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Temperature Sensitivity of the K* Channel of Chara. A Thermodynamic Analysis
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Temperature sensitivity of the K* channel of Chara cytoplasmic droplets has been character-
ized by means of the patch-clamp technique. The activity of the channel was recorded in inside-
out patches over a range of temperatures (3°C to 25°C). An increment in the unitary channel
conductance and a decrease in the probability of channel opening was found as temperature
augmented. This could be explained by the combined effect of a reduction in the mean open dura-
tion and an increase in the closed times (Q,, values of 0.7 and 1.1-1.6 respectively). Eyring’s tran-
sition state theory was applied to the thermodynamic analysis of conductance and kinetics of the
K* channel. The values obtained for the activation enthalpy and entropy were compared with,
and found to be similar to, those reported for voltage-dependent K* channels in animal cells. The
relative insensitivity of channel conductance to temperature (activation enthalpy of 2.4 kcal
mol ') suggests that ions traverse the pore by diffusion. Channel closure appears to have the
highest energetic requirements (activation enthalpy of 6.4 kcal mol™"). The channel closing rate,
a, exhibits a less negative entropic change (—22.54 cal K™! mol "), which would provide the driv-
ing force for stabilizing the closed configuration of the channel as the temperature increases.

Key words: Activation energy — Chara contraria — Cytoplasmic droplet — Fresh-water alga —
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Temperature influences the activity of ion channels by
affecting their gating and conductance processes (Correa et
al. 1991, 1992, Hodgkin et al. 1952, McLarnon and Wang
1991, Pahapill and Schlichter 1990, Urry et al. 1984). By

means of the patch-clamp technique (see Neher 1992 and

Sakmann 1992) it has been possible to measure these effects
at the single-channel level in a few animal cells. In plant
cells the only known publication on this specific topic con-
sists of a description of subconductance states in the K*
channel from Chara corallina at two different temperatures
(Tyerman et al. 1992).

The giant cytoplasmic droplets mechanically obtained
from internodal cells of charophytes (Kamiya and Kuroda
1957) have proved to be a convenient model system for the
study of plant ionic channels, partly due to the fact that
electrical recordings can be obtained easily and with high re-
producibility from these droplets. This has resulted in the
most complete characterization of a K* channel of plant
origin to date (Draber et al. 1991, Katsuhara et al. 1989,

Abbreviations: V., membrane potential; P,, open channel;
E,, activation energy.

Laver 1990, Laver and Walker 1987, 1991, Liihring 1986,
Tyerman et al. 1992, Zanello and Barrantes 1992). The K*
channel present in charophyte species is characterized by a
high selectivity for K*, a large conductance (about 100 pS
in 100 mM KCl), activation by cytoplasmic Ca*>* and inhibi-
tion by specific K* channel blockers such as Cs* and
TEA*Y.

The present work investigates the direct effect of tem-
perature on the K* channel present in the cytoplasmic
droplet of the fresh-water alga Chara contraria at the level
of single-channel recordings. By carrying out these recor-
dings on excised patches of membrane it is possible to avert
possible effects exerted by temperature on the electrical
state of the cell membrane via metabolic processes such as
photosynthesis (Fisahn and Hansen 1986). We find that
temperature affects the duration of open and closed states
to a larger extent than the amplitude of unitary K* cur-
rents. We derive values for the activation energy, enthalpy
and entropy for the processes of K* conductance and for
some aspects of channel kinetics. Our results provide the

first demonstration of a key direct modulatory role of tem-
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perature in plant ionic channel function. A preliminary ac-
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count of this work has recently been presented in abstract
form (Zanello et al. 1993).

Materials and Methods

Plant material—Chara contraria A. Braun ex Kutz
oospores were cultivated in 10 cm-diameter glass flasks fill-
ed with double-distilled water on a 4 cm layer of heat-
sterilized fine sand. The water-filled vessel was allowed to
equilibrate for 48 h before introducing the Chara oospores.
The algae grew steadily under natural illumination condi-
tions and at a room temperature of about 20°C. Internodal
cells about 1 cm in length and showing active cytoplasmic
streaming as observed by light microscopy were chosen.
Cytoplasmic droplets were obtained from internodal cells
by the mechanical method developed by Kamiya and
Kuroda (1957) as previously described (Zanello and Bar-
rantes 1992). Briefly, cells were first allowed to lose turgor
by transpiration; after cutting off one end, internodal cells
were rapidly immersed in an isoosmotic solution contain-
ing 100 mM KCl, 5.5 mM CaCl,, 5.5 mM MgCl,, and 5
mM MES/KOH, pH 5.8. The osmolarity of the solution
was 260 mOs, as measured with a Wescor 5500 vapour
pressure osmometer (Wescor, Inc, Utah). Spherical drop-
lets larger than 50 um in diameter were preferred for patch-
clamp recordings, and their single-channel activity was
recorded within the first two hours after isolation as de-
scribed previously (Zanello and Barrantes 1992),

