitary channel conductance,GK, of the
Ca2+-activated K+ channel at two opposite membrane potentials. (A) Vm

4 50 mV; two breaks at 15 and 29°C (arrows) delimit temperature
regions with different activation energies (seeTable 1). (B) Vm 4 −50
mV; all data can be fitted with a singleEa of 13.6 ± 0.5 kJ/mol. Data
points are mean values (with standard error bars) obtained from 3–15
measurements at each temperature.
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perature. Inspection of closed-time histograms (Fig. 3)
shows that the increase of mean closed time (MCT) is
dominated by the increase of the relative contribution of
the intermediate closed-time component.

Figure 5 shows changes of the main kinetic param-
eters of single Ca2+-dependent K+ channel with tempera-
ture. The plot of channel mean open probability,Npo, at
−50 mV (Fig. 5A) showed a monotonic decrease with
temperature over the full range of experimental tempera-
tures (5–36°C). TheNpo atVm 4 50 mV showed a local
minimum between 23.5 and 31.5°C. However, thisNpo

minimum was not statistically significant (P > 0.05).
The number of open channels in the patch,N, was

assessed by counting of the simultaneously open chan-
nels, which forN # 4 is the best statistical test for as-
sessingN (Horn, 1991). Figure 5B appears to have two
shallow minima around 10–12°C and 28°C for both
membrane polarities, however, neither were statistically
significant.

The mean open time constant,to, showed the same
general change with temperature asNpo, i.e., a decrease
with the increase of temperature and a local minimum
between 23.5 and 31.5°C (Fig. 5C). At −50 mV the
minimum was not statistically significant (P > 0.05) as in
the case ofNpo, whereas at 50 mV it was (P < 0.05).
Bellow 23°C, the temperature dependence ofto was
more pronounced at 50 mV than at −50 mV. The only
rate constant that can be inferred directly from these
experiments isa 4 1/to, assuming that open state is the
terminal state in the kinetic scheme (Laver & Walker,
1987; Zanello & Barrantes, 1994). Thermodynamic pa-
rameters ofa calculated for the region 5–23°C, using
Eqs. (1) and (2), show that channel closure entails a large
positive enthalpic change (Table 2).

The temperature dependence of channel mean
closed time,tc, at 50 mV is monotonic over the whole
temperature region scanned (Fig. 5D). On the other
hand, at −50 mV,tc exhibits a maximum at around 30°C
(P > 0.05). Sincepo 4 to/(to + tc), the large scattering
of tc data is a likely explanation for the negative result of
Anova test for theNpo minimum.

The temperature of the minimum ofNpo and to

(28.5°C) coincides well with the high temperature break
(29°C) in the Arrhenius plot ofGK (Fig. 4A). Also, the
disappearance of minima (maxima) at −50 mV is the
same kind of behavior thatGK exhibits with the change
in polarity of membrane voltage.

Discussion

TEMPERATURE DEPENDENCE OFCHANNEL CONDUCTANCE

The temperature dependence ofGK (Fig. 4) can be sum-
marized around three aspects: (i) the temperature depen-
dence ofGK at 50 mV has breaks at 15 and 28°C (Fig.
4A) but, (ii) temperature dependence ofGK at −50 mV
follows a simple Arrhenius type dependence (Fig. 4B),
and (iii) the calculated activation energies and/or corre-
spondingQ10 values (Table 1) are very low over the
entire range of experimental temperatures.

The features in Fig. 4A can be explained using a
single-site model and Michaelis-Menten formalism, as-
suming that discontinuities in the temperature depen-
dence ofGK are related to phase transitions of the mem-
brane. The kinetic equation that encompasses the entire
temperature range can be written as a combination of the
diffusion and chemical reaction processes:

Fig. 5. Temperature dependencies of channel
open probability, number of open channels and
related dwell times atVm 4 50 and −50 mV.
(A) Temperature dependence of effective number
of open channels (Npo) (calculated asS (dwell
time × level no.)/total time); (B) temperature
dependence of the number of open channels in
the patch as estimated by the method suggested
by Horn (1991). To guide the eye, data points
were fit with a 6th order polynomial; (C)
temperature dependence of mean open time
(histograms were calculated asS (open dwell
time × level no.)/number of opening transitions,
where level no. was 1, and fitted by binomial
distribution); (D) temperature dependence of
mean closed time (histogram calculated asS

(closed dwell time × level no.)/number of
closing transitions, where level no. was 1, and fit
with the multiple binomial distribution). To
guide the eye, data points were fit with a 4th
order polynomial. Data points are mean values

with vertical standard error bars. Since data points are obtained by averaging data points 1°C apart over 2°C intervals (as indicated by
horizontal bars) they are plotted in the middle of the temperature interval. Data points at the minimum are located at 27.5°C (A) and 29.5°C
(C), and at the maximum at 29.5°C (D).
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Kbulk
+ kd

