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Abstract. The depolarization-activated, high-conduc- Key words: Calcium (C&") — Maxi cation channel —
tance “maxi” cation channel in the plasma membrane oPermeation — Planar Lipid Bilayer — Potassium*{K
rye (Secale cereald..) roots is permeable to a wide — Rye (Secale cerealt.)
variety of monovalent and divalent cations. The perme-
ation of K*, Na*, C&* and B&" through the pore could
be simulated using a model composed of three energjntroduction
barriers and two ion binding sites (a 3B2S model), which
assumed single-file permeation and the possibility ofWhen plasma membrane vesicles from r@edale cere-
double cation occupancy. The model had an asymmetriale L.) roots are incorporated into planar lipid bilayers
cal free energy profile. Differences in permeation be-(PLB) a high-conductance, voltage-dependent “maxi”
tween cations were attributed primarily to differences incation channel is frequently observed (White, 1997).
their free energy profiles in the regions of the pore ad-This channel is permeable to a wide variety of monova-
jacent to the extracellular solution. In particular, the lent and divalent cations and is activated by membrane
height of the central free energy peak differed betweerdepolarization (White, 1993). Its physiological role may
cations, and cations differed in their affinities for ion be to sense, and initiate cellular responses to, diverse
binding sites. Significant ion repulsion occurred within environmental, developmental or pathological stimuli by
the pore, and the mouths of the pore had considerablmediating C&" influx upon plasma membrane depolar-
surface charge. The model adequately described the dization (White, 1997, 199§. An understanding of cat-
verse currenys.voltage (/V) relationships obtained over ion permeation, and an ability to predict the current and
a wide variety of experimental conditions. It describedionic fluxes through the maxi cation channel under
the phenomena of non-Michaelian unitary conductancephysiological conditions, would allow a theoretical ex-
vs. activity relationships for K, Na* and C&", differ-  amination of the involvement of the maxi cation channel
ences in selectivity sequences obtained from measurén depolarization-mediated €asignaling.
ments of conductance and permeability ratios, changesin  In this paper free energy profiles describing the per-
relative cation permeabilities with solution composition, meation of K, Na', C&* and B&" through the pore of
and the complex effects of Baand C&* on K" currents  the maxi cation channel are presented. These are base
through the channel. The model enabled the predictioon a three-energy-barrier, two-ion-binding-site (3B2S)
of unitary currents and ion fluxes through the maxi cat-model (Alvarez, Villarroel & Eisenman, 1992). This
ion channel under physiological conditions. It could bemodel is based on a pore structure, such asStmeker-
used, in combination with data on the kinetics of thetype selectivity filter, which can contain two cations si-
channel, as input to electrocoupling models allowing themultaneously and, thereby, exploits electrostatic repul-
relationships between membrane voltage?*Caflux sion to promote cation conduction (Doyle et al., 1998).
and C&" signaling to be studied theoretically. The phenomena of nonsaturating conductareectiv-
ity relationships (White, 1993), differences in selectivity
sequences obtained from measurements of conductanc
[ and permeability ratios (White, 1993), changes in rela-
Correspondence taP.J. White tive cation permeabilities with absolute concentration
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(White, 1997) and electrical distances for verapamil andelationships shown here relate to the maximal unitary current re-

quinine blockade which are greater than unity (White & corded.

Ridout, 1998; White, 1998 all suggest that the pore of

the maxi cation channel can contain more than one 0Ny ope! NG

and that ions occupying the pore simultaneously interact

with each other. Estimates of energy profiles for permeant cations and structural char-
The proposed 3B2S permeation model enables thecteristics of the channel were obtained using a version of the

prediction of unitary currents and ion fluxes through the FORTRAN computer program AJUSTE (Alvarez et al., 1992) modi-

maxi cation channel under physiological conditions. fied for the presence of both monovalent and divalent cations. Similar