Patch-clamp recordings—Patch electrodes were pulled
from Kimax-51 capillary tubes (Kimble Products) by the
two-stage pulling method (Hamill et al. 1981) using a verti-
cal electrode puller (David Kopf model 700 C), and coated
with Sylgard (Dow Corning Corp., Midland, MI). It was
not necessary to fire-polish the pipette tips to obtain stable
gigaohm seals. Pipettes were filled with the same solution
as the bath medium. All solutions were filtered (Millipore
0.22 um) prior to use. Pipettes with resistances of 5-10
MQ, corresponding to a tip diameter of 1um or less
(Hamill et al. 1981), were routinely used. Gigaohm seals
were performed at an initial bath temperature of 10°C.

Experiments were carried out using the inside-out con-
figuration (Hamill et al. 1981) at fixed pipette potentials
(—V.). Each patch of membrane exhibiting only one level
of channel activity was successively subjected to increasing
temperatures. In order to confirm the reversibility of tem-
perature effects, long-living patches were afterwards sub-
jected to decreasing temperatures. The bath temperature
was changed using a Haake (Berlin, Germany) model D3
thermostated bath connected to the PCT recording cham-
ber of a Luigs & Neumann (Ratingen, Germany) patch-
clamp tower. The temperature limits for the maintenance
of giga-seals were found to be 3°C and 25°C. The bath tem-
perature in the recording chamber was maintained at
+0.2°C of the desired value and was allowed to stabilize

for at least 2 min prior to each recording.

Patch-clamp recordings were obtained with an EPC-7
patch-clamp amplifier (List Electronic, Darmstadt, Ger-
many). The signals were digitized and stored with 16-bit res-
olution using a video cassette recorder (Panasonic Corp.)
and a modified pulse-code modulator (Sony model 701 PE)
and subsequently transferred to a microprocessor after
filtering at 2 kHz with an eight-pole lowpass Bessel filter
(Frequency Devices, Inc., Haverhill, MA).

Data analysis—Single-channel events were analyzed us-
ing the programme TRANSIT (A.M.J. Van Dongen, 1989;
Baylor College of Medicine), which uses an algorithm for
the idealization of the single-channel recordings based
on the calculation of the first derivative of the current
amplitude at each sampled point. Transitions and levels be-
tween transitions are identified on the basis of minimum
slope and current criteria set by the experimenter. Recor-
dings of 120 s duration, containing about 5,000 opening
events, were sampled at a frequency of 20 kHz. Mean
lifetimes () of open and closed states were calculated by fit-
ting dwell-time histograms, constructed with a logarithmic
time axis, with single or multiple exponential probability
density functions (p.d.f.) by means of a fitting module in-
cluded in the TRANSIT programme. For each p.d.f. the
best fit was chosen according to the maximum likelihood
criterion (Colquhoun and Sigworth 1983). Mean unitary
currents were obtained from peak values of Gaussian func-
tions fitted to single-channel amplitude histograms also
generated by TRANSIT. Values for the open channel pro-
bability (P,) in the analysed recordings are given automati-
cally by TRANSIT.

Unless specifically stated otherwise in the text, the data
points in the figures are the mean values+S.E. from at
least 4 experiments.

Data simulation—In order to test the adequacy of the
kinetic model proposed for the Chara K* channel (see
Results), simulated single channel recordings were obtain-
ed by means of the programme CSIM (The Research Foun-
dation, SUNY). Basically, CSIM requires the experimenter
to provide the values of the transition rate constants associ-
ated to the postulated kinetic model, which must be in-
troduced as a matrix transition. A matrix of 4 X 4 elements
was used, in accordance with the four-state kinetic model
proposed for this channel. Data were simulated under the
same filtering and sampling frequency conditions used in
the analysis of actual recordings. The simulated data were
subsequently analyzed by means of the TRANSIT pro-
gramme as described above, and compared with the experi-
mental data.

Calculation of energy parameters—The Arrhenius
equation (Arrhenius 1889) relates the values obtained for
the rate constants of a process at different temperatures
with the activation energy (E,) of a transition complex that
may exist between two states of a system during the pro-
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cess. In its linearized form, the Arrhenius equation can be
written as:

Ink=In A—E,//RT 1)

where k is the rate constant of the process at different tem-
peratures, A is the Arrhenius constant considered almost
independent of temperature, R is the gas constant, and T is
the absolute temperature. In our work, k was replaced by
values experimentally obtained for the mean unitary cur-
rent of the channel and for the channel transition rate con-
stants at different temperatures, and the E, for each process
was calculated from the slope of the Arrhenius plots.
Eyring’s transition state theory (Eyring 1935) was used
for the calculation of the free energy (4G,), enthalpy (4H,)
and entropy (4S,) of activation of the channel conductance
and kinetics. This theory relates a kinetic process, which is
a phenomenon that evolves with time, with the energy
fluxes associated with the state changes, i.e. the thermody-
namics of the process, by means of the following equation:

