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Abstract. The NMR (nuclear magnetic resonance) Key words: Water transport — Temperature depen-
method of Conlon and Outhred (1972) was used to meadence — K channels — NMR — Patch-clamp -Ghara
sure diffusional water permeability of the nodal cells of

the green alg&hara gymnophyllaTwo local minima at )

15 and 30°C of diffusional water permeability ) were  Introduction

observed delimiting a region of low activation energy, (

around 20 kJ/mol) indicative of an optimal temperature!n previous investigations of the temperature dependence
region for membrane transport processes. Above and b@&f water efflux and membrane resting potential in inter-
low this region water transport was of a different type nodal cells of the freshwater algzhara gymnophyllaa
with high E, (about 70 kJ/mol). The triphasic tempera- hon-monotonic behavior was observed (Andjus, Sigjic
ture dependence of the water transport suggested a chavLCelic, 1987). This was manifested by two peaks (at 12
nel-mediated transport at 15-30°C and lipid matrix-and 30°C) of HO-D,O transmembrane exchange half-
mediated transport beyond this region. Th&dhannel time corresponding to the two breaks (at 15 and 29°C) in
inhibitor, tetraethylammonium as well as the €hannel  the temperature function of membrane potential (Andjus
inhibitor, ethacrynic acid, diminishefl, in the interme- et al., 1987). This pattern of temperature dependence of
diate temperature region by 54 and 40%, respectivelywater exchange rate was dependent on external potas
The Su|fhydry| agent p-(Ch|0r0mercuri-benzensu|f0nate)$ium. Thus, in accordance with the studies dealing with
the water transport inhibitor in erythrocytes also knownK'/water coupled transport (Wayne & Tazawa, 1990;
to affect K* transport inChara, only increased®, below ~ Homble & Véry, 1992), K channels were inferred as
15°C. In high external potassium (‘K-state’) water trans-Possible mediators of water transport. The role of spe-
port minima were pronounced. The role of khannels cific water channels or aquaporins (Maurel et al., 1993),
as sensors of the optimal temperature limits was furthehowever, could not be excluded.

emphasized by showing a similar triphasic temperature ~ The present study intends to avoid the controversy
dependence of the conductance of a singfeckannel Of previous reports concerning the interpretation of water
also known to cotransport water, which originated from€&fflux measurements by an NMR method employing a
cytoplasmic droplets (putatively tonoplast)®f gymno-  high concentration (95-99%) ofD in extracellular me-
phylla. The minimum of K single channel conductance dium (Andjus et al., 1987, 1990). To confirm the exis-
at around 15°C, unlike the one at 30°C, was sensitive tdence of discontinuities in the temperature function, the
changes of growth temperature underlining membrangvater diffusional exchange rate t}through theChara
lipid involvement. The additional role of intracellular Cell membrane was measured by employing the NMR
(membrane?) water in the generation of discontinuities irmethod of Conlon and Outhred (1972) previously de-
the above thermal functions was suggested by an Arrhesigned for water transport studies on erythrocytes and

nius plot of the cellular water relaxation rate which first applied on a plant system by Stout, Cotts and Ste-
showed breaks at 13 and 29°C. ponkus (1977). The tentative role of ion channels in the

temperature dependence of water transport (Andjus et

al., 1987) was tested by the application of ion transport
S blockers and by comparison to patch-clamp data on the
Correspondence tdP.R. Andjus temperature dependence of the conductivity of & K
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channel also known to cotransport water efficientlywhereV, Aandr are the average volume, surface area and radius.
(Hombl'e& Véry, 1992), which was found in Characean This Py value should mainly describe the permeability of the plasma
cytoplasmic droplets putatively of tonoplast origin. A membrane which is the primary barrier to water movemertiara
preliminary part of this study regarding NMR control (KYosawa & Tazawa, 1977).

