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Abstract. Lamprothamniunis a salt-tolerant charophyte rectifier as an early electrical response to hypertonic
that inhabits a broad range of saline environments. Thehallenge.
electrical characteristics dfamprothamniuncell mem-
branes were modeled in environments of different salinkey words: Salinity — Lamprothamnium— Current-
ity: full seawater (SW), 0.5 SW, 0.4 SW, and 0.2 SW. voltage profiles — Pump model — Hypertonic effect.
The cells were voltage-clamped to obtain flié (cur-
rent-voltage) ands/V (conductance-voltage) profiles of i
the cell membranes. Cells growing at the different/ntroduction
salinities exhibited one of three types o pro- o )
files (states): pump-, background- and-gtates. This Mapy past C|V|I|za_t|ons collapsed because of progressive
study concentrates on the pump- and background-stateﬁ‘f"l'n'zat'on of 'thelr Iand (e.g:, Ash'raf, 1994; Kerr, 1998).'
Curved (pump-dominated)V characteristics were found Nonetheless, increasing salln_lza_tlon of land in Australia
in cells with resting membrane PDs (potential differ- and other parts (.)f the_ world indicates that we have not
ences) of -219 + 12 mV (in 0.2 SW: 6 cells, 16 profiles), €°Me 10 grips with this problem. The problem can be
~161+ 12 mV (in 0.4 SW: 6 cells, 7 profiles,) ~151 + 12’ addressed on many levels, and this is probably necessary
mv (irTO 5SW: 6 c.ells 12 profilés) and _13;7 + 12 my for its ultimate solution. A detailed study of transport
(in full SW- 8 cells. 13 ,profiles). The linedfV charac- Processes across cell membranes in salt tolerant plants,
teristics of the background-state were found in cells withSUCh asl__amprothamnlum papulosyrwill provide un-
resting PDs of —107 + 12 mV (in 0.4 SW: 7 cells, 12 derstanding of salt-tolerance at the cellula}r Ievel.. .
profiles), =108 + 12 mV (in 0.5 SW: 7 cells, 10 profiles) . 5""“ stress can be broyg_ht a.lbOUt by increasing soil
and —104 + 12 mV (in full SW: 3 cells, 5 profiles). The salinity (often an effect of irrigation), drought and low
resting conductanceGj of the cells p,rogressively in. temperatures. Salt stress is due both to osmotic stress
creased with salinity, from 0.582 (in 0.2 SW) to 22.0 and to the direct toxicity of increased cellular concentra-
Sm2 (in full SW). The pump peak conductance only tions of CI' and N4d ions, which can perturb protein
rose from 2 812 (0.2 SW) to 5 Sm2 (full SW), ac- function. Even mild hypertonic stress can affect plant
counting for the increasingly depolarized resting PD ob—grOWth' which depends on turgor-driven stretching of the
served in cells in more saline media. cell walls. Water is drawn out of a plant cell under salt
Upon exposure to hypertonic medium, both theStress, ultimately resulting in plasmolysis unless the cell
pump and an inward Krectifier were stimulated. The can increase the concentration of its sap and cytoplasm.

modeling of thel/V profiles identified the inward K Experiments with charophytes show that the plasmalem-
ma transport properties change irreversibly after plas-

molysis, leading to high nonspecific conductance and
cell death (Kourie & Findlay, 1990; McCulloch &
Beilby, 1997). The irreversibility of the damage sug-
gests that linkages between plasmalemma and cell wall
* Sequel to Beilby and Walker, 1996, Modeling the current-voltage are important for normal transport. Pickard and Ding
characteristics oEharamembranes: I. The Effect of ATP removal and (1993) propose that Ca channels contain such mem-
zero turgor.J Membrane Biol.149:89-101 brane-to-wall linkages.

Correspondence tavl.J. Beilby
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The plants that can cope with hyperosmotic stress1997). The H gradient is provided by Hpumps at the
use two mechanisms to increase the osmolarity of theitonoplast.
contents: (i) uptake of inorganic ions, usually,KCI- The influx of CI" presents another problem, as hy-
and Nd; (ii) synthesis of compatible solutes, such asperpolarization actually increases the outward driving
sugars, polyols, amino acids or quaternary aminesforce on this ion E¢, in many plant cells is near zero—
Often both of these mechanisms are used, (i) being &eefor instance, Hope & Walker, 1975; Hedrich, Bush
rapid response which is modulated by (ii). The cytoplas-& Raschke, 1990). The Cinflux, therefore, needs to be
mic compartment often utilizes (ii), as the concentrationscoupled to a “downhill” process. Sanders (1980) showed
of inorganic ions have to remain within narrow limits for that starvation of Clled to a subsequent 2- to 4-fold
many metabolic processes to function. Experiments oncrease in Cl influx in Chara. Later, Beilby and
higher plant cells indicate that inorganic ions contributeWalker (1981) measured thev (current/voltage) pro-
between 50 and 100% of the osmotic adjustment in thdiles for a 2H/CI™ symporter inChara. This transporter
vacuoles of bean mesophyll cells (Shabala, Babourina &S likely to play an important role in hypertonic osmo-
Newman, 2000), maize (Cerda et al., 1995), wheat (Hu &€gulation. _
Schmidhalter, 1998) andvicennia(Suarez, Sobrado & It is not known how the cells detect hypertonic ex-