. . . . . . . modifications to AJUSTE to those described here were made by French
This will be useful in dissecting cell signaling pI’Ocesseset al. (1994) for their study of the permeation and blockade of Na

and e|ECtrOC0uPI|ng in the plasma membrane. channels by C4. The model chosen (a 3B2S model) had energy pro-
files consisting of three energy barriers and two ion-binding sites (en-
ergy wells), and allowed for single-file permeation, double cation oc-
Materials and Methods cupancy, ion-ion repulsion and surface potential effects. The energies
of the unoccupied channel at zero voltage (expressed as multiples of the
thermal energy, RT) were defined by three peaks G1, G2 and G3, and
PLANT MATERIAL AND PLASMA MEMBRANE |SOLATION two wells, U1 and U2, with the postscript referring to their position
relative to thecis (extracellular) compartment. The distances D1 to D5
Rye (Secale cereal.) was grown hydroponically in a complete nu- refer to the position of successive peaks and wells in the electrical field
trient medium containing 40@m K* (White, 1993, 1996). Plants were relative to thecis compartment.
harvested 14 d after Sowing and p|asma_membrane vesicles were ob- The effects of ion-ion interactions (electrostatic and/or aIIosteric)
tained by aqueous-po|ymer two-phase partitioning of a root micro-were simulated by the addition of an energy factor to the peaks and
somal-membrane fraction (White, 1993, 1996). wells adjacent to an occupied well. The energy shift was calculated as
A(z,2,)/d, whereA is the ionic-repulsion energy parametgrandz, are
the valencies of the interacting ions a$ the electrical distance from
RECORDING |ON CHANNEL ACTIVITIES the occupied well, to mimic a coulombic interaction.
Two parametersR,s and R, Were included in the model to
Plasma-membrane vesicles were incorporated into PLB composed éies“cribe_ surface charge _eﬁeCts' These pa_rameters_ §orrespond to th
30 mw synthetic 1-palmitoyl-2-oleoyl phosphatidylethanolamine (PE) radii of c_lrcles (expressed in angstrom, A units) contalnlng_one electron
dispersed in n-decane in the presence afitfang 300:100 nw KCl che_lrge in t_hecls and trans vestlbule§ _of the pore r(_espectlvely, from
gradient following their addition to theis chamber (White, 1993). which the fixed surface charge densities at the vestibule of the pore can

When channel activity was detected, unfused vesicles were removed b e calculated o = QWR@_' Since the _P,E bilayer is essentllally un-
perfusing thecis chamber with 100 m KCl. Further changes in the harged under the experimental conditions, surface potentials are as-

ionic composition of solutions were effected either by perfusing with sumed to arise from charged amino-acid side chains and/or nonprotein

appropriate solutions or by adding aliquots of concentrated stock Sogomams forming part of the molecular structure of the channel. The

lutions (100 nm or 1 m for divalent cations; 3 for KCI). Aqueous relationship bgtween suiface charge density dnd the electrostatic _
solutions were buffered with 5 mN-tris-[hydroxymethyl]-methyl-2- st_Jrface potentlald(_o), which represents a charged planar surface, 1S
aminoethane sulfonic acid (TES), titrated to pH 7.5 udiRmethylo- given by the equation (based on eq. 11 of Latorre, Labarca & Naranjo,

glucamine. Experiments were performed at room temperature (ap_1992):

proximately 20°C). Current was monitored under voltage-clamp con-

ditions usi_ng a low noise oper_ational amplifier with frequency ;- 4 iiz C, [exp(-zFdo/RT) _1]io.5

compensation, connected to the bilayer chambers by calomel electrodes 272| 4

and 3m KCI salt bridges. Data were stored on digital audiotape

(DTC1000ES; 44.1 kHz per channel; Sony Corporation, Japan) anavhereC, is the concentration of th& ionic speciesz is its valence and

simulutaneously displayed on a digital storage oscilloscope (Gouldr, R and T have their usual meanings. This equation was used to

1602; Gould Electronics, Hainault, Essex, UK). calculate the surface potential, given the surface charge density. Be-
Membrane potentials were recordédhns with respect to  cause there is, in general, no explicit solution, the equation was solved

cis. Since the cytoplasmic side of the plasma membrane faces th@umerically using the Newton-Raphson method.

vesicle lumen and vesicles fuse with PLB such that the inside becomes  The effect of applied voltage was modeled by addition of the

exposed to théranschamber, plasma-membrane ion channels becomezero-voltage energy to an electrical work term proportional to the va-

oriented with their cytoplasmic face exposed to thens chamber  lence of the ion and electrical distance. It was assumed that the elec-