t . | blished in Beli i The original method of Conlon & Outhred (1972) was based on
measurements was previously published In Bejjanski eﬁ'z measurements which can give exchange rates lower Thanea-

al. (1997)- surements while it is also advantageous to Tiseneasurements since
much lower concentrations of the external relaxation agent are needed.
To obtain meaningful ¥/values particularly in plant cells it was sug-
Materials and Methods gested to apply NMR; measurements (Zhang & Jones, 1996). In fact,
the obtained X and/orP, values at corresponding temperatures were
NMR measurements were done on the isolated nodes containing margbngruent with the values obtained in other studies when the same
nodal cells of the freshwater algahara gymnophyllaThe average = NMR technique was applied on plant cells (Ratkogidagi¢, 1980;
radius and length of a cell was 35 and 20, respectively. Prior to  pegani & Avron, 1982; B3¢ & Ratkovic, 1984).
an experiment, isolated nodes were kept in standard APW (‘artificial Unlike Mn?* and its complexes, relaxation agents often used in
pond water’) solution (in m: 1 NaCl, 0.1 KCI, 0.1 CaG) overnightat  stydies on plants (Stout, Cotts & Steponkus, 1977; Ratk&VRagi¢,
25°C. Chemical treatments of cells were done at room temperaturg 9go: B&e: & Ratkovic, 1984), Gd-DTPA the relaxation agent fre-
(20-25°C). Concentrations of ion and water transport inhibitors andyyently used in medicine, is biochemically inert and does not penetrate

duration of treatment are given in the Results. cell membranes, and was thus chosen as a convenient relaxation ager
Measurements were carried out with a Bruker MSL-400 Spec-¢, 4 plant cell system in this study.

trometer operating at 9.4T (400 MHz for proton). The NMR technique Although it is known that the logarithm of the dissociation con-
was employed for measuring the kinetics of water transport across thgtant for the relaxation agent Gd-DTPA is as low as?t¢seeMerck

cellhm_embrane.f Thz proggd(l;r: t?seld on %Stﬁnd;rdgN';AR rilax,atiofhdex 11,4236) toxic traces of free gadolinium were checked by means
technique was first described by Conlon & Outhred (1972). T etImeof the patch-clamp measuremensgé beloyof an easily assessable,

of water rel'axatlon (Tor Ty) inside the cells is Ionggr than the water characteristic Gd-sensitive Characean channel, the slow delayed recti-
exchange timet) between the cell and the surrounding solution. If by ..

. ) S %er K* channel (Pottosin & Andjus, 1994). No changes were observed
means of relaxation agents the relaxation outside is greatly shorteneIn Gd-DTPA. 100 nw. either in the voltage dependence of macroscopic
(<10 msec), the relaxation of the intracellular water will be dominated . ' g P P

by the exchange process. Thus, water molecules that are leaving thcurrent amplitudes and deactivation kinetiaei(shows, or in single

cell will lose their magnetization in contact with the external medium, cehannel conductancesq# 6 in controlvs. 73 £ 4 pS in GABTPA).

and molecules that are entering the cell will mainly be without the Fpr each freshly prepared cell s_uspensgra?ﬁdo'l’l were mea- .
magnetization. FofH T, relaxation measurements a standard inver- Sured in closely spaced temperature intervals (1-2°C) from 5 to 40°C.
sion recovery pulse sequence was applied to the aqueous suspensizl;ne temperaturg Of_ the samples were controlled by Bruker B-VT 1000
containing 10-15% volume fraction of nodes/nodal cells (about 50t€MPerature unit within +0.5°C.
nodes in 2Qul). Two kinds of cell suspensions were prepared: (i) cells There was no aeration of the cell sample. However, measure-
in pure APW, and (ii) cells in the relaxation agent, gadolinium dieth- ments of the rate of protoplasmic streaming as a viability index, re-
ylentriamine pentaacetic acid (GADTPA) 100inAldrich) in APW. vealed no significant change at the end of a control experiment.
In the latter case, two-component relaxation was obtained: the first, and ~ Patch-clamp experiments were performed on inside-out mem-
very fast (<6 msec), component originated from the magnetically |a-brane patches detached from cytoplasmic droplets (obtained by cell
beled outer water molecules, and the second was the intracellular watderfusion similar to the method of Bertl, 1989) frat gymnophylla.
signal, decaying more slowly, mainly dominated by water exchangeThe experimental bath solution was (invin 150 KCI, 10 HEPES-
across the membrane. KOH, 0.5 EDTA, 2 CaCJ (0.5 mu free C&"), pH 7.2 and the pipette
Although some features of Characean cells and erythrocytessolution contained (in m): 150 KCI, 10 HEPES-KOH, 1 EGTA, 5
(the latter were used as the experimental model in Conlon & Outhredgitric acid, 5.5 CaGl (1.5 mv free C&*), pH 7.2. The microelectrodes
1972) have significant differences (e.g., presence of cell wall in thewere made from borosillicate thick-wall glass capillaries (Clark Elec-
former, hence different unstirred layer effects), care has been taken ttstomedical Instruments, UK) pulled on a vertical puller (Stoelting, IL).
keep the main approximations of the original method based on lowThe resistance of the patch-pipettes was 10405 Recordings were
packed cell volume and high paramagnetic additive concentratiormade through an EPC9 patch-clamp amplifier (HEKA Elektronik,
(Conlon & Outhred, 1972). Thus, the concentration of the relaxationGmbH, Germany) connected to the Atari Mega ST-4 computer, with
agent (GADTPA) outside the cells was sufficiently high to eliminate theinstalled EPC9 SCREEN (HEKA) acquisition program. Data were ac-
“back-flux” while the spontaneous loss of magnetization in the cell quired at 2 kHz, and were not additionally filtered. Single-channel
was corrected by calculating the exchange rate) df/water molecules  recordings were analyzed by the half-amplitude threshold procedure