In k=In (kgT/h)—4H,/RT+4S,/R )]

where kg and h are the Boltzmann and Planck constants re-
spectively. AG, for the channel conductance and gating pro-
cesses was calculated from equation (2) as follows:

A4G,=—RTInk+RT In kgT/h 3

where k has the same meaning as in equation (1). Values
for AH, and A48, associated with the processes were calcu-
lated from E, according to the methods followed by McLar-
non and Wang (1991), using the following relationships:

4H,=E,—RT @
48,=—(4G,—4AH,)/T Q)

As a measure of the temperature dependence of ion
conduction through the pore and on channel kinetics, Q,,
values were determined from the ratios of the current and
the kinetic constants at 10°C (T,) and 20°C (T,) according
to the following equation:

Qo=exp [-ER (T;'-T{ ") (6)

Q,o values for the mean open and closed lifetimes of the
channel were calculated directly from plots of 7 vs. tempera-
ture, as the ratio of values obtained at 20°C and 10°C from
a linear regression fitted to the experimental points.

Results

When cytoplasmic droplets obtained from the inter-
nodal cell of the charophyte Chara contraria are bathed in

a solution containing a high K* concentration (100 mM),
isoosmotic with respect to the cytoplasm (Okihara and
Kiyosawa 1988), it is possible to record the activity of a
voltage-dependent K* channel assumed to be of tonoplast
origin (Liihring 1986, Sakano and Tazawa 1986). This is by
far the most frequently found ion channel activity present
in the droplet membrane, and has been the subject of ex-
haustive electrophysiological characterization during re-
cent years (Katsuhara et al. 1989, Laver 1990, Laver and
Walker 1987, 1991, Liihring 1986, Zanello and Barrantes
1992). Fig. 1 shows traces of activity of the K* channel in
C. contraria at three different temperatures, in an excised in-
side-out patch of the droplet membrane, held at —80 mV
and bathed with symmetric ionic solutions. Under these ex-
perimental conditions, when positive pipette potentials
(negative V) are applied, potassium ions cross the channel
from the vacuolar to the cytoplasmic side of the membrane
(Katsuhara et al. 1989, Laver and Walker 1987, Liihring
1986). From visual inspection of the single-channel recor-
dings (Fig.1), it can be seen that a rise in temperature
causes an increase in channel conductance and a decrease
in the time the channel spends in the open state, qualitative-
ly apparent in the prolonged closed intervals. This effect
was fully reversible (data not shown).

Effect of temperature on the K channel conductance
—Fig.2 shows three current amplitude histograms and
their corresponding fitted Gaussian functions (see Materi-
als and Methods) obtained from three recordings on the
same patch of membrane subjected to different tempera-

sen |
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59C

Fig. 1 Single-channel events recorded from a cytoplasmic
droplet of Chara contraria using the inside-out patch configura-
tion at a Vm of —80mV and at the indicated temperature
values. Low-pass filter: 2 kHz; sampling frequency: 20 kHz.
The composition of pipette and bath solutions is given under
Materials and Methods. o: open; c: closed channel.
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Fig. 3 Temperature dependence of single-channel current.
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Fig. 2 Histograms for the distribution of single-channel current
amplitudes and their corresponding p.d.f., at three different tem-
peratures. Vn=—80mV. A: 5°C, peak value=4.41+0.3 pA;
B: 10°C, peak value=4.710.5 pA; C: 25°C, peak value=6.1%
0.3 pA.

tures. Only one peak was detected in these histograms for
the conductance state of the K* channel (filtering and sam-
pling frequency specified in Materials and Methods). Sub-
conductance states such as those reported by Tyerman et
al. (1992) in the large K* channel of C. corallina under
similar ionic conditions were not detected in the present
analysis, even though the programme used is based on the
same principles as those used by the latter authors. Recor-
dings longer than 2 minutes and containing more than
10,000 opening events revealed the existence of a mid-con-
ductance state with an open state probability of not more
than 0.04 in the K* channel of C.contraria (data not
shown). However, the noticeable increment in the per-
manence of the midstate with decreases in temperature, as
predicted in the work of Tyerman et al. (1992), was not ob-
served in C. contraria. For this reason we only analysed the
sensitivity of the main conductance state to changes in tem-
perature. As can be seen in Fig. 3, temperature exerted a
reproducible (S.E. of the current averages <0.5 pA), pro-
gressive linear increase (r=0.981) in the mean unitary cur-
rent of the channel, from 4.2+0.3 pA at 3°C to 6.2+0.3
pA at 25°C and at a V,, of —80mV.

ments using the inside-out configuration at Vn,=—80mV.