(White, 1997). Thus, the sign of the membrane potential is in accor-trical field, which is the algebraic sum of the electrical fields induced

dance with that conventionally used in electrophysiological experi-by the applied voltage and the asymmetry of the surface potential,

ments of plant cells in vivo. Movement of ‘Kfrom thecis (extracel- dropped linearly through the energy profile and it was added point by
lular) to thetrans (cytoplasmic) chamber is indicated by a negative pointto compute the free energy of each peak and well. Rate constants
current. for transitions between permissible states were formulated by the stan-

The amplitude of single channel currents was determined directlydard Eyring rate theory expression equal to the product of a pre-
from channel recordings filtered at 100 Hz using an 8-pole low passexponential termkT/h (wherek/h is Boltzmann’s constant divided by
Bessel filter (902LPF, Frequency Devices, Haverhill, MA). Although Planck’s constant), and an exponential function of the energy differ-
the maxi cation channel in the plasma membrane of rye roots hagnce, expfG/(RT)). A similar expression was used for bimolecular
several discrete subconductance states (the most frequently observeate constants describing the entry of ions from the internal or external
approximating 12 and 93% of the maximal current; White 199%), solutions, except that the pre-exponential factor was also multiplied by
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Table 1. Unitary conductances, determined between +60 mV in thefor the purposes of modeling. Original single-channel recordings of the
presence of symmetrical 100Mrcation chloride, of the maxi cation maxi cation channel in the plasma membrane of rye roots have been
channel from the plasma membrane of rye roots studied in planar Plpresented previously (White, 1993, 1996).

bilayers

Cation Unitary conductance (pS)
Results
Cambridge HRI
K™ 436 +7.9 (43) 483£4.9(91) The maxi cation channel in the plasma membrane of rye
g} igz : g'g Eg; i;’f : g'g gg roots is permeable to both monovalent and divalent cat-
B2 216+ 7.9 (8) 195 1 ons (White, 1993, 1997). Physiologically, the most im-

portant of these will be the monovalent cation$ #&nd
Experiments were performed at the University of Cambridge and atN&', and the essential divalent cations®Gavig?* and
HRI. Results are expressed as measefrom the number of determi-  Mn?*. The selectivity sequence for the maxi cation
nations in parentheses. channel based on unitary conductances measured in the
presence of symmetrical 100vcation chloride differed
from that based on relative permeabilities estimated us-
the molar activity of the ion in solution divided by the molar concen- ing the Goldman-Hodgkin-Katz (GHK) equation in the
tration of water (55.%). Thus, the reference energy state of our model presence OfcﬂS:trang 100 mM cation chloride: 100 m
corresponds to 5518 solution. To compare our energy values to mod- . . . .
els that use a 1 reference state, 4.0RT units must be added to our KCI (Whlt,e' 1993). It. Is, therefore, mappropna_te to
values. model cation permeation through the channel using the
lonic activities were used for all calculations describing perme- GHK current equation, since it cannot describe this phe-
ation. Geometric mean activity coefficients were taken from Robinsonnomenon (Hille, 1992). In addition, apparent relative
& Stokes (1959) and independent activity coefficients were calculatecpermeabi"ties (as defined by the GHK equation) varied
according to Margolis (1966). The concentrations of ions in the buffer\yith concentration under equimolar bi-ionic conditions
soll_Jt_lqn were included in aII_caIcuIatlon; since they affect both ionic and with the concentration of a sIowa permeating cation
activities and surface potential through ionic strength effects. . . :
applied to one side of the channel in the presence of a
constant K concentration gradient (White, 1997). The
FITTING STRATEGY former observation cannot be accommodated by perme-
ation models based on ions traversing a rigid free-energy
Parameters were estimated by unweighted least squares. Fitting begi{Ofile containing only a single ion (Hille, 1992). In-
with a symmetrical model, with electrical distances of 0.00, 0.25, 0.50,deed, models presuming a single binding site (whether in
0.75 and 1.00 for D1 through D5, respectively. Starting parameters fo rigid pore or a dynamic pore as described by Hansen,
well-depths were based on cation concentrations giving half-maximalkeunecke & Blunck, 1997) may be structurally ill con-
conductance and for barrier heights on maximal cation conductance%eived: It is expected that the selectivity filter of many
At the outset, surface charge was minimized, but was systematicall){on channels will contain several ions simultaneously, as