through the membrane as (Conlon & Outhred, 1972): (Colquhoun & Sigworth, 1983) implemented in the TAC software (In-
strutech, NY).
=11, -1M, (1) The temperature in the experimental chamber was controlled by

temperature sensors placed inside the bath and in the wall of the cham-
where 1T’ and 1T, are the relaxation rates of intracellular water in the ber holder, and regulated by a Peltier element. A temperature control
presence and absence of the external relaxation agent, respectively.unit (Luigs & Neumann, Germany) was used for measuring and chang-

Upon approximating the form of a nodal cell to a cylinder (the ing the temperature.

standard shape of these cells could be characterized as a round-topped The temperature-dependence data (for both NMR and patch-
cone) the apparent diffusional membrane permeability to wagr (  clamp experiments) were obtained after 15 min of equilibration at each
could be given by: temperature and were represented in the form of Arrhenius plots. The

activation energy E,) was calculated from the slope of the linear
Py = VIA- 1t = /27 2) portions of the plot, by fitting data to the equation
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E 50
Ink=InB-=2=, (3) A
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40 —A— TEA

wherek represents the rate constant or any other parameter that changes
with temperatureB is the Arrhenius constant arfiRfland T have their -
usual meanings. The activation energy estimates are presented with ‘g
errors of fit. All other data are presented as measem. =

Local minima in our temperature-dependence data were often ° 20 ¢
observed. The significanceP (< 0.05) of these discontinuities was
assessed by an ANOVA test which compared the values of the data 10
points at the minimum with the values of data points limiting the region

30

of the minimum. 0 ‘
0 10 20 30 40
Temperature (°C)

Results
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It can be seen from Fig.ALthat the diffusional water ~ E 1.5 78 kimol [«
permeability, Py had two distinct local minima at about = ol 84 38
15 and 30°C. While the local minimum at 15°C was g ”*m\w
statistically significantlP < 0.05 Anova) the latter mini- L 1 r
mum at 30°C although apparent, was not statistically ) 87 kJimol
significant @ > 0.05;also seeDiscussion). The Arrhe- y
nius plots ofP, are clearly triphasic (Fig.B). Between v
° ivati i i 0.5 : ‘

15 and 30°C the activation energy is relatively ok, ( 1 22 23 4 a5 26 37

= 27 and 16 kJ/mol, Fig.B and as calculated from the

data of Fig. 2, respectively) and in the range (although at

its upper limit) of values for a d|ffu5|qnal me?hanlsm Fig. 1. Temperature dependence of diffusional water permeabHity (

through membrane channel pores (Finkelstein, 1987)in c. gymnophyliaodal cells; control (closed symbole). TEA, 3 mu,

Below and above that temperature regi@, was 67  treatment (open symbols)AY normal plot with standard deviations

kJ/mol and 75 kJ/mol, respectively (FigB)L The tem- (vertical bars). Data are mean of measurements on 4 separate samples

perature dependence of the longitudinal relaxation rate ofB) Arrhenius plot with activation energies indicated for the control;

the cellular water in the absence of the relaxation agenlpset: H longitudinal relaxation rate (Tf) of intracellular water in a
L . suspension of 50 nodes.