Fig. 4 shows the current-to-voltage relationships for
the K* channel activity in a patch of membrane held at
different potentials, at two temperatures. Conductance
values calculated from the points around 0 mV were 60 pS
and 90 pS at 10°C and 20°C respectively. Both inward and
outward K* currents showed saturating behaviour at the
two different temperatures, in accordance with previous
descriptions at a single temperature of about 20°C (Laver
1990, Laver and Walker 1987, 1991, Liihring 1986, Zanello
and Barrantes 1992).

Effect of temperature on the probability of channel
opening—The open channel probability, P, defined as the
period of time spent in the open state relative to the total
duration of the analysed recording, was also influenced by

temperature (Fig.5A, B). P, markedly decreased from
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Fig. 4 Current-to-voltage relationships for the K* channel of
Chara obtained at two different temperatures. A patch of
membrane was exposed firstly to 10°C and then to 20°C, and the
electrical activity of the channel recorded at the different clamped
membrane potentials.
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Fig. 5 A: Probability of channel opening (P,) as a function of temperature. Vn=—80mV.  B: Voltage activation curves ob-

tained at 10°C and 20°C.
tures. Values obtained for V, and n are given in the text.

almost 0.4 t0 0.1 as the temperature was raised from 3°C
to 25°C, at a clamped membrane potential of —80 mV.
Fig. 5B shows the open channel probability to vary slightly
within the range of the applied potentials, from about 0.45
(V,=—140mV) to 0.07 (V,=60 mV) at 10°C, and from
about 0.35 (V,,=—120 mV) to 0.06 (V,=40 mV) at 20°C.
As can be seen from Fig. 5B, a 10°C increment in tempera-
ture caused the voltage activation curve to shift to more
negative values along the voltage axis. The value of the ap-
plied voltage (V,) at which P, equals 0.5 was obtained from
the linearized form of a Boltzmann distribution for P, as a
function of voltage (Fig. 5B, inset):

™

1 1—-P, _nFV, nFV
(P ) RT RT

[\]

where V is the voltage applied to the membrane, F is the
Faraday constant, R is the gas constant, T is the absolute
temperature, and 7 is the effective charge that moves in the
membrane during a transition between the closed and the
open state of the channel.

As can be seen from Fig. 5B, the change in bath tem-
perature from 10°C to 20°C displaced the channel voltage
dependence by about 10 mV. The direction of the displace-
ment would indicate that heating acts by stabilizing the clos-
ed configuration of the channel. Similar observations can
be found in the literature for an Na* channel in the squid
axon (Correa et al. 1992). The effective gating charge, n,
was not significantly altered by temperature (n=—0.25 at
10°C; n=-—0.31 at 20°C), as was also found by Correa
and coworkers.

Effect of temperature on the duration of open and clos-
ed states—We investigated the effect of temperature on the
mean open and closed channel dwell-times in order to ob-
tain a better description of the diminution of P, with
heating. As reported previously (Laver and Walker 1987,

“Tyerman et al. 1992, Zanello and Barrantes 1992), the open

Inset: linearized form (eq. 7) of the Boltzmann distribution for P, vs Vy, at the two corresponding tempera-

time distributions of the K* channel in charophytes can be
well described by a single-exponential function, whereas
the closed transitions exhibit more complicated kinetics.
Figs. 6A-F show the semilogarithmic histograms obtained
for dwell-times of the open and closed states for the K*
channel of Chara at three different temperatures and at a
V,, of —80 mV. With the use of a logarithmic time axis in-
stead of a linear one, multiple dwell-time distributions are
compressed, and components that are poor in events can be
more easily detected. P.d.f. of dwell-times were fitted to
the data (see Materials and Methods) to obtain the time con-
stants for the distribution of open and closed times. The
values obtained from the fit to the experiments shown in
Fig. 6 are listed in Table 1. At all the temperatures studied,
open times could be described by a single-exponential func-

Table 1 Parameters fitted to the open and closed time
histograms of Fig. 6

Temperature
3°C 15°C 25°C

n 6,771 6,068 4,114

T, 2.756 2.009 0.979
T 0.167 0.208 0.217
X, 0.632 0.557 0.351
Ta 1.156 1.736 1.550
X, 0.259 0.420 0.562
T 5.843 24.002 21.886
X3 0.099 0.019 0.069
Tes 200.50 567.83 289.71
X4 0.010 0.003 0.018

n, total number of events per histogram; t,, mean open lifetime;
7.1..4, mean closed lifetimes (#1 is the briefest and #4 the longest);
X;..4, fraction of total fitted events of each individual component.
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Fig. 6 Semilogarithmic histograms of open (left column) and closed (right column) state durations for the K* channel of Chara at
three different temperatures: 3°C (A, B), 15°C (C, D), and 25°C (E, F). Vn=—80mV. Parameters of the p.d.f. fitted to the
histograms are shown in Table 1.