Medina, 1998). Many types of plant cell respond to hy-POSUre. Cosgrove and Hedrich (1991) found mechano-

pertonic shock by hyperpolarization of the membraneSensitive channels in guard cells that opened upon expo-

potential difference (PD) and increased proton extrusiorpUr€ 0 hypotonic medium (increased turgor pressure).
(e.g., Shabala et al., 2000; Curti, Massardi & Lado 199?’These channels might inactivate in hypertonic medium

and references cited therein). Stimulation of the IOumIO(decreased turgor pressure), initiating the signal cascade

makes good sense from a thermodynamic point of Viev\ﬁerhaps by smaller background current and concomitant

. o . erpolarization, which in turn could stimulate the pro-
since hyperpolarization to PDs more negative tizn yp . A
(E = equilibrium PD) leads to an inward electrochemi- ton pump. Another hypothesis suggests that the H

cal gradient for K. K* is the major cation taken up or pump is the primary receptor in cells Genecioleaf

expelled during volume regulation by diverse animal segments (Reinhold, Seiden & Volokita, 1984). How-
P 9 9 ' by . 'ever, Shabala et al. (2000, and references therein) found
plant, and algal cells, or bacteria (Chamberlin and

. . o that inhibition of the proton pump in bean mesophyll
Strange, 1989). The opening of inward rectifying K . cells did not abolish Kand CT influx, but K*-free me-

channels W't.h pump act|vfa1t|on has been observed "Yium prevented the pump stimulation. Thus, the inward
many experiments (e.g., in guard cells, Blatt, 1999+ o ifier seems to play an important role in the sens-
wheat protoplasts, Findlay et al. 19904r,ab|d9p3|spr0- _ing of the hypertonic turgor decrease (Shabala et al.,
toplasts, Colombo & Cerana, 1991). The inward reCt"ZOOO; Liu & Luan, 1998).
fying K channels in guard cells are inhibited bX low Lamprothamniunis a salt-tolerant charophyte that is
medium K’ concentration, increase in cytoplasmic'Ca  gpje 1o regulate turgor pressure of its cells, like guard
concentration and increase in cytoplasmic pH (Thiel ece|ls, but unlike salt-sensitive freshwat@hara and
al., 1993). . o _ plant cells such as bean mesophyll. Charophyte cells can
The N& electrochemical gradient is directed in- provide special insights into fundamental mechanisms of
wards at normal resting PD, but highly Naelective  the response to salinity changes in land plants. Cladistic
channels have not been observed in plants. Amtmangnalysis indicates that such charophytes may be living
and Sanders (1999) reviewed recent experiments angbpresentatives of the group that gave rise to flowering
modeled most likely mechanisms for Nantry. While  plants (Bremer et al., 1987). Further evidence relating
most inward rectifying channels tend to be selective forcharophytes to land plants comes from analysis of chlo-
K*, Tyerman et al. (1997) described a “spiky” inward roplast nucleic acids and morphology. Two chloroplast
rectifier in wheat root cortex protoplasts with high./  tRNA introns gained by charophytes and land plants is
Pk ratio (P = permeability). Recent studies also de- evidence of a genetic connection between ancient cha-
scribe voltage-independent channels with hieff,/Px ~ rophytes and today’s land plants (Manhart & Palmer,
ratios (see Amtmann & Sanders, 1999, for references)1990; Baldauf, Manhart & Palmer, 1990). The charo-
The modeling showed conclusively that at high'ldan-  phyte chloroplast also has grana, similarly to land plants,
centration in the medium, Nainflux through both in-  but unlike most other algae (Gunning and Schwartz,
ward rectifiers and voltage-independent channels be1999). Although most living charophytes are freshwater
came significant (Amtmann & Sanders, 1999). Salt-organisms, it is likely that they have evolved from a
tolerant plants move Ndrom the cytoplasm, where it is salt-tolerant ancestor (Winter, Soulie-Marsche & Kirst,
toxic, into the vacuole. N@dH" antiport is thought to be  1996).
responsible because the electrochemical gradient is di- Turgor-regulation has been intensively studied in the
rected from vacuole to cytoplasm (Blumwald & Gelli, salt-tolerant charophytéamprothamnium After hyper-
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tonic exposure the cells regulate their turgor pressuretation in the medium. The 0.4 and 0.2 SW media were diluted from a
Am, to its setpoint offB00 mosmokg‘l by importing stock SW medium containing (inm) 465 NaCl, 10 KCI, 10 CaGland
K*, CI” and N& over many hours (Bisson & Kirst 2 NaHCQ,, and were made up to reflect the concentrations of, K,

. - I” at the collection siteseeTable 1). Cells flourished in these media
1980)' The resting p.d. hyperpOIarlzeS by more than 5 or weeks to months. The plants exhibited great morphological plas-

mV over 20 hours (Okazaki, Shimmen & Tazawa, 1984 icity: marine plants from Lake Macquarie were only about ten centi-
Okazaki & Tazawa, 1990). The involvement of the pro- meters in total length with most mature cells 7—10 mm long, while
ton pump was confirmed by using pump inhibitor DCCD plants from lower salinities reached heights of 50 cm to 1 m, with basal
(Okazaki, 1993). As the Hpump is stimulated and the cells up to 10 cm long. The thickness of the extracellular mucilage
same ions are accumulated as in land plants, we assuméaieq according_to positign of the cell on the plant and the medium
that the K inward rectifier and 2F/CI™ symporter are salinity, as described earlier (Shepherd, Beilby & Heslop, 1999).
present in the.amprothamniunplasmalemma. Interest-

ingly, the K" inward rectifier has not been observed in E ecTROPHYSIOLOGY

salt-sensitive charophytes, where the inward rectifying

currents are carried by Cloutflow (Tyerman et al., The electrophysiology techniques were described in detail by Beilby
1986a,b). Such atransporter would deplete the cell’s Cland Shepherd (1996). Briefly, cells were kept for at least 2 weeks in
upon hyperpolarization and it is, therefore, unlikely to the media before experimer_lts. Selected cells were mounted in_a
reside in the plasmalemma bamprothamnium This is grooved perspex chamber with three compartments and sealed with