raised to reduce the RSS. Initially, models with fewer parameters were v d d f he KcsA ch | f
fitted to subsets of the data obtained in the presence of single catioas recently demonstrated for the KcsA channel from

species. These were then combined sequentially. Three contrastingtr€ptomyces lividangDoyle et al., 1998). It is likely
sets of parameter estimates were pursued and the one with the lowedfdat the permeation properties of the maxi cation channel
RSS is presented here. In total over 100 regressions were run in thenentioned above reflect complex interactions between
course of developing the final model. cations within the pore of the channel. They can be ac-
commodated by a theoretical pore structure that can be
occupied simultaneously by more than one cation.

In this paper the pore of the maxi cation channel has
, been modeled using the simplest pore structure that can
The data presented here were collected either at the Department ?iccommodate two ions simultaneously. This has three
Botany, University of Cambridge, or at Horticulture Research Interna- . . L e
tional (HRI) over a period of seven years. Although thé relation- energy bamers a”q two |on-b|nd|ng sites (3828 mOdel)'
ships were qualitatively similar at both institutes, and similar ratios for Single-file permeation was assumed, as well as double
unitary conductances in the presence of Ka", C&* and B&* were  cation occupancy. lon-ion repulsion and surface poten-
obtained at Cambridge and at HRI, estimates of ionic currents werdial effects were included explicitly. The proposed 3B2S
consistently lower at Cambridge than at HRI (see Tableek also  model adequately accounted for the diverse phenomene
W(:‘.it%& IRidOUt'. 1995). To fad"tlatde mOdhe"”gH ionic Cu"e”tz from 5ssociated with cation permeation through this channel.
individual experiments were scaled so that the unitary conductanc .
determined between +60 and —60 mV in the presence of symmetrica aFa were optalned throughout the voltage range over
100 mm KCI was 482.5 pS. In addition to the data presented in theWhICh the unitary current throth the channel could be

figures and figure legends, data were obtained in solutions containing€liably estimated under a wide variety of ionic condi-
(cis:trang 300:100 nv KCl and 150:50, 50:50 and 263:100mBaCl,  tions (e.g., Figs. 1 to 11). Parameters were fitted to

STANDARDIZATION OF EXPERIMENTAL DATA
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Table 2. Estimated parameters for the 3B2S double ion residencyin describing monovalent cation permeation through a
model fo_r K', Na', C&* and B&" permeation through the maxi cation K+ channel in the plasma membrane of rye roots using a
channel in the plasma membrane of rye roots 3B2S model (White & Ridout, 1995). In the present
K+ Na" 2 Ba?* study, the depth of theis free energy well (U1) for K

was also estimated poorly, but was clearly much higher
G1 3.64(0.082) 4.23(0.107) 4.38(0.146) 3.61(0.180) than thetrans free energy well (U2). For other cations,
G2 3.07(0.100) 0.34* -1.40* 0.96 (0.239) U1 was similar in magnitude to U2. Both Ul and U2
G3 4.15(0.057)  5.01(0.075)  3.99(0.179) ~ 3.65(0.195) were higher for monovalent cations than for divalent
ur 252 ~5.11(0.181) -9.40(0.237) -8.77(0.321) cations. The free energy values for U1 decreased in the
U2 -548(0.079) -5.30(0.144) -8.87(0.277) -9.50(0.255) J 1o S Nat S B2t — Ca2* and the free energy values

A 0.29 (0.036) for U2 decreased in the order Na= K* > C&* = Ba?™.