tion, while closed-time histograms were fitted by the sum of  ponential functions), whereas the dotted lines depict the
four exponentials, suggesting the presence of at least four corresponding area of each component. The longest compo-
closed states (Fig. 6). The curves (full lines) in closed dura- nent of closed intervals (z7>200ms) represented only a
tion histograms represent the overall fit (sum of four ex- small fraction (< 1%) of the total number of closed events,
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Fig. 7 Temperature dependence of the mean open (A) and closed (B-D) dwell times of the K* channel, at a membrane potential of
—80mV. Each point is the average+S.E. of 4-6 experiments.
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and constituted the most variable values of all the experi-
ments (S.E. in the order of 50 ms). For this reason we only
studied the effect of temperature on the mean lifetimes of
three of the four detected exponential components, defined
as the brief (1<0.3 ms), medium (7 between 1.0 and 1.8
ms) and long (7>5.0 ms) closed events.

Fig. 7A shows the variation of the mean open dwell-
times of the K* channel with temperature. The mean open
time diminished in a linear fashion from 2.4+0.3 ms at
3°Ct00.8+0.2 ms at 25°C (r=0.985). A Q,, value of 0.66
was calculated from the linear regression in Fig. 7A for the
diminution of 7, between 10°C and 20°C.

The duration of the detected channel closed states ex-
hibited a general tendency to increase as a function of tem-
perature, albeit with different sensitivities (Figs. 7B-D).
Long-closed times (Fig. 7D) were the most clearly influenc-
ed by changes in temperature, with a Q,, of 1.6 calculated
between 10°C and 20°C, whereas brief- and medium-clos-
ed durations (Figs. 7B and C) did not seem to contribute as
significantly as increased long-closed periods and decreased
open durations to the diminution of P, with increments in
temperature (Q,, of 1.10 and 1.14 respectively).

The relative magnitude of each of the three closed
state components—expressed as a percentage of the total
number of closed events—was compared for the different
temperatures studied. As can be seen in Fig.8A-C, the
amplitude of the majority, brief-closed component showed
a tendency to decrease as the temperature was raised, while
the medium-closed component tended to increase. These
results could reflect the tendency of the channel to remain
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Fig. 8 Magnitude of the brief (A), medium (B) and long (C) com-
ponent of closed events detected from closed-times histograms
like those shown in Fig. 6.

predominantly in a closed configuration of intermediate
duration which becomes prolonged with heating, while
transitions to the briefer closed state become less frequent.
The magnitude of the long-closed component, on the con-
trary, markedly decreased with higher temperatures (see
Fig. 8C).

Thermodynamics of conductance and kinetics of the
C. contraria Kt channel—A thermodynamic analysis of
the influence of temperature on K* conductance through
the pore and on channel gating, based on Eyring’s transi-
tion state theory (Eyring 1935), enabled us to evaluate the
activation energy (E,), enthalpy (4H,) and entropy (4S,) as-
sociated with the two processes. According to Eyring’s
theory, a system that undergoes a state change must over-
come an initial energy barrier to reach the activated state.
This would correspond to the activation energy empirically
found by Arrhenius. The transition state theory conceives
this activated complex as a molecular entity having defined
thermodynamic properties (see equations 2 to 5). Fig.9A
shows the Arrhenius plot constructed for the single-chan-
nel unitary currents. A linear fit to the mean current values
gave an E, for the conduction process of 2.95 kcal mol ™!
(r=0.929), and a Q,, value of 1.20 (see egs. 1 and 6).

For the purposes of the thermodynamic analysis of the
effect of temperature on the channel gating a kinetic model
relating the detected states must be considered. Only one
open state was detected for the Chara K* channel and, ac-
cording to published kinetic studies (Laver 1990, Laver and
Walker 1987), it can be linearly connected to a multiplicity
of closed states, its number varying in accordance with the
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Fig. 9 Arrhenius plots for the unitary currents (A) and transi-
tion rate constants (B) defined in scheme (8). In B, filled
circles: a; filled triangles: ki2; open circles: kj3; open triangles: ksp;
open inverted triangles: £.
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recording conditions (Laver 1990). In our case, we could
characterize the effect of temperature on three of the four
detected closed states (see Figs. 6 to 8), as explained above.
The simplest mechanism connecting this unique open state
to these three closed states is the linear scheme below:
k12 k23 ﬂ
G &) G o ®
ky k3 a

where O, the open state, is connected to the brief closed
state C,, in agreement with Laver and Walker’s model
(1987). C, and C, are proposed to be the long- and
medium-channel closures, respectively. This scheme (8) can
be considered a simplified form of Laver and Walker’s
model which, according to these authors, can be applied to
single-channel recordings obtained at a negative membrane
potential and in the presence of a high concentration of ex-
ternal Ca** (Laver and Walker 1987, Laver 1990). Alfa and
B are the channel closing and opening rates respectively,
and k; ; are the rate constants for the transition from the
closed state i to the closed state j. It was possible to calcu-
late the transition rate constants associated with the pro-
cesses of channel closure (@) and with the reaction step
from the long (C,)- to the medium (C,)-closed states (k;,) di-
rectly as the reciprocal of the measured mean open and
long-closed lifetimes, respectively. Thus:

a=1/1, ()]
kp=1/1¢ (10)