. . . silicon greasegeeFig. 1; Beilby, Mimura & Shimmen, 1997). The
one pOSSIble adaptatlon which may a"d]mmpmtham' chamber was lit from below with a fiber-optic light source, and cells

niumto survive in salinities deadly to freshwathara.  \ere observed using a dissecting microscope with maximum magnifi-
The K' channel described in the response to hypotonication of 120 x. Microelectrodes were filled with 085 KCI. The
shock (Beilby & Shepherd, 1996) inactivates at PDsinner microelectrode was inserted into the center of the cell, when this
more negative than -150 mV and is unlikely to be re-was possible, or into the streaming cytoplasm. In many cells we found
sponsible for K influx during hypertonic shock. The Mo significant difference in the PD or the form i6¥ curves when the

Ty~ . . . microelectrode was in the streaming cytoplasm or the center of the cell.
2H'/C Symporter was described i@hara (Be"by & We regard the microelectrode placement as vacuolar, given that the

Walk_er’ 1981)' The transport routes forNare yetto be vacuole occupies a larger part of the charophyte cell than does the
identified. cytoplasm (Beilby & Shepherd, 1996). Steady PDs were obtained after
In our past work we have described the profiles ~ 30-40 min when the medium was refreshed by hand at regular inter-
of Lamprothamniumnembranes in cells growing in a vals. Cells were compartment-voltage-clamped (Be#iyal., 1997).
range of saline environments (Shepherd, Beilby & Hes-The I/V characteristics were optained py voltage-clamping the PD
|0p1 1999)_ In this study we model thév profiles to across the cell membrane to a bipolar staircase command, generated by

tify th tributi f K t t t an LS| 11/73 computer, with pulse-widths of 60 msec separated by 200
quanlity the contributions of varlous transporters Omsec at the resting PD. The data-logging of eléhscan took 8 sec

membrane conductance as a function of medium salinitygeilny, 1990; Beilby & Shepherd, 1996). A chart-recorder (Riken-

We focus on the features of the proton pump, the backpenshii, Tokyo, Japan) was used to provide a continuous record of the

ground current and the inward rectifier. We also applycell PD throughout the experiments.

this approach to hypertonic challenge of cells growing in As the membrane PD was clamped at more hyperpolarized levels,

a relatively dilute medium. the clamp current became unpredictable, increasing suddenly and irre-
versibly and often killing the cell. In many cells, this sensitivity to
hyperpolarized PDs limited the extent of negative-going voltage-clamp

Materials and Methods to between —250 and —300 mV.

PLANT MATERIAL THE HYPERTONIC EFFECT

Lamprothamnium papulosuwas collected from three sites in the Tug- To study the hypertonic effect, we selected a group of cells growing in
gerah Lakes system, Central Coast, NSW: (i) a permanent full seawatet dilute environment (0.2 SW). The cells were transparent with mini-
(SW) site at Chain Valley Bay on Lake Macquarie, (ii) a 0.5 SW site, mal extracellular mucilageC{l pm at most) and had very hyperpolar-

in a ditch leading to Lake Budgewoi, which could be diluted to 0.2 SW ized PDs. They were exposed to 0.4 SW—doubling the concentration
after heavy rain, and (iii) a 0.4 SW site at a lake on a golf course neaof the major ions. These cells showed much greater tolerance to being
Budgewoi. Salinities were measured on-site using a hand-held refracvoltage-clamped at hyperpolarized PDs (down to ~400 mV).

tometer. The medium from Lake Macquarie had a salinity of 34 prac-

tical salinity units: the other salinities corresponded to fractions of this.

The concentrations of major ions were measured with a Corning 410CI HE MODEL

flame photometer and Sherwood chloride analyzer Model 926. The

cells were transferred to artificial media prior to experiments. Full SW The whole-cell currents flowing across the plasmalemma or plasma-
and 0.5 SW cells survived best in the lab in a mixture of Lake Mac-lemma and tonoplast in series were modeled to avoid artefacts stem-
quarie water/ditchwater and Ocean Nature artificial seawater.ming from the current subtractions (Beilby & Walker, 1996). The
Ocean Nature medium has a lower'Nancentration {307 nm) than “Two-state” HGSS model (Hansen et al., 1981) was employed to de-
the lake (465 mm) resulting in a lower overall (350 i) Na* concen- scribe thel/V characteristics of the proton pump:
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S Kiokoi = KoiKio ) Table 1. Media
P kio+k0i+Kio+Koi . .
Medium N& K* Cl~ Osmolarity
where mm mm mm mosmol kg*
ZFV Full SW 350 16 400 1072
kio = Ko €2RT (la)  05sw 175 8 201 536
0.4 SW 154 4.1 172 281
i 0.2 SW 77 2.0 86 140.5

koi = K3 & 2RT (1b)

Only the main ions are given for each mediueeMethods for full
explanation. Full SW was a mixture of Lake Macquarie water and
.Ocean Nature artificial medium. 0.5 SW was a mixture of ditch water
the plasmalemma or across bqth plasmalemma and tonoplast. Whil nd Ocean Nature medium. 0.4 SW and 0.2 SW were simplified media
the number of carrier states is likely to be gre_ater than two, the mode ased on concentrations of NeCI~ and K* found at the collection

for the I/V analysis can pe reduced to g palr. of PD-erendent rate e The pH self-buffered at pH 8.