D1 0.09 (0.010) The affinity of the binding sites was not great, but diva-
D2 0.32 (0.023) lent cations had a higher affinity than monovalent cat-
D3 0.56 (0.017) ions. The dissociation binding constaK) of the bind-

D4 0.57 ing-sites for divalent cations in an unoccupied pore was
DS 0.80 (0.009) between 4 to 9 m, but theK, for monovalent cations
Rscis 18.60 (0.60) was at least 25-fold higher. In addition, the model sug-
Rstrans 27.00 (1.72) gested significant repulsion between cations within the

Parameters were estimated fréf¥ data collected across a wide vari- porg, Wh-ICh-WOUI-d Increase the _free-energy of the unoc-
S - . upied binding site in an occupied pore by 1.16 to 4.64

ety of ionic conditions. The total number of observations was 1460 an . . ; .

the residual sum of squares was 14685. Standard errors of paramet T_umtS' er_e.ndlng upon the Va'e”9y of the interacting

estimates are shown in parenthesis. The parameter D4 was fixed (to i€ations. Significant surface charge in both the external

optimal value) in relation to D3 during the fitting process. This was (Cis; 0.0009 e/&) and cytoplasmictfans; 0.0004 e/K)

required because D4 could not be estimated with any precision, and ¥estibules of the channel was also suggested_

was necessary to constrain the model to prevent inappropriate esti-

mates. All other parameters were free to vary. Three parameters had

large standard errors and are marked with an asterisk. These parameters

are estimated with low precision, but reliable estimates of their standard®ERMEATION OF MONOVALENT CATIONS

errors are not available. The parameters G1, G2, G3, U1 and U2 are

expressed in (dimensionless) multiples of RT. The solution reference

state is 55.54. The data obtained in the presence of both symmetrical
(Fig. 1A and B) and asymmetrical (Fig.A) KCI solu-
tions were described adequately by the proposed 3B2S

the complete set of 1460 datapoints obtained under 7wodel. A slight deviation between the observed and

different ionic conditions (Table 2). Although better fits modeled/V relationship was observed in the presence of

to I/V data for individual experiments could be obtained (cis:trang 1:100 mv KCI, under which conditions the

with slightly different parameter values, the estimatesobservecE,., was more negative than the Nernst poten-

given here offer a composite description of the poretial for K*. This was also noted by White (1993). The

structure of the maxi cation channel. simplest explanation of this is that the actudl ¢oncen-
tration in thecis solution was greater than 1nm This
may be a consequence of either incomplete perfusion of

PORE STRUCTURE OF THECHANNEL the cis chamber and/or Kleakage from the 8 KCl salt
bridges. The proposed 3B2S model also adequately de-

The 3B2S model which best fitted the data suggested thatcribed the/V relationships obtained in the presence of

the free energy profile for the channel was conspicuouslhsymmetrical NaCl solutions (FigAandB), although at

asymmetrical and that the free energy profile férwéas ~ NaCl concentrations of 100 wand below, the modeled

distinctly different from those for Na C&* and B&"  currents at positive voltages were slightly lower than the

(Table 2). For K the free energy peaks were all of a measured currents.

similar magnitude, but for other cations the central en-  The proposed 3B2S model predicté relation-

ergy peak (G2) was lower than the peaks at the ends afhips which closely approximated those measured in so-

the pore (G1 and G3). The peaks at the ends of the poreitions containing equimolarcis:trang NaCl:KCl at

were of a similar magnitude and differed little betweenmost cation concentrations (FigA¥ The shape of the

cations. The magnitudes of the central energy peaks fof\VV relationship observed in the presence of ¥ m

Na*, Ca* and B&* were similar and, although they were NaCl:KCI deviated from the modeldfV/ curve resulting

not estimated very precisely, they were clearly muchin a marked difference between the observed and the

lower than that for K. A similar inability to estimate fitted E,, (Fig. 4B), but, since the slope of théV rela-

precisely the height of the central peak was experiencetionship is very flat, small changes in slope have a large
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Fig. 2. Unitary-currentvs. voltage relationships for the maxi cation

B channel from the plasma membrane of rye roots assayed in a planar PE
bilayer in the presence of asymmetricahfs:cig 100:1, 100:10, 100:

280, 100:1000 m KCI. For clarity data for 100:603 and 100:364ym

KCI were excluded from the figure. The curves are derived from a

Current (pA) theoretical 3B2S model with the parameters shown in Table 2.

150 +

100 increased above 30nm the E,., predicted by the model
50 + . continued to approximate the observgd, as it became
more positive with increasing ionic concentrations.