Beta, k,;, ku3, ki; and k;, were related to the mean dura-
tions of the medium (C,)- and brief (C;)-closed states of the
channel through the following expressions (Colquhoun

and Hawkes 1983):

k21+k23: l/TCZ
ky+p=1/1¢

an
(12)

and could not be directly calculated from the reciprocal of
7 values. Table 2 lists three groups of transition rate con-
stants estimated for three different temperatures, and also
the results obtained for the mean open and closed dura-
tions from the analysis of the simulated recordings. The
agreement between simulated and experimental data (see
Fig.7) fully supports the kinetic model (8) proposed for
this K* channel. The proportion of events in each closed
state closely approximated that obtained from the analysis
of real data, and showed a similar behaviour with the
change in temperature, as can be seen in Fig. 8. The only ex-
ception was the percentage of simulated long (C,)-closed
events, which showed a tendency to increase with tempera-
ture. This can be accounted for if we consider a simplified
version of scheme (8), in which the longest-closed state (7>
200 ms, and frequency of occurrence <19%) detected in
dwell-time histograms (cf. Fig.6), is not taken into ac-
count. Other models comprising one open and three closed
states (Table 3) were tested for the Chara K* channel.
Values obtained for the transition rate constants for each
set of simulated data (Table 4) did not describe the experi-
mental data as satisfactorily as kinetic scheme (8) (cf.
Fig. 7).

Fig. 9B shows the Arrhenius plots constructed for the
transition rate constants defined in scheme (8). In the case
of the channel closure, an E, value of 6.97 kcal mol™! was
obtained from the slope of the linear regression fitted to the

Table 2 Values for the transition rate constants and mean lifetimes obtained from simulated recordings of the Chara K*

channel according to kinetic scheme (8)

Rate constant (s™)

Mean time (ms)

Transition State
3°C 10°C 25°C 3°C 10°C 25°C
Ky, 170 100 50
Ky 100 100 100
ka3 800 750 700
ks, 1,000 1,500 2,000
B 5,000 4,500 4,000
a 600 800 1,500
C 6.326 10.351 17.542
3) (%) (6)
C, 1.251 1.574 2.054
(11) (22) 29
G, 0.155 0.198 0.193
(86) (73) (65)
(0] 2.690 2.255 1.202

Transitions between one channel state and another and the states of the channel themselves are defined in the text (see model 8). Values be-
tween brackets correspond to the percentage of events in the corresponding closed state with respect to the total in the simulated recording.
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Table 3 Four-state models tested for the Chara K* chan-
nel

MODEL 1:
kjp k23 k34 (B)
Cie . Cyq 2C3 s O
k2] k3 kg3 (o)
MODEL 2:
kip kyg ky3
o o) 0 o
kpy k42 k34
MODEL 3:
k4 kg3 k3
C)= 0 Cyx > Cy
kg k34 k3
MODEL 4:
ki3 k34
o 2 C3 g O
k3 J[ kg3
k32 ky3
C
MODEL 5:
kjg k43
G = 0} = = C3
kg k34
kg2 kog
G

experimental points for a (r=0.929). The reaction step
leading away from the long (C,)-closed state of the chan-
nel, which was shown to be the most affected by tempera-
ture (see Fig.7), yielded an E, value of —9.13 kcal mol ™"
(r=0.905) calculated from the corresponding plot for the
empirical k;, (Fig. 9B). This negative value for E, would be
indicative of a more complicated mechanism connecting C,
and C, than that proposed in scheme (8), probably arising
from the existence of a reaction step connecting with a
(longest)-closed state of the channel with 7>>200 ms. One
intermediate step in the C,—C, pathway would imply a
negative 4G term that would contribute in turn to the
negative apparent E, measured for k,,. Values for Q,y, 4H,,
AG, and 48, associated with K* conductance and channel
kinetics are listed in Table 3.

Discussion

Temperature modifies the internal energy of macromol-
ecules and its effect is evident in both the gating and ion
permeation processes in ionic channels. Determination of

temperature sensitivity is an essential component in estab-
lishing the kinetics of a given reaction mechanism. Here we
have investigated the effects exerted by temperature on the
K* channel of Chara cytoplasmic droplets and have found
channel kinetics to be more strongly affected than ionic con-
ductance properties. This is in agreement with the early ob-
servations of Hodgkin et al. (1952) on the squid axon Na*
channel, showing that the rate of gating increases with tem-
perature, with a Q,, of 2 to 4, while the conductance is
relatively temperature-insensitive, with a Q,y of only 1.2 to
1.5.