constants ki,, k,; (assuming a symmetric Eyring barrier) and PD-

independent rate constants,, k.; (Hansen et al., 1981). As we are

F,R,Thave their usual meaningjs the pump stoichiometry, which has
been set to 1N is a scaling factor € 2 x 10°°) andV is the p.d. across

fitting the total membrand/V relationship, there is insufficient infor- The application of the Boltzmann distribution probability requires
mation to describe higher-state models. The modeled pump currerthat the open and shut channel populations reach equilibrium at each
and conductance are shown as dotted lines in Figs. 1-6, pandc, membrane PD. The clamp currents at PDs more negative than -150
respectively. mV exhibited a fast relaxation (completed afté&0 ms), followed by

The background current was approximated by a linear profilea more gradual drift. In practice it was not possible to gather data after
with zero current at —100 mV: the slow current relaxation was completed. If the cells were clamped at

negative levels for 8-15 sec, complex responses were observed. Some

ibackground = OpackgroundV + 100) 2 cells exhibited negative-going transients (probably due T@@hnnels)

and most cells showed unpredictable and irreversible large currents (as

In Lamprothamniunthe experimental evidence for such a background discussed in the previous section). The fast current relaxation was
current is confirmed by/V profiles of cells in “leak” or “background”  therefore taken as an indication of the channel populations adjusting to
state. The modeled background current and conductance are shown g new PD: a quasi-equilibrium. In the experiment monitoring the
(dash-stippled lines (—-—-— ) in Figs. 1-6, palisandc, respec-  hypertonic effect, the time-dependence of the fast current relaxation
tively. was similar in all thel/V profiles. The fitting of the outward rectifier

The inward rectifier current plays an important role in the hyper- is also preliminary, as only a few points were available in the data sets
tonic effect inLamprothamniumand is thought to be carried by an (seeFigs. 1 and 2). The rectifier modeling will be refined in future
inflow of K* rather than outflow of Cl observed in salt-sensitive  work.
Chara(Tyerman, Findlay & Paterson, 1986a,b). We have modeled this The modeling of the data was performed on a Compaq Armada
current with the Goldman-Hodgkin-Katz (GHK) equation multiplied E500 notebook computer, using Mathematica 3.0. The goodness of fit
by Boltzman distribution of the open probabiliB, ;. (Amtmann & was judged by eye. The conductance profiles (parftall the figures)

Sanders, 1999): were obtained by differentiating the modeled currents.
2y + + —ﬂ/
-~ Pyjire NkPFV(KT] = [K™], € RT) Results
lirc = EV (3)
RT1-¢€ "D
STEADY-STATE |/V PROFILES IN THE RANGE OF
_ 1 SALINITIES 0.2 SWTO FuLL SW
Poire =1~ grvveg 4
l+e Rt

The cells in the ditch habitat experience the greatest fluc-

where [K'], and [K']; are the K concentrations outside and inside the tuations in salinity. A_‘ﬁer a pe”Od_OT rain, the ditch wa-
cell, respectively. [K], was taken as 150 mfor cells in 0.2 Sw and  t€F had a comparatively low salinity (0.2 SW). Cells
100 v for the other salinities (based on Okazaki et al., 1984f]JK  growing at this site, and transferred to the simplified 0.2
is given in Table 1.N,P, stands for number of Kchannels and their ~ SW medium (Table 1), displayed hyperpolarized PD of
permeability and is treated as a single parameggis the number of  —219 + 12 mV (6 cells, 16 profiles) and low conductance
gating charges andg,, is the half activation potential. The modeled i (seeFig. 1a andc). The parameter values used to fit the

and g, are shown as long-dashed lines { - -) in Figs. 1-5, partd data eeFig. 1b) are given in Table 2. All the cells in
andc, respectively. ) :

Similarly, the outward rectifier was modeled by eqn. (3), multi- this group were hyperpolarized, that is, in a pump-state,

plied by the open probabilitP, o,¢ and none were in the spontaneous background- or leak-
state. The most positive PD of ti&/ profile was —100
P = 1 ) mV, as the cells were excitable. Note the appearance of
oore 14 e Y50 the outward rectifier between -150 and =100 mV. This