(1/T4; Eq. 1), which is influenced by the organization of

intracellular and membrane water, showed breaks at .

about 12 and 30°C (Fig.B, inset), resembling tempera- Mental temperatures up to 30°C, in 1&rKCl both Py

tures of the discontinuities in water transport. minima became more pronounceB® € 0.05 for low
temperature minimum,; tested by AnoveeeMaterials

and Methods) and broader (FigA2inset). Also, low
MEMBRANE TRANSPORT INHIBITORS temperature minimum showed certain shift (by 1-2°C)

toward lower temperatures (FigAR
To test for the connection of membrane ion transportand  The classical water transport inhibitor in erythro-
water fluxes we treated nodal cells@harawith various  cytes and the K transport modulator irChara, mem-
ion transport inhibitors. It is shown in Fig. 1 that thé K brane impermeable sulfhydryl agent p-(chloromercuri-
transport inhibitor tetraethylammonium, TEA, 3unfal-  benzensulfonate), pCMBS, 1wmm(Lichtner, Lucas &
lowing 30 min pretreatment to obtain a steady maximalSpanswick, 1981; Thiel, 1991) after a 60-min treatment,
effect; Keifer & Lucas, 1982; Sokolik & Yurin, 1986) except for some rise d?y below 15°C did not have an
lowered the diffusional water permeability about two apparent effect in the whole temperature range studied
times in the region 15-30°C. Below 15 and above 30°C(Fig. 2B). One trial experiment was also performed with
TEA had no effect, suggesting that thé Khannels sig- the membrane permeable sulfhydryl agent n-ethyl ma-
nificantly contribute to water transport only in the opti- leimide (NEM), 0.1 nw which induced (after 10 min
mal temperature region (15-30°C). To activate com-treatment) a decrease B at experimental temperatures
pletely the K transmembrane pathway the cells werebetween 10 and 30°C but the local minima were not
brought into the “K-state” (Beilby, 1986) by adding 10 affected fiot showij.
mm KCI to the external solution. Along with a general The 60 min pretreatment with the Characean ClI
decrease of diffusional water permeability at all experi-current inhibitor ethacrynic acid (EA), 1 m(Lunevsky

1000/T (K™)
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30 — 50 -
% P trol
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20 A 40 - O ethacrynic acid /
25 1 15
10 1,? 30 -
207 ° E
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o 15 -
E‘ 10
ﬂ..u 10 - 0 -
51 0 10 20 30 40 50
KClI Temperature (°C)
10 0 10 20 30 40 50 Fig. 3. Effgct (_)f ethacrynic acid (1_ _m) on the temperature depen-
dence of diffusional water permeabiliti{). The control curve (closed
Temperature (°C) symbols) is the same as in Fig. 1A.
25 4 B
0 complete block of transmembrane water efflux. If such
2 cells were kept in the NMR tube for more than 45 min a
- significant shortening of the intracellular water relax-
é’ 15 1 ation timeT’,, was observed, indicating a loss of mem-
3 brane semipermeability and the penetration of the relax-
= _ p y p
o® 10 ation agent, Gd-DTPA into the cells.
51 TEMPERATURE DEPENDENCE OFK™*
pCMBS CHANNEL CONDUCTANCE
0 ; : : . . ,
-10 0 10 20 30 40 50

The K" channel from cytoplasmic droplets was chosen
Temperature (°C) for patch-clamp exploration since patching the plasma

Fig. 2. Temperature dependence of diffusional water permeab#ity ( membrane ofC. gymnophyllaposes serious technical

in C. gymnophyllanodal cells in &) high external potassium (10nm Pmblems (due to th‘_a presence of the cell wall and cor-
KCI) and ) in PCMBS 1 nu. Closed symbols present mean data (tical cells). The choice of this Kchannel was further