→ IonCh+ Ken
+ k1

k−1
↔ IonChK+ k2

→ IonCh+ Kex
+ (4)

where IonCh represents the ion channel as an enzyme,
Ken

+ and Kex
+ are potassium ions that are entering and

exiting the channel, respectively,IonChK+ is the com-
plex of the channel and bound potassium,kd is the rate
constant for the diffusion,k1 andk−1 are rate constants of
binding and unbinding of K+ ion to the channel protein
before crossing the selectivity filter, a step which im-
poses a single energy barrier (Miller, Stahl & Barrol,
1988), andk2 is the rate constant of potassium exiting the
channel. The latter step is not given as a reversible one,
because it can be safely assumed that ions can move in
only one direction once passing the selectivity filter. The
three regions in Fig. 4A then can be explained as follows:

Low temperature region(t < 15°C). The overall
conductance is most probably rate-controlled by the dif-
fusion of K+ ions to the “reaction site,” i.e., bykd. The
value ofEa 4 16.5 kJ/mol (i.e.,Q10 4 1.28, Table 1) is
almost equal to the activation energy for the aqueous
diffusion of small cations (Andersen, 1983; Hille, 1984).

Intermediate temperature region(15°C < t <
28°C). Temperature-induced changes of membrane or-
ganization (i.e., phase transition from gel to liquid state)
at around 10°C may then lead to the condition where
diffusion is supplying a sufficient amount of the sub-
strate [Ken

+] so that the “chemical reaction” within the
channel becomes the rate-limiting step (a situation simi-
lar to the kinetics of heterogeneous catalysis; Laidler,
1989). The conductanceGK in this region is then deter-
mined by the rate constants governing a catalytic reac-
tion in Michaelis-Menten fashion (see alsoGradmann,
Kleiber & Hansen, 1987, for treatingI/V curves of plant
K+ channels with Michaelis-Menten kinetics):

GK = GK~max!@Ken
+ #/~Km + @Ken

+ #!

and

Km = ~k2 + k−1!/k1 (5)

whereGK(max) 4 k2 [IonCh] is the maximum conduc-
tance determining the conductivity at very high ion ac-
tivity (the rate of exit from the channel), whileGK(max)/
Km governs the conductance under conditions of low ion
activity and can be defined as the rate of entry to the
channel (Lattore & Miller, 1983).Km is the half-
saturation activity. Assuming thatk2 > k1 > k−1 (i.e., k2

>> k−1) and that [Ken
+] << Km, GK is determined by the

rate of binding of K+ ion to the channel protein, i.e., by
the single rate constantk1. The calculatedEa 4 8 kJ/
mol is then a genuine thermodynamic parameter describ-
ing the property of permeation mechanism in the region
“between the phase transitions.”

High temperature region(t > 28°C). An increase of

the value ofEa in this region might be most plausibly
explained by a no longer negligible contribution ofk−1

(possibly due to increased thermal motion of both protein
and ion). The higher value ofEa (21.5 kJ/mol) than in
the intermediate region then can be attributed to thek−1

having a steeper temperature dependence.
A multibarrier single-file pore model proposed by

Tester (1988) for the Ca2+-dependent K+ channel in
Chara, as opposed to a single-barrier model we used,
would require a more complicated discussion. More-
over, the multibarrier single-file model is based on the
experiments on voltage-dependent blockade of K+ chan-
nel by Cs+ and anomalous mole fraction effect, which
can be adequately explained by a single-barrier enzyme
kinetic model with lazy state (Draber, Schultze & Han-
sen, 1991). Also, it has been postulated that the reason
for the anomalous mole fraction effect is unresolved fast
gating that reduces the apparent single channel current in
the presence of Tl+, which has been demonstrated by
measuring single-channel currents at a sampling rate of
200 kHz (Farokhi, Keunecke, Hansen, 2000).