is reflected by a more negativé,, than those in cells
The modeled,,. andg,,. are shown as short-dashed lines (------- yin growing in more saline medis¢eTable 2). The inward
Figs. 1-5, part® andc, respectively. rectifier exhibits a rather gradual increase with the PD
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(a) The cells grown in 0.4 SW (habitat iii) exhibited
I/mA.m ? either the pump-state, with resting PD of -161 + 12 mV
400 = (6 cells, 7 profiles), or the linear background-state with
PD of =107 + 12 mV (7 cells, 12 profiles). Both states
| are shown in Fig. & The pump-state data are depicted
*?ﬂ by thick line error bars fitted by a thick line total current,
A | while the background-state data are shown as thin line
0. 4t error bars, fitted by a thin line. The cells were much less
= —an excitable than those in the lower salinity, particularly the
|+ ones in the background-state. The apparent lower pump-
7_7| state currents at 0 mV are due to opening of the excita-
- ] tion channels, which move th&/ baseline in the nega-
2400 2300 2200 2100 tive direction (Beilby, 199Q). The currents fitted to the_
(b) pump-state and t.he resulting conductances are given in
T/mA.m2 2b andc, respectively. The parameter values are given
400 . B S in Table 2. The outward rectifier appears between -50
I8 and 0 mV {5, = + 50 mV). The background-state data
/ were modeled with a background current, no rectifiers
200 = and a small contribution from the pump, which is not
// - shown 6eeparameters in Table 2). Only the total cur-
b e | I rent and conductance are shown (thin line) in Figagd
] - — 1 c, respectively. Note that the total background-state cur-
| L= rent and conductance closely coincide with the fitted
—200y /’ background current and conductance of the pump-state
1 (Fig. 20 andc).
The cells grown in the 0.5 SW (the ditch habitat,
-400 -300 =200 -100 after long periods of evaporation) exhibited either the
pump-state with resting PD of =151 + 12 mV (6 cells, 12
profiles) or the background-state with PD of —108 + 12
mV (7 cells, 10 profiles). The data are shown in Fig. 3,
using the same conventions as in Fig. 2. In this group of
data the background-state shows the drop of current at
3 ; —-20 mV caused by excitation. Note that the total back-
/\ : ground-state current and conductance are slightly larger
5 "W\ than the fitted background current and conductance of
the pump-state (Fig.t8andc, PDs more positive than
\\\ A -100 mV).
N R Both the pump- and the background-state exhibited
i S ; inward rectification and the modeldg, is shown for
-400 -300 -200 -100 each state (thick and thin dashed lineslraBdc). Note
that theg,. (background-state) is higher than thg.
(pump-state). This is reflected by the parameters in
Fig. 1. (@) A set of 6 cells, 16 profiles, grown in 0.2 SW. The data have Table 2: the background rectifier was fitted with a less
been gathered into 20 mV slots (horizontal error bars) and the standarlyperpolarized/s,, greatem Py, andz, of 2. As it was
errors are shown as the vertical bars. The line represents thd/iotal not possible to obtain many data sets with well-defined
profile generated by the model_. The resting pd is given in Tabl®)2. ( jnward rectifiers at higher salinitysée Methods), this
The transport systems constituting th® profile: - the pump, was a good opportunity to fit equations (3) and (4). Fig.

————— the background current, -----—-- the inward rectifigr, - - - - the -
outward rectifieri,.. For the mathematical forms see the Methods. The pa—4 shows the baCkgrounW proflle replotted on a smaller

rameter values can be found in Table 2. The maximum clamp PD was limite®Cale to show the full data set. A small pump current

to —100 mV to avoid excitation transients) The correspondinG/Vprofiles.  contribution is shown in d. The pump current compo-
nents of similar magnitude were fitted to the back-

going more negative. This is reflected by a IdNgP,  ground-states at other salinities. The parameters are

compared to those in cells growing in more saline mediagiven in Table 2.

(seeTable 2). Compare also the magnitudegpf be- The cells in 0.4 SW and 0.5 SW show about 50%

tween —200 and -250 mV in Figs. 1-5, part chance for either pump- or background-state. However,

200 |

=200
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Table 2. Model parameters for steady-state I/V profiles in a range of salinities

Data set Pump parameters lore firc Obackground VP*  VR*
ko Ko Kio Koi Ki k ¢ Cy
sect S-m? mvV mVv
Chara
Plasmalemma 5920 0.11 0.085 102 0.3 -457 -230
Blatt, Beilby & Tester, 1990
pH 7.5
Both membranes 5000 1.05 0.1 23 26 1.5 46 15 0.15 -349 -217
Beilby & Walker, 1996
Vso NP« zy Vso NPy Zy
mvV m? - sec? mV m? - sec?t
x 1077 x 1077

Lamprothamnium
Pump-state 0.2 SW 4000 0.8 0.5 175 -65 50.0 2 -375 0.75 1 05 -360 -219
6 cells, 16 profiles

Pump-state 0.4 SW 3000 0.5 05 130 50 5.0 2 -390 5.0 1 215 -366 -161
6 cells, 7 profiles

Background-state 0.4 SW 3000 0.5 0.5 8 2.2 -289 -107
7 cells, 12 profiles

Pump-state 0.5 SW 7000 0.5 0.5 380 -291 5.0 1 65 -407 -152
6 cells, 12 profiles

Background-state 0.5 SW 7000 0.5 0.5 20 —-268 10.0 2 76 -333 -105
7 cells, 10 profiles

Pump-state full SW 11,000 0.5 0.5 550 90 0.5 1 -370 50.0 1 16.0 -428 -137
8 cells, 13 profiles

Background-state full SW 11,000 0.5 0.5 50 90 0.02 1 22.0 -368 -104
3 cells, 5 profiles

* Vp is pump reversal PDVy, is resting PD.

the cells in the most dilute medium (0.2 SW) were found32-fold, from 0.5 to 16.0 Sm™2, as the medium ranged
only in pump-state and, rather unexpectedly, the cells ifrom 0.2 SW to full SW (Fig. 6). Note, however, that
full SW also exhibited a preference for the pump-statethe reversal PD for the background current remained at
The pump-state of PD -137 + 12 mV (8 cells, 13 pro--100 mV. The peak conductance of the pump (located
files) and background-state with PD of =104 + 12 mV (3 between —140 and —190 mV) remained near 11§ 2
cells, 5 profiles) are shown in Fig. 5, using the samefrom 0.2 SW to 0.4 SW, but increased @ S m™2 in
conventions as in Fig. 2. The parameters are given 0.5 SW and further ta5 S m™2 in full SW (Fig. 6c).
Table 2. The dip in the pump-state current at 0 PD is duéThe cells have a remarkable capacity to maintain a
to excitation. The total background-state conductance ipump-state against the high background conductance in
this medium is greater than the fitted background convery saline media (full SW).
ductance in the pump-state (Fig)5