= 5) with standard error bars for the same control curvéiandB.  justified by its ability to efficiently cotransport water
Open symbols are mean data (with standard error bars) fer5 orn (Homble & Véry, 1992). This was the most prominent
= :I"’foTrhexPe”’t“?n’:S in higth pOtaSSi“ml)(O’f PC'_V'BIS 8). respec' _channel observed in the excised inside-out membrane
tively. e Inset | resents an example of a single control experi- . A
men)t/(closed symbolz)s.a case of an ex?)eriment ingl(l/nKCI (operaj patches of cyf[oplasmlc droplets, each patch containing
symbols) with pronounce®, minima at 15 and 30°C. 3—52 K" selectlve_ qhannels or approx. 1 channel per 1
wm?®. The selectivity of channels for Kover different
cations was studied in bi-ionic systems composed of 100
et al., 1983), lowere®, at 15-40°C (Fig. 3) but had no mm KCI at one side and 100 mXCI (whereX = Na,
apparent effect on local water transport minima. K", Rb', or Cs) at the other side of the patch. These
The alleged water channel inhibitor, HG&O0 M, conditions were used to obtain the selectivity serie§: K
applied for 15 min, with a subsequent wash of non-bound> Rb" > Na*, Cs" and the relative permeabilities (P
agent, induced a pronounced diminishing of the watePy): Pz, = 0.40, R, = 0.01, R,= 0. In the symmetri-
transport signal, thus disabling exact evaluation ¢f T cal 100 nm KCI solution at room temperature (approxi-
relaxation time. Values of ;T obtained after the HgGl mately 20°C), thd/V dependence for Kchannel open
pretreatment in all cases (= 6) were longer than both state is S-shaped with a linear portion having a slope of
the control T value (1.20 £ 0.49 seq) = 11) and T,  about 130 pSr{ot showi.
correction relaxation time (2.23 + 0.28, = 3), which The effect of temperature on the singlé-ghannel
indicated either a block of the water transport or perme-conductance@y) is shown in Fig. 4. A triphasic behav-
ation of the relaxation agent (resulting in the observedor with significant local minima at 14 and 28°® (<
artifactual negative rate of water transport;)1/Even at  0.05, Anova) resembling water transport temperature de-
20°C, at the beginning of the experiment, a severe dipendence is clearly visible (Fig.Bd As with water
minishing of the water signal occurred, resembling atransport, the region between the minima was optimal for
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perature region with low activation energy indicating a
240 10°C transport mechanism close to water self-diffusion. Thus,
200 at these optimal temperatures a significant portion of
transmembrane water flux was probably channel medi-
160 l ated. Moreover, the calculated apparént value of
120 1.5- 103 cm/sec at 22°C is an order of magnitude lower
A than the osmotic water permeabilit;(= 1- 1072 cm/
80 sec) obtained by the method of transcellular osmosis on
240 T Char_acean _internodal ce_IIs (Wayne & Tazawa, 1990).
20°C The inequalityP; /P4 > 1 points to the presence of “water
200 pores” (Finkelstein, 1987). This relation, however, can
@ be taken only as an indication of the presence of trans-
L membrane water pathways since the valuePgffrom
O 2 nodal cells was compared to tRevalue from internodal
B cells of another Characean species.
80 At this point it must be mentioned that the low tem-
240 T pe_rature minima as opposed to_hi_gher t_em_p_erature
30°C minima (Figs. A and 20), were statistically significant
200 (Anova test). Though apparent, higher temperature
minima were not statistically justified, probably due to
160 the uncontrolled sporadic shifts in the real temperature of
120 the NMR sample which caused overlapping of minima
C obtained in separate experiments, and thus added to the
80 error of P4 estimates in the rather narrow minimum re-
— N ' gion.
0 5 10 15 20 25 30 35 40 According to Figs. 1 and 3 it is evident that the
Temperature (°C) discontinuities at 13—-16°C and 28-31°C separate three