The temperature dependence ofGK does not behave
symmetrically around zero voltage (Fig. 4A andB), i.e.,
no breaks were observed at −50 mV and conduction can
be described by a singleEa (Table 1). A similar value
for the activation energy of conductance at negative po-
tentials (Ea 4 12.3 kJ/mol) as well as a single slope has
been obtained for the same channel in a study onChara
contraria (Zanello & Barrantes, 1994). This implies
that, if the structural changes in the membrane are the
origin of the discontinuities, then they do not influence
the functioning of the Ca2+-dependent K+ channel iden-
tically at two membrane potentials of the opposite po-
larity. One should have in mind that the intracellular and
extracellular (intra- and extravesicular) part of the struc-
ture of the Ca2+-dependent K+ channel protein is not
symmetrical (the same applies to all K+ channel types;
seeJan & Jan, 1992; Breitwieser, 1996; Doyle et al.,
1998). It is conceivable that structurally different parts
of the channel would respond differently to bulk changes
of the membrane lipid structure. Consequently, changes
of all rate constants that compensate each other and yield
a single slope cannot be excluded. On the other hand,
the conductance of an open channel has a lowQ10

Table 2. Thermodynamic parameters ofa, rate constant of channel
closure, atVm of 50 or −50 mV

Ea (kJ/mol) Q10 DHa

(kJ/mol)
DSa

(J/molK)

50 mV 21.8 ± 3.5 1.37 (10–20°C) 20.6 ± 3.5 −193 ± 12
−50 mV 15.1 ± 3.2 1.24 (10–20°C) 12.7 ± 3.2 −217 ± 11

Q10—temperature coefficient,Ea—activation energy,DHa—enthalpy
of activation,DSa—entropy of activation.Ea, DHa and DSa were ob-
tained by fitting data to Arrhenius and Eyring equations.
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throughout the thermal region scanned (Table 1,see also
Hille, 1984), which is similar to that for aqueous diffu-
sion of ions, hence it might be difficult to experimentally
observe switching between different rate-controlling
steps.

THE EFFECT OFTEMPERATURE ON THEKINETICS OF

CHANNEL CLOSURE

The decrease of open channel probability with an in-
crease of temperature (Fig. 5A) is a common behavior of
ionic channels (Grygorczyk, 1987; McLarnon et al.,
1993; Zanello & Barrantes, 1994), with one exception
(Haverkampf, Benz & Kohlhard, 1995). Lowering of the
open channel probability,po, is also described for the
Ca2+-dependent K+ channel in the tonoplast ofChara
contraria (Zanello & Barrantes, 1994). Temperature de-
pendence ofNpo (Fig. 5A) cannot be analyzed in a simple
Arrhenius fashion because Eq. (3) predicts a more com-
plicated temperature function. Qualitatively, the mini-
mum at 28°C in theNpo vs. T(Fig. 5A) is coincident with
the minimum in the dependence ofto vs. T. Sincepo 4
to/(to + tc), it is conceivable that any change in the
behavior ofto with temperature will be reflected in thepo

vs. T. In addition, dependence ofN on temperature also
exhibits minima between 10 and 15°C and between 25
and 30°C. Though not significant, these minima will af-
fect the form of the plot ofNpo vs. T.

The rate constant of opening and rate constants of
leaving farther, longer, closed states cannot be discerned
from these experiments because of the multichannel
patches. Only the rate constant of channel closure (ob-
tained as the reciprocal of theto) can be calculated. As
the open state is short-lived, the channel closure should
be fast i.e., its temperature dependence should be small.
Q10 values fora listed in Table 2 show thata is almost
temperature independent. Such low values ofQ10 for the
a rate constant have been reported by Zanello and Bar-
rantes (1994) in a study onChara contraria. The ratio-
nale of low energy involvement during channel closure
(and probably channel opening) may lay in the fact that
the channel is active in “bursts.” Fast switching between
short open and short closed state cannot involve large
changes of channel conformation, because these would
have higher energy demands (making and breaking of
bonds and interactions). Only the changes of conforma-
tion that are happening on the similar time scale as the
diffusion can exhibit as a low temperature dependence as
the diffusion process. Based on the energetic consider-
ations alone, a change in the permeation energy barrier of
7–17 kJ/mol would be enough to functionally close the
ion channel (Sigworth, 1994), which could be achieved
with small perturbations in the structure of the selectivity
filter. It is possible that even much larger conforma-

tional changes of the channel pore helices (Perozo,
Cortes & Cuello, 1999) might accommodate for an en-
ergy barrier of about 70 kJ/mol (calculated from Table 2
usingDG 4 DH − TDS) needed for fast switching during
“bursts” of the Ca2+-dependent K+ channel.

The thermodynamics of channel closure depends on
the sign of membrane potential. As can be inferred from
Table 2, at −50 mV a smaller energy (enthalpy) change
is needed for the closing of the channel, which is accom-
panied by the more negative change of entropy, as com-
pared to 50 mV. These values imply that the shortest
closed state of the channel is more ordered at −50 mV
than at 50 mV. If one assumes that the same applies for
channel opening (otherwise longer bursts would not be
frequent, if possible at all), the thermodynamic param-
eters are congruent with the channel being more active
during hyperpolarization.