The overall trends of the fitted pump and back-
ground currents with salinity are summarized in Fig. 6. 4yperToONIC EFFECT
The total currents (Fig.& and the total conductances
(Fig. 6c) are shown as continuous lines. The pump and
the background currents are shown (Fid) &s in  Three of the very hyperpolarized cells growing in 0.2
Figs. 1-5. The media are numbered “1” for 0.2 SW toSW were exposed to hypertonic medium (0.4 SW), giv-
“4” for full SW. The background conductance increaseding similar responses. Initially, the cells were all in
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(a) (a)
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10001}
1000 : T 500
1 0- }—
500 - .
§ -500 -}t L |
[ i , , | ;
e ' _F-f" -1000" e !
. g j -200 -150 -100 -50 0
_anf B S B | N N S |
-250 -200 -150 -100 -50 O.
() (o)
I/mA.m’ I/mA.m ‘
i 1000 — — b |
1000 ———F—————F = ) 500+ | e *,!e"“"“"'.a::.,,.‘__
.ana'r'*"‘”*wr““‘ ﬁﬂi’
B I S 0. | aas : . S ;
500 | |

o —‘fw’mu;‘ o
/,/ 4

-250 -200 -150 -100 =50 O.

" _200 -150 -100 -50 O

(c)

G/S.m 2 ]
7 i - T T 1 T 7757 D I
| ] |
t | 13
51 :
H .
4 I - - — - ] Jf — 6 Ll s it "“"’“’“"“‘f‘if’ff‘_ﬁ’f”“‘f“,,,
3: j’—ﬁa-a.,\ l: B H ‘3%\
; \ ] HE 4 - L SWPRRSTTIC e B
T ey -t : JIPTTE L AN Seun,,
2 T e e
l-, % R e ] '!‘e\“ﬂzxs‘g‘_ |
Yo el 4 © -200 -150 -100  -50 0
-"'.\ e 7? Tsednan
-250 -200 -150 -100 -50 0. P.d./mv
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and a set of 7 cells, 10 profiles, in background-state (thin error bars)
Fig. 2. (a) A set of 6 cells, 7 profiles, in pump-state (thick error bars) grown in 0.5 SW. The cells in background-state did show some excit-
and a set of 7 cells, 12 profiles, in background-state (thin error barshbility, which resulted in smaller current amplitude at —20 mV. The
grown in 0.4 SW. The data have been gathered into 20 mV slotscells in pump-state were not excitable in this PD window. The data
(horizontal error bars) and the standard errors are shown as the verticave been gathered into 20 mV slots (horizontal error bars) and the
bars. The cells in pump-state did show some excitability, which re-standard errors are shown as the vertical bars. The lines represent the
sulted in smaller current amplitude at 0 PD. The cells in background-i/v profiles generated by the model as in Fig. 2. The resting PDs are
state were not excitableb) The transport systems constituting ttie given in Table 2.1§) The transport systems constituting the puifyp
profile: s the pump, — - — - —- the background current, ------ the profile: « the pump, — - — - — the background current, ------- the
inward rectifiefi;, - - - - the outwardectifieri,,.. The thin continuous  inward rectifieri,., - - - - the outwardectifieri,,. The thin continuous
line shows the total modeled background current. For the mathematicadlne shows the total modeled background current. For the mathematical
forms, seeMethods. The parameter values can be found in Table)2. ( form, seeMethods. The parameter values can be found in Table)2. (
The correspondings/V profiles. The thin continuous line shows the The correspondings/V profiles. The thin continuous line shows the
total background conductance. total background conductance.
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Fig. 4. (@) The total background-state current from Fig. 3 replotted to P.d./mv
show the inward rectifier ) The transport systems constituting tié ) . ) .
profile; wee the pump, — - — - — the background current, ----- the Fig.5. @ A setof 8 cells, 13 profiles, in pump-state (thick error bars)
inward rectifieri,, - - - - theoutward rectifiefi,,.. (¢) The correspond- and a §et of 3 cells, 5 profiles, in background-statfe (thin error bars)
ing G/V profiles. The continuous lines represent the totdlprofiles ~ 9rown in full SW. The data have been gathered into 20 mV slots
generated by the model. The resting PDs are given in Table 2. (horizontal error bars) and the standard errors are shown as the vertical
bars. The lines represent th¥ profiles generated by the model as in
Fig. 2. The resting PDs are given in Table B) The transport systems
constituting the total pump-stal®/ profile: - the pump, — - — - —
pump-state. The resting PD of these cells was the moépe background current, ------- the inward rectifigr, - - - the outward

. h d im h . rectifier iy,.. The thin continuous line shows the total model
negative we have encountere mprothamnium background current. For the mathematical forrese Methods. The