Fig. 4. Temperature dependence of the conductagigg ¢f the single  distinct water transport processes with different tempera-
K* channel obtained fror®. gymnophyllalgae grown at three differ-  tyre dependence: (i) low temperature region with high
ent temperaturesA] 10°C, ) 20°C and €) 30°C. Inside-out mem-  E _"insensitive to ion transport inhibitors; (i) intermedi-
brar_]e patches were detached from cytoplasmlc_droplets. Holding po—ate temperature region (corresponding to the optimal
tential was 50 mV. Data present mean values with standard error bars . . ..
(n = 3-4). range of habitat temperatures) with Idwy, sensitive to
TEA and EA and hence ion transport-dependent; and (iii)
transport of potassium since the activation energy wasigh temperature region with the same highas in (i),
the lowest in this region (5.3 £ 3.1 kJ/mol). but sensitive to EA. In a recent study of water and solute
When algae were grown for three weeks in aquariamembrane transport itChara corallina (Hertel &
at two extreme temperatures 10 or 30°C the thermal besteudle, 1997) af, of 17 kJ/mol was obtained fd,
havior of G« changed. The growth at 10°C abolished petween 10 and 35°C which is almost identical to 16
both temperature minima (FigA} In addition, theE,  kJ/mol calculated from the data of Fig. 2 for the inter-
in the 15-30°C reg|on was 20.5+4.7 kJ/mOI, about fOUrmediate temperature range' According to |tS @I'and
times larger as compared to plants grown at 20°C (5.3 #nsensitivity to TEA and EA (Figs. 1 and 3), the lower-
3.1 kJ/mol). At the growth temperature of 30°C both temperature transport process was probably only medi-
minima were broadened (FigC}andE, (for 15-30°C)  4ted by membrane lipid pathways. The transport process
increased to 13.5 + 2.3 kJ/mol as compared to plantg; highest temperatures, although also with a Hegh
adapted at 20°C. In general, both cases of temperatuigay have still been influenced by ion transport pathways
adaptation caused a smaller difference in activation engjnce it was inhibited by the Cichannel blocker EA.
ergies between the three characteristic temperature rge i \orth noting that the curvatures (especially at ex-
gions. This resulted in closely linear and comparablé eme temperature regions) as well as the minima in the
temperature dependence curves lacking the statisticall .rnenius plot presented in FigBlindicate that the cal-
sigonificant local minima observed for plants grown at . j|ated E, values can only be regarded as approxima-
20°C. tions obtained by an empirical method (Iwaya-Inoue,
Sakaguchi & Kaku, 1989) in order to compare these data
with those from previous studies. The experiments with
Measurements of water diffusional permeation showedhdaptation of algae to extreme temperatures demon-
that local minima inP4 at 15 and 30°C delimited a tem- strated an apparent change in the shape of the tempera