The mean closed time,tc (which a reflects higher
temperature dependence of longer closed states,seeRe-
sults), increases with temperature (Fig. 5) which is in
accordance with the previous report on this channel in
Chara (Zannelo & Barrantes, 1994), and the Ca2+-
dependent K+ channel in human erythrocytes (Grygor-
czyk, 1987). Correspondingly,to decreases with tem-
perature, as well asNpo. The rise in the contribution of
the middle component in thetc histogram (Fig. 3) adds to
the overall increase of mean closed time component,tc,
with temperature. The changing of the contribution of
different kinetic components with temperature (Chara,
Zanello & Barrantes, 1994) is also described for both the
Shakerpotassium channel, with an increase in the inter-
mediate component with the rise in temperature (Rod-
riguez & Bezanilla, 1996), and for the Ca2+-dependent
K+ channel in human erythrocytes (Grygorczyk, 1987).

The influence of temperature on the single-channel
kinetics is opposite at potentials with opposite sign (Fig.
5C and D). At 50 mV to decreases by a factor of two
with a rise in temperature and exhibits a minima at about
30°C, while tc is almost independent of temperature.
At −50 mV to changes less with temperature thantc,
which exhibits maximum at around 30°C. This can be
explained by a different effect of temperature on the
occupancies of open and closed states of the channel
(i.e., rate constants that lead to or away from the state) at
opposite membrane potentials. The increase ofto at 50
mV with lowering the temperature could be attributed to
the increased rate constant of opening. But, since the
occupancy of the shortest closed state is highest at low
temperatures (Fig. 3), the more probable explanation
would be that the frequency of bursts increased by in-
creasing the forward rate constant between intermediate
and short closed states. At negative potentials the tem-
perature increases the occupancy of intermediate closed
state (Figs. 3 and 5D) which means that the ratio of rate
constants that lead toward the state and rate constants
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that lead away from it is increased, while rate constants
that affect open state are mostly unchanged.

Reports on the existence of discontinuities in the
temperature dependence of channel kinetic parameters in
plant cells are scarce. InVicia faba guard cell proto-
plasts, a drop in the number of both hyperpolarization-
activated and depolarization-activated K+ channels oc-
curs around 20°C (Ilan et al., 1995), resembling a begin-
ning of the minimum in the temperature dependence of
Npo andN around 23°C (Fig. 5A andB). It is difficult to
state whether these discontinuities are analogous with the
minima obtained in this report because of the low tem-
perature resolution used in that work.

NONLINEARITIES IN ION-CHANNEL

TRANSPORTCHARACTERISTICS

It has been shown using various techniques that the tem-
peratures of the discontinuities (or breaks) in the reaction
rate of different membrane functions coincide with the
temperatures of the beginning and the end of the phase
transition of membrane lipids. Such a wide transition
range (from 15 to 30°C) found in biological systems
(Raison & Chapman, 1976; Raison et al., 1977; Thilo et
al., 1977; Hansen et al., 1994), corresponding to the data
shown in Fig. 4A, has been explained by the phase sepa-
ration and the existence of mixed, fluid + gel, domains
within this temperature region. In this region ion-
channel conductance exhibited the lowestEa (Fig. 4A
and Table 1), possibly due to the “optimal” interaction of
the membrane lipids with proteins, which is essential for
channel functioning in cells that were grown under con-
ditions “within the phase transition” (i.e., around 22°C).
The existence of two thermal lipid phase transitions lo-
cated around 15–18°C and 30–35°C has been shown by
differential scanning calorimetry of plasma membranes
isolated fromChara grown at 25°C (Beljanski et al.,
1997). Also, in algae grown at 10°C and/or 30°C (M.R.
Djurišić and P.R. Andjus,in preparation), the bound-
aries of the transition range with the lowestEa were
shifted to encompass the ±10°C range around the new
temperature of acclimation.

It has been also shown that a change of electrostatic
environment may exert an effect on lipid phase transi-
tions (Träuble & Eibl, 1974). Therefore, the change of
the sign of applied potential might alter the structure of
the lipid moiety and hence the lipid-protein interactions,
and/or directly affect the functioning of channel proteins
and consequently their transport properties. However,
since discontinuities in transport properties of theChara
membrane have also been observed when studying water
transport (Andjus et al., 1999), which is supposed to be
independent of the changes of membrane potential, it is
more likely that differences in transport characteristics at

−50vs.+50 mV arise from the intrinsic differences in the
structure of the pore mouths on the opposite sides of the
membrane (Doyle et al., 1998) and/or their reaction to
the bulk change of the membrane fluidity with tempera-
ture, rather than the direct effect of applied potential
difference.
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Physical Chemistry, Belgrade, whose critical and creative comments
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Dr. Vera Dondur (Department of Kinetics, Faculty of Physical Chem-
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