50 100

Voltage (mV) PERMEATION OF DIVALENT CATIONS

The 3B2S model proposed for Bapredicted anl/V

1.4. C relationship in the presence of symmetrical 10& m
71.2 . BaCl, which rectified at extreme voltages, both negative
40, and positive. This contrasts with previous representa-
§0 gl < tions of thisl/V relationship as an ohmic, linediv re-

lationship €compareFig. 5 with White, 1993). The pro-

S 0.6 * posed 3B2S model also predict8d relationships rec-
1530'4' ° tifying at high positive and negative voltages in the
© 0.24 presence of ¢is:trang 100 mv BaCl:KCl. The re-
0.0-¢ . ' . _ corded data appear consistent with this interpretation,
0 200 400 600 800 and the predicte#,., of 12.7 mV in the presence of 100

K* activity (mM) mm BaCl:KCl is similar to the value of 10 mV estimated
from a linear interpolation between data at —-60 and +50
Fig. 1. (A and B) Unitary-currentvs. voltage relationships andCj mV by White (1993).
unitary-conductances. K™ activity relationship for the maxi cation When 100 nw KCl was present on both sides of the

channel from the plasma membrane of rye roots assayed in a planar Pl 5 yne| increasing the Baconcentration in theis (ex-
bilayer in the presence of symmetrical KCI solutions. Solutions con-

tained @) 1, 10, 100 and 579 mKCl, and @) 3, 30, 300 and 1000 & tracellul_ar) solution resulted in a voltage-de.p_endent de-
KCI. Unitary conductance was determined between +30 mV. TheCl€ase in currents at both negative and positive voltages

curves are derived from a theoretical 3B2S model with the parameter&nd an apparent shift ig,., to more positive values with
shown in Table 2. increasing B&" concentrations (Fig. ). By contrast,
an equivalent increase in Baconcentration in thérans
(cytoplasmic) solution resulted only in a slight voltage-
effect on the estimateH,.,. In addition, comparing the dependent decrease in current at negative voltages and
observed and fitted,., is a sensitive test of the model, negative shift inE,, (Fig. 2B). These phenomena were
since the regression was based only on deviations frorfaithfully described by the proposed 3B2S model. The
the observed current. As the concentrations of NaCl anéhhibition of the K" current through this channel by Ba
KCI were increased symmetrically from 1mrto 30 mv appears to be a direct consequence of slow Barme-
the observedt, ., became more negative, and the, at  ation.
30 mv NaCl:KCl was approximated by the model. Fur- The 3B2S model proposed for €gpermeation fit-
thermore, as the concentrations of NaCl and KCI werged the data obtained in the presence of symmetrical
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~06 Fig. 4. (A) Unitary-currentvs. voltage relationships andj the rela-
3 0'5 1 tionship betweerk,, and monovalent ion concentration for the maxi
§ 0'4 1 % cation channel from the plasma membrane of rye roots assayed in a
S 0'3 1 planar PE bilayer in the presence of equimotds:frang Na*:K*. The
T 0'2 monovalent cation concentrations were 1, 30, 100, 300 and 1600 m
8 0'1 ] The curves are derived from a theoretical 3B2S model with the param-
' eters shown in Table 2.
0.0
0 200 400 600 800
Nat activity (mM) Current (pA)

Fig. 3. (A and B) Unitary-currentvs. voltage relationships andCj 50 T
unitary-conductances. Na“ activity relationship for the maxi cation
channel from the plasma membrane of rye roots assayed in a planar PE
bilayer in the presence of symmetrical NaCl solutions. Solutions con-
tained @) 1, 10, 100 and 600 m NaCl, and B) 3, 30, 300 and 1000 '
mm NaCl. Unitary conductance was determined between +60 mV. The
curves are derived from a theoretical 3B2S model with the parameteré1 00
shown in Table 2.

Voltage (mV)