(=219 * 1? mV). A typical hypertonic _Sequence IS parameter values can be found in Tabled.The correspondinG/V
shown in Fig. 7. The steady staf® profile is shown as  profiles. The thin continuous line shows the total background conduc-
the thick gray line (@). Upon introduction of the hyper- tance.
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Fig. 6. (@ Summary of theLamprothamnium I/\profiles at steady _

state in media of different salinity: “1” stands for 0.2 SW, “2” stands P.d./mV

for 0.4 SW, “3” stands for 0.5 SW and “4” stands for full SVi8) Only

the pump current and the background current — - — - — are Fig. 7. (@) Response of a 0.2 SW cell to hypertonic challenge. The

shown. €) The correspondings/V profiles. steady-stat#/V profile is depicted by a thick gray line. The successive
profiles in hypertonic solution are signified by lines of different color:
5 min (curvel, violet blue), 21 min (curv, pink red), 41 min (curve

tonic medium no obvious electrical response was disS ©range), 2 hr 34 min (curnvé yellow green) and 3 hr 30 min (curve

cernible from O to 3 min. There was no evidence of 5, light blue). @) The three transport syster_ns, used tq model the data:
the pump, the background current and the inward rectifier. Same colors

plasmolysis, and n_o effect on (.:ytOplasmi_C Streaming'as in @) have been employed. The background curr@réisd3 and the
Between 4 and 5 min (curve 1, violet blue line), the cell packground currents ands overlap. The inward rectifier currengs

depolarized by a small amount (<4 mV). For the next 20and3 also overlap. The parameter values can be found in Tablg) 3. (
min, the cells hyperpolarized very slowly, at rates of 1.2The corresponding/V profiles for the three transporters.
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Table 3. Hypertonic sequence

Data set Pump parameters Tore lire Obackground  VP* VR*
Kio Koi Ko Ko Vso NPy Zy Vs N P Zy
sec?t mVvV  m®-sect mv  m?®- sect S-m? mv  mvV
x 1077 x 1077

Steady-state 0.2 SW

stats: 6 cells, 17 profiles 4000 08 05 159 -65 50.0 2 =375 0.75 1 05 -359 -219
Steady-state 0.2 SW 2800 15 05 55 -414 2.0 1 017 -308 -215
Hyper exposure (1) 5 min

0.4 SW 2700 2.0 05 35 -351 15 2 023 -288 -192
Hyper exposure (2) 21 min

0.4 swW 6000 25 05 45 -376.5 15 2 029 -309 -204
Hyper exposure (3) 41 min

0.4 swW 7000 3.2 05 100 =375 15 2 029 -327 -222
Hyper exposure (4) 2 hr 34 min

0.4 swW 11000 6.0 0.5 160 -355 0.55 2 0385 -330 -220
Hyper exposure (5) 3 hr 30 min

0.4 swW 9900 5.0 0.5 108 -340 0.56 2 039 -324 -222

The fit parameters are given for an average of 6 cells in 0.2 SW (row 1), single cell in 0.2 SW (row 2) and response of this cell to hypertonic mediu
0.4 SW after 5 min (1), 21 min (2), 41 min (3), 2 hr 34 min (4), and 3 hr 30 min (5). For the meaning of various paraseetetsthods.
* Vp is pump reversal PDVy is resting PD.

to 2 mV per min. The successive profiles in hypertonicchannels as transporters of the background curkdg
solution are signified by dashing of increasing length,see Amtmann & Sanders, 1999 and references therein).
starting at 21 min (curve 2, pink red), 41 min (curve 3, While VICsin glycophytes exhibit low N&K™ discrimi-
orange), 2 hr 34 min (curve 4, yellow-green) and 3 hr 30nation (Amtmann & Sanders, 1999), the background
min (curve 5, light blue). The modeled pump-, back- channels in salt-toleratamprothamniunseem to have
ground- and inward-rectifier currents are shown Im 7 very low N& permeability. This adaptation may facili-
and the conductances i.7The parameters are listed in tate survival in high salt media. The two ions likely to
Table 3. carry the background current aré Knd H', but even the

K™ concentration changes sufficiently to depolarize the
reversal PD by about 50 mV in the full range of the

Discussion media tested gee Table 1). Yao and Bisson (1993)
found that another salt-tolerant charophy@hara lon-
THE STEADY-STATE TRANSPORTERS AS AFUNCTION gifolia, exhibits increased membrane conductance in
OF SALINITY more saline media. They suggest that passive proton
conductance rises with rising salinity, as the area of al-
The Background Current kaline extracellular bands was observed to grow. Our

cells did not appear to band, but we will investigate this
The steady-state membrane conductance increases framypothesis by exposing the cells to a range of pH at
2—-22 Sm™? as the salinity increases from 0.2 to full SW different salinities. This treatment will affect the proton
(see Figs. 1-5). Our modeling confirms that the majorpump as well (Beilby, 1984), but with the aid of mod-
component of this increase is the background curreneling, the behavior of the reversal PD of the background
(seeFig. 6). The reversal PD of the modeled backgroundcurrent will be isolated. The effect of [, on the back-
current remains at —100 mV. ThHé&/ curves from the ground current and the Kstate is being investigated in
cells in the background-state support the model. The separate study. Preliminary results indicate a shift of
lack of response of the reversal PD to considerablghe reversal PD of the background current with high
changes of Naand CI' concentrationssge Table 1), [K™],, but detailed modeling will be necessary to quan-
suggests that neither of these ions contribute substariy this change.
tially to background current. The lineélv profile and Whatever ions are involved, physical effects from
fast response to PD change points to voltage-independeiricreasing salinity would be expected to contribute, in-
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cluding electrostatic screening by the impermeant ions aa maximum at this time, but the value was appropriate
the mouth of the ion channels, enabling higher conducfor the 0.4 SW. The reverse constant for the charged
tivity for the permeant ions (Leger, 1976). This hy- step,k®,, also increased—this was not observed in the
pothesis will be tested by replacing the high NaCl by ansteady-state response to increasing salinity.