From the present analysis of the Chara K* channel it
appears that the environment within the pore of the chan-
nel is favourable to the diffusion of K* ions. The Q, value
of 1.2 (Table 5) for the conductance process is very similar
to that obtained for the aqueous diffusion of K* (Q, of
1.3; Hille 1984), as with other voltage-dependent channels
(Correa et al. 1991, Estrada 1991, Horn et al. 1984). This
can be related to the low activation energy found for the
process of ion conductance through this channel (2.95 kcal
mol~!, Fig. 9A), which exhibits a similar value to that for
cation flux through veratridine-activated Na* channels
(Tanaka et al. 1983) and the Ca’*-activated K* channel of
skeletal muscle sarcoplasmic reticulum (4.14 kcal mol™!;
Estrada 1991). The enthalpic change for this process in the
K" channel of Chara (2.37 kcal mol™!, Table 5) is even
lower than that reported for the enthalpic change of Na™*
conductance through the batrachotoxin-modified Na*
channel in the squid giant axon (6.25 kcal mol~!; Correa et
al. 1991), indicating that ions traverse a low energy barrier
when crossing the channel. Furthermore, the values for the
entropy of activation of ion conductance through the pore
of this channel (—46.6 calmol ' K™', Table 5) and the
Ca’*-activated K* channel from skeletal muscle sarcoplas-
mic reticulum (—33.7 calmol™'K~!; Estrada 1991) in-
dicate an increase in the order of the system during the de-
velopment of the process.

The rate of conformational change in the channel pro-
teins involved in gating processes is also modified by tem-
perature (Hodgkin et al. 1952). In the case of the voltage-de-
pendent K* channel of C. contraria, we found that a rise in
temperature caused a marked decrease in the probability of
channel opening, which is similar to the effect reported for
an Na* channel of an animal cell (Correa et al. 1992). This
was evidenced by a shorter open state (Q,, of 0.66) and
longer closed periods (Q,, between 1.1 and 1.6) at in-
creasingly higher temperatures at a fixed membrane poten-
tial, suggesting that heating favours the closed configura-
tion of the channel molecule.

It still remained unclear which of the mechanisms
leading to the stabilization of the closed state is most
affected by temperature, and in particular whether tempera-
ture increase has a greater impact on the transition from
the open to the closed state or vice versa. A plausible
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Table 4 Transition rate constants and mean durations of open and closed states for data simulated according to models

presented in Table 3

MODEL 1 MODEL 2 MODEL 3 MODEL 4 MODEL 5
Rate constant (s~):
| 4% 170 180 — — —
ks 100 100 — — —
ka3 800 — 780 850 —
ki, 1,000 — 1,000 900 —
ki, 5,000 6,800 5,500 5,000 6,500
Kys 600 400 550 600 400
Ka4 — 800 — — 850
K — 200 _ — 180
' - - - 170 —
Ky — - — 100 —
' — — 140 — 170
kq — — 10 — 10
Mean lifetime (ms):

(0} 2.690 2.269 2.406 2.256 2.244
C 6.326 5.862 8.043 2.552 6.973
(3 (6) #)) (16) 1)

C, 1.251 1.268 1.910 0.584 1.341
(11) (28) 17) )] (29)

C, 0.155 0.228 0.266 0.293 0.267
(86) (66) 81) (83) (70)

Values between brackets are percentages of events in the corresponding closed state. Data were simulated for a temperature of 3°C.

answer to this question is provided in the present work
through comparison of the actual data with those of
simulated data, from which most transition rate constants
could be calculated (cf. Table 2 and Figs. 7 and 8).

Qyo values slightly larger than 1.0 have been reported

for the temperature sensitivity of the channel closing rate a
in the case of voltage-dependent K* channels from animal
cells (McLarnon and Wang 1991); the value found in the
present work for the K* channel of Chara was somewhat
higher (1.52, cf. Table 5). The activation energy (6.97 kcal

Table 5 Channel conductance, kinetic constants and thermodynamic parameters for conductance and kinetic processes

in the Chara K* channel

Process Channel amplitude E Qs Thermodynamic parameters
and rates _ @ 4H, 4G, 48,
K™ conductance 5.5pA 2.95 1.20 2.37 15.57 —46.65
Channel kinetics:
a 578 57! 6.97 1.52 6.40 12.89 —22.54
ki, 115s7! —9.13 0.58 —-9.70 14.12 —49.06
ka3 7505~} —0.97 0.94 —1.53 12.81 —50.67
ks, 1,50057! 5.03 1.35 4.47 12.43 —28.13
B 4,500 57! —-1.71 0.90 —2.27 11.81 —49.75