Discussion
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ture dependence db,. This behavior is typical for a (below 15°C) by increasinBy, while the less polar NEM
thermal adaptation in membrane lipid synthesis (Nishidecaused a significant decrease of diffusional water perme-
& Murata, 1996) and points to the role of membraneability at higher temperatures in a wide range (10-30°C).
lipids in ion and water transport. The effect of NEM resembled the action of TEA and EA
The triphasic Arrhenius plot of water membrane and thus could have occurred through elimination of di-
transport (Fig. B) is reminiscent of the phase separationverse water transporting ion channels at temperatures of
model for the influence of lipid phase transitions on their optimal intramembraneous organization. pCMBS,
transport functions introduced by Thilo, Trauble & Over- however, did not affect the same proteins (the sarfie K
ath (1977). According to this model the transport pro-channels?) but could have acted upon structural mem-
teins behave like membrane-embedded probe moleculdsane proteins affecting their interaction with membrane
which sense both the beginning and the end of the fluidipids. Such a modification of protein-lipid interaction
ordered lipid transition. The observed minima in the could cause a rise of water permeability at low tempera-
temperature dependenceRyf may be a manifestation of tures where transmembrane pathways should be mainly
a more complex phase separation of membrane lipidéipid mediated ¢éee above The K" channel modifiers,
and of subsequent partitioning of transport proteins (waespecially the selective blocker TEA, already had an ef-
ter and ion channels). Moreover, in a previous studyfect on water transport at low external potassium (at
employing differential scanning calorimetry two thermal standard 0.1 m KCI in APW) when potassium channels
transitions have been revealed in the membrane lipigdhould mostly be closed. This could mean that even a
fraction from C. gymnophylla(Beljanski et al., 1997). small population of openedKchannels contributes sig-
The characteristic temperatures (15-20°C, and 30-35°Q)ificantly to water transport. In fact, Hombbnd Vey
of these transitions were close to the ones for the disf1992) have demonstrated that 29 water molecules pas:s
continuities in membrane transport. The fact that TEAwith one K' ion through the TEA-sensitive large-
diminished water transport exactly between these chareonductance Kchannel inChara. Such high water-ion
acteristic temperatures which were also bordering theéransport coupling could explain the significant role of
region of minimalE, for Gy, indicates that the state of K* channels in water transport even at low external K
membrane lipids in this thermal region is optimal for the concentration. When the Kchannels were activated by
function of K" channels (Thilo et al., 1977). The state of high external potassium (“K-state™), however, tlig,
membrane lipids above and below this thermal regiorminima became more pronounced and a general decreas
should be more in favor of the transport through the lipidof P4 occurred. Assuming that #*H,O cotransport oc-
bilayer (as justified by a higheE,). Thus, temperature curs at least partly in single-file mode (Homl&eVeéry,
could modulate the interplay between two parallel mem-1992) a rise in external Kconcentration could cause a
brane transport arrays (proteinaceous chanvelpid decrease of the driving force for the net/K,0 outward
arrays) in accordance with the composite model of thecoupling. Experiments in the K-state along with TEA
Characean plasma membrane which was proposed hjata suggest that ‘Kchannels could cotransport water
Henzler & Steudle (1995). and thus be responsible for optimal water transport and
Regarding the nature of “water pores” it was shown the generation of water transport temperature minima.
that the K transport inhibitor TEA had a significant Since these minima are also present ihdhannel con-
effect on diffusional water permeabilit?,, in the inter-  ductance (Fig. B) and are delimiting the optimal tem-
mediate region (15-30°C) inhibiting 54% of the water perature region, the Kchannel may serve as the func-
transmembrane flux at 22°C. This could be taken as dional sensor of thermal limits of this region.
quantitative estimate of Kchannel contribution to water The discrepancy of the effect of pPCMBS and TEA
transport. In addition, Cltransport inhibitor EA and the (which both should affect Kchannels), however, offers
sulfhydryl reagent NEM also lowereld, in this region  an alternative membrane pathway: the aguaporins or wa-
(about 40% inhibition in both cases), thus in the inter-ter channels (Maurel et al., 1993). As inferred from our
mediate temperature region a large part (54 + 40%) oflata these specific water transporting channels should
water transmembrane flux occurs through ion channelsnot be affected by pCMBS and could mediate a coupled
It was apparent that the only agent that diminished watetransport of water with Kions. Water transport through
transport at optimal temperatures to the levelRyf  these channels may also manifest minima with tempera-
minima was the selective ‘Kchannel blocker TEA. Un- ture and dependence on externdl. Krhis hypothesis,
selective sulfhydryl agents, pCMBS and NEM are however, must assume that these water channels are in
chemically diverse sulfhydryl agents that are also knowrndeed affected by TEA. In fact, aquaporins may form
to affect K transport inChara (Lichtner et al., 1981; aggregates of four subunits each having a phenylalanine
Thiel, 1991) and both induced complementary effects orresidue in the external E loop or the hemichannel (Agre
water transport irC. gymnophylla.Thus, pCMBS only et al., 1993; Hte et al., 1992) and could thus form a
affected membrane water transport at low temperaturebinding site for TEA similar to the one described for the
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ShakerK™* channel (Heginbotham & MacKinnon, 1992). References
To reveal this interesting hypothesis and this yet un- ) _
known function of TEA, additional experiments would A9'¢: R-P-, Preston, G.M., Smith, B.L., Jung, J.S., Raina, S., Moon, C.,
. . Guggino, W.B., Nielsen, S. 1993. Aquaporin CHIP: the archetypal

be needed. It should be mentioned that in a recent study molecular water channehm. J. Physiol 265F463—F476
on Chara corallina hydraU“C CthUCUV'ty (Scha & Andjus, P.R., SrejicR., Vutelic, D. 1987. The temperature peaks of
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