appropriate concentration of sorbitol or some other un-  Lamprothamnium succinctudisplayed greater hy-
charged solute. When the identity of the ions carryingperpolarization by"50 mV (Okazaki et al., 1984; Oka-
the background current is revealed, this current will bezaki & Tazawa, 1990) than observed in the present study

also fitted by the GHK model. (0b to 20 mV), but this was over a far longer time-course
({20 hr). Moreover, the 0.2 SW cells were already sub-
The Proton Pump stantially hyperpolarized, with exceptionally negative

PDs (J-219 mV), even before the hypertonic exposure

The peak pump conductance increased about five timeseeFig. 18). Other researchersgeBeilby and Shep-
for salinity change from 0.2 SW to full SVs¢eFig. 6c).  herd, 1996) have reported PDs foamprothamniumin

The position of the peak with respect to the membrandhe range of 180 mV. We may be seeing the pump
PD did not change appreciably with salinity of the me- running at close to its limit. The hyperpolarization found
dium. It is slightly depolarized compared to that of in higher plant cells exposed to hypertonic stress is in a
Chara at the same pgl(Beilby, 1984). Table 2 shows similar range: 20 mV (bean mesophyll cells, Shabala et
that the pump parameters that change with increasing!-» 2000), 50 mV (broadbean mesocarp cells, Li & Del-
salinity arek®, andk,,. The effects of increase in these rot, 1987), 70 mV (sugar beet tap root cells, Kinraide &
two parameters on the shape of the modéirelation- ~ Wyse, 1986).

ship are described by Beilby and Walker (1996). The

k°, is a reaction constant for the charge transit across th&he Inward Rectifier

membrane, while; is a reaction constant which lumps

voltage-independent processes, ATP-, ADPr,aRd  The inward rectifier was modeled by the GHK equation
transported ion binding and debinding steps (Blatt,seeMethods). While thé,. might have not reached full
Beilby & Tester, 1990). The increase ki, produces  eqyilibrium at each PD level, the time dependence of the
movement along the V axis of the purtilf curve, while ¢4t current relaxation remained constant throughout the
the increase iRk; is associated with greater amplitude of hypertonic experiment. The most interesting finding
positive current. These two adaptations partially counfrom Fig. 7 and Table 3 is the prompt activation of the
teract the larger conductance of the background currenhyard rectifier in the first 5 min of exposure to the
in high salinity to hold the resting PD negative. The nypertonic solution. This first hypertonic membrane
higher rate of pumping is likely to be energy-costly and profile was fitted withVs, becoming more positive by 60
this is reflected by the morphology of the plants: Iargemv, compared to steady state, and the gating chage,
plants withllong cells in low salini.ty, small plants wit_h increasing from 1 to 2. I, was kept at 1, the greatly
short cells in full seawater. The higher proton pumpingincreased slope of the current could only be achieved by
rate was also observed in other plant systems under hyg, ynrealistic increase WPy The gating charge, =
pertonic stressChara longifolia (Yao, Bisson & Brze- 5 \yas also fitted to background-state cells in 0.5 SW
zicki, 1992), leaf segments &enecio mikanioide®tto  (rig. 4), but most cells in steady-state exhibited a more
(Reinhold et al., 1984), cultured cells @frabidopsis gradual current rise with hyperpolarization, fitted with
thalianaL. (Curti et al., 1993) and bean mesophyll cells — 1 (seeTable 2). While it is not known what might

(Shabala et al., 2000). cause such a change in the steady-state, rapid and unex-
pected increases in the slope of the rectifier current have
HYPERTONIC REGULATION been observed in many of our experiments, often with

fatal consequences for the cell under voltage-clamp con-
ditions. While long time-dependence of the inward rec-
tifier needs more study, it is also possible that the K
influx follows some long-term oscillatory behavior
?Gradmann & Hoffstadt, 1998).

The Proton Pump

The response of the proton pump when the medium wa
stepped up from 0.2 SW to 0.4 SW, is shown in Fig. 7
After five min, when the cells transiently depolarized (by
< 4 mV) the pump current actually dropped via a very The Turgor-Sensing Mechanism

small drop ink®, and a larger drop ir;,. After 20 min,

as the cell gradually hyperpolarizekf,; increased, and Table 3 shows that both the background current and the
came to a maximum after 2.5 hr in the hypertonic me-proton pump responded rather slowly to the hypertonic
dium. This maximal rate was as high as in full S€éh-  challenge, being effectors rather than detectors of the
pare Tables 1 and 2). The rate constagtalso came to medium concentration change. The speed and magni-
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tude of the change in the *Kinward rectifier (Fig. 7)  Chamberlin, M.E., Strange, K. 1989. Anisosmotic cell volume regula-
make it a more likely candidate for a hypertonic turgor-  tion: a comparative reviewamer. J. Physiol257:C159-C173
Sensing mechanism. This finding is in agreement WithC°|°mb°' R., Cerana, R. 1992. Inward rectifying Bhannels in the

conclusions of Shabala et al. (2000), who found no in- plasma membrane oArabidopsis thaliana. Plant Physiol.
’ ’ 77:1130-1135

crease In prOton_eﬁlux’ fOI_’ hypert()_nlc+eXposure of bear"Cosgrove, D.J., Hedrich, R. 1991. Stretch-activated chloride, potas-
mesophyll cells in a medium lacking K Blatt (1991) sium, and calcium channels coexisting in plasma membranes of
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stimulate the proton pump upon hypertonic exposure.':'”d"'i‘)_" G.P, Tye_r_man_, S.D., Garril, A., Skerrett, M. 1994. Pump and
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Liu and Luan (1998) also considef Kkhannels to be the J. Membrane Biol139:103-116
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