50 L

CacCl, solutions at concentrations above 3@ itFig. 7). . : N -

. . . Fig. 5. Unitary-currentvs. voltage relationships for the maxi cation
However, in solutions Cor?tamlr!g 30mp§C5 and t,’e' channel from the plasma membrane of rye roots assayed in a planar PE
low, the modeled/V relationships exhibited consider- pijayer in the presence of symmetrical L0&H{(CI (®), symmetrical
able rectification and the currents predicted by the modeloo mv BaCl, (W) and gis:trang 100 mv BaCl,: 100 mv KCI (O).
were greater than those observed experimentally at exrhe curves are derived from a theoretical 3B2S model with the param-
treme voltages. The model fitted the observed relationeters shown in Table 2.
ship between unitary conductance (determined between
+30 and —30 mV) and G4 activity adequately, showing The proposed 3B2S model predicted a rectifyiifvg
a high conductance at low €aactivities and rising al- relationship in the presence oti§:trang 100 mu
most linearly between 12 and 170vmvith a gradient of  CaClL:BaClL (Fig. 8). Thel/V relationship determined
0.98 pS/mw (Fig. 7C). experimentally differed from this interpretation by ap-
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Fig. 6._ The effect of B&" in (A) th_e cis :?md B8) thetran;sol_ution on Fig. 7. (A and B) Unitary-currentvs. voltage relationships andCj
the unitary-currenys.voltage relationships for the maxi cation channel unitary-conductances. Ca* activity relationship for the maxi cation

from the plasma membrane of rye roots assayed in a planar PE bilay&fhannel from the plasma membrane of rye roots assayed in a planar PE
in the presence of symmetrical 100unKCI. Data in the absence of  pjjayer in the presence of symmetrical Ca€blutions. Solutions con-

Ba2* (@) and for B&* concentrations of 0.1C_é), 1 (m), 3 (@) and 10 tained @) 1, 10, 50 and 300 m CaCl,, and @) 5, 30, 100 and 600
mm (A) are shown. Data for B2 concentrations of 0.03 and 0.3/m ¢4y, Unitary conductance was determined between +30 mV. The

have been exc_luded from the figgre for clarity. The curves are derived;yrves are derived from a theoretical 382S model with the parameters
from a theoretical 3B2S model with the parameters shown in Table 2ghown in Table 2.

pearing linear (White, 1993). Ak, of —4.7 mV was centrations of 10 m and below. TheE,,, observed un-
predicted by the model, which agrees with the value ofder equimolar ¢is:trang CaCL:KCl conditions de-

-5 mV suggested by White (1993) based on a linearcreased with increasing cation concentration (Fig). 9
interpolation between data at =70 and +30 mV. TheE,., predicted by the proposed 3B2S model followed

In general, the proposed 3B2S model successfullythis trend, although some discrepancies between the pre:

fitted the data obtained when channel currents were meadicted and observeH,., were apparent.

sured in the presence of equimolaisftrang CaCl:KCl In the presence of 100mKCI on both sides of the
concentrations between 3 and 30& rtig. 9A). How-  channel, the addition of submillimolar concentrations of
ever, the modeled currents at high negative voltages wer€a* to thecis solution appeared to increase the unitary
slightly greater than the currents observed at cation coneurrent at negative voltages (Fig. A0 This was not
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Fig. 8. Unitary-currentvs. voltage relationships for the maxi cation 8 °
channel from the plasma membrane of rye roots assayed in a planar PE ! o -50 4
bilayer in the presence otig:trang 100 nm CaCl: 100 nm BaCl,. .
The curve is derived from a theoretical 3B2S model with the param-
eters shown in Table 2. .75 L
B Current (pA)
A 50 +
Current (pA)
40 T+
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-40 + -50 +
B 75 -
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0 100 200 300 Fig. 10. The effect of C&" in (A) thecis and @) the trans solution on
T . the unitary-currents.voltage relationships for the maxi cation channel

from the plasma membrane of rye roots assayed in a planar PE bilayer
in the presence of symmetrical 10QvniKCl. Data in the absence of
C&" (@) and for C&* concentrations of 0.1%), 1 (M), 3 (), 10 mu

(A) and 30 nm (A) are shown. Data for G4 concentrations of 0.03
and 0.3 nv have been excluded from the figure for clarity. The curves
are derived from a theoretical 3B2S model with the parameters shown
in Table 2.