Rate constants are defined according to kinetic scheme (8), and correspond to a membrane potential of —80 mV. a and k,, were calcu-
lated from the experimental data according to the expressions (9) and (10), at 288 K (15°C). k,s, k3, and # are the estimated values uti-
lized for data simulation with CSIM as explained in the text (—80 mV and 283 K). E,, 4H, and AG, are in kcal mol™'. A4S, is in cal
mol ! K™, Consequently, results for the estimated k,,, which was shown to be insensitive to temperature (Table 2), are not included in

the table.
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mol ', Fig. 9B) and entropy (—22.54 calmol ™! K~!, Table
5) found for the closing process of this K* channel were
similar to those in animal cells: 11.82 kcalmol™' and
—10.96 cal mol ' K™ respectively for the Ca’*-dependent
K* channel of skeletal muscle sarcoplasmic reticulum
(Estrada 1991) and 6.10 kcal mol~! and —25.60 cal mol ™'
K~! for the unblocking rate constant in the K*(Ca?*)-chan-
nel in hippocampal neurons in the presence of the drug RP-
62719 (McLarnon and Wang 1991). Positive values for the
activation enthalpy found for two consecutive steps in the
reaction mechanism (scheme 8) leading away from the open
configuration of the channel (6.40 kcal mol™' and 4.47
kcal mol™! for a and ki, respectively, Table 5) are in-
dicative of endothermic processes associated to channel
closure. The values found for the activation entropies dur-
ing the transitions from the open to the closed states
(—22.54cal K 'mol™' —28.13cal K 'mol~! for a and
k1,, Table 5) are less negative than those of the inverse reac-
tions, and presumably provide the driving force for stabiliz-
ing channel closed configurations as the temperature in-
creases.

We can thus say that temperature increase has a
greater impact on the process of closure, which has been
demonstrated to have higher energetic requirements
(higher values for E,, see Table 3) than the opening process
in the Chara K* channel. Although the absence of energy
barriers (E, near zero) and the exothermic terms associated
with the reaction rates k,; and f that lead to the open con-
figuration of the channel provide the necessary energetically
favourable conditions for the molecule to adopt the open
configuration, the highly negative values for the activa-
tion entropies during these steps favours the opposite
behaviour. The energy provided by heating is thus invested
mainly in increasing the order of the system, which could
explain the stabilization of the closed configuration of the
channel with the rise in temperature. As postulated by Cor-
rea et al. (1992), a series of chemical modifications such as
the breakup and formation of salt bridges and hydrogen
bonds could lead to a more ordered state of the system dur-
ing the transition to the activated complex. This reorgan-
ization of the channel molecule would be accompanied in
the case of the K* channel of Chara by a liberation of ther-
mal energy, as indicated by the negative values for the acti-
vation enthalpies associated with channel opening.

It is also worth comparing the temperature sensitivity
of voltage-gated to that of ligand-gated channels. The
paradigm rapid ligand-gated channel, the nicotinic acetyl-
choline receptor (see review in Barrantes 1988), has a
similar temperature sensitivity to that found here for the
K* channel of Chara (Anderson and Stevens 1973, Dilger
et al. 1991, Zanello et al. 1993), indicating that once open-
ed, ion permeation through either ligand-gated or voltage-
gated channels proceeds with the same temperature depend-
ence as that operating in the case of ions in solution (Hille

1984).

The influence of temperature on the K* channel of a
charophyte has been previously reported by Fisahn and
Hansen (1986) on the basis of membrane potential and re-
sistance measurements by conventional electrophysiologi-
cal techniques (Fisahn and Hansen 1986). Variations in
these electrical parameters are known to result from the
compound effect of temperature on certain metabolic pro-
cesses such as photosynthesis (Fisahn and Hansen 1986)
and on several passive (Beilby and Coster 1973, 1976, 1979,
Hogg et al. 1968) and active transporters (Spanswick 1972,
Blatt 1974). Due to technical limitations, it was not possi-
ble in earlier studies to assign the measured activation
energies to a specific membrane transporter. Application of
the patch-clamp technique to excised patches of the algal
membrane allowed us to dissect the effect of temperature
on the conduction and gating processes of the Chara K*
channel, and to obtain values for the activation energies
and thermodynamic parameters for these processes at the
single-channel level. We are able to conclude that small
variations in temperature within the environmental range
have a significant influence on the behaviour of channel
molecules in plant cells, particularly during the transition
to and from the open and closed states. In the light of the
present study, rapid variations in the electrical parameters
of algal membranes under raised temperature—such as
those described by Fisahn and Hansen (1986) as not being
under metabolic control—can now be re-interpreted as the
result of direct modulation by temperature.
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