Erey (MV)

Fig. 9. (A) Unitary-currentvs.voltage relationships for the maxi cation
channel from the plasma membrane of rye roots assayed in a planar Pggtely described by the proposed 3B2S model. When
bilayer in t'he presence of equimolaig:trang CaCL:KCI. The sa_lt micromolar C&3* was added to thérans solution, no
concentrations were 3, 10, 30, 100 and 300.r(B) The relationship . .
betweerE,,, and cation concentration. Data wef@®)(determined from m"_irked Increase in C+urrem was _Observeq at any vc_JItage
the I/V relationships shown in panék or (O) provided by White (Fig. 18B). As the C&" concentration was increased into
(1997). The curves are derived from a theoretical 382S model with thedhe millimolar range the unitary currents at both negative
parameters shown in Table 2. and positive voltages were progressively reduced and the
E,., became increasingly more negative. These observa-
tions were also accurately described by the proposed
described by the proposed 3B2S model and the origin 08B2S model.
this phenomenon is unknown. Increasing the'Gan- Under ionic conditions which approximate those
centration in thecis solution from 1 nw progressively commonly encountered physiologically with 100mm
reduced the unitary-current at both negative and positivéKCl plus contaminant C4 on thetrans (cytoplasmic)
voltages, but had little effect ok,.,. This was accu- side of the channel and 1nmKCI on thecis (extracel-
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A Current (pA) K* concentration in theis solution resulted in a decrease
of less than 1 mV in thé&,, predicted by the proposed
3B2S model.

Discussion

ADEQUACY OF THE PROPOSED3B2S MODEL

In general, the proposed 3B2S model fitted the experi-
mental data well, but two exceptions can be noted
initially. First, the proposed 3B2S model failed to de-

. . scribe the shape of th¥V relationship and thee,
-20.0 1 when the channel was assayed in the presence of hi-ionic
— -40.0 - o (cis:itrang 1 mm NaCl:KCI (Fig. 4). However, this
E ° might be an artefact resulting from difficulties in attain-
< 6001 9 ing low cation concentrations in experiments. Second,
uj’-’ -80.0 1 the model failed to describe the rectifying current ob-
-100.0 served at negative voltages in the presenceisftang
1:100 nm KClI plus 2 mv CacCl, (Fig. 11). Neither could
-12004 T T T 1 the model reproduce this effect when the?Caoncen-
0 1 2 3 4 tration in thecis solution was increased to 4um
Calcium concentration (mM) The proposed 3B2S model accounted for: (i) the

Fig. 11. The effect of C&" in thecis solution on f) the unitary-current diverse /v relat|on§h|ps obtained for the maXI .Catlon
vs. voltage relationships andBJ the E, for the maxi cation channel Channel over a Wlde rang.e of gpncentratmn_s In t?Oth
from the plasma membrane of rye roots assayed in a planar PE bilayetingle salt and mixed solutions; (ii) the non-Michaelian
in the presence of asymmetricaig:trang 1:100 nv KCI. Data in the ~ uUnitary-conductances. ionic activity relationships for
absence of G4 () and for C&* concentrations of 0.2), 1 (O) and K*, Na" and C&* when assayed under symmetrical ionic
2 mv (@) are shown. Data at a €aconcentration of 0.5 mhave been  conditions (Figs. €, 3C and TC); (iii) the changes irE,,
excluded from paneh for clarity and theE,, at 4 ma C&" is from  recorded under bi-ionic conditions as cation concentra-
Vvyl;']t‘fhglzzz;mzsrgfﬁv;ﬁ izg}':glfmm a theoretical 382S model; < \vere increased from 30 to 100@MaCl:KCl (Fig.

4B) or 3 to 300 nm CaClL:KCl (Fig. 9B), and theE,

recorded in bi-ionic 100 m (cis:trang BaCL:KCI (Fig.
lular) side of the channel (White, 1993; Marschner,5) and CaCJ:BaCl, (Fig. 8); (iv) the diversd/V rela-
1995), increasing the Gaconcentration in theis solu-  tionships observed when either Ba(Fig. 6) or C&"
tion shifted theE,, to more positive voltages, presum- (Fig. 10) were added to thas or trans chambers in the
ably by increasing the G4 current from thecis to the  presence of symmetrical 100MKCI; (v) the changing
trans chamber (Fig. 14). The proposed 3B2S model I/V relationships ande,., observed in the presence of
described the variougV relationships observed with in- (cis:trang 1:100 mv KCI as the concentration of €in
creasing C& concentrations up to and including Ivm  the cis compartment was increased to MniFig. 11).
However, when 2 m C&* was present in theis solu-  Indeed, the proposed 3B2S model fitted the majority of
tion, the observed unitary-current exhibited a pro-experimental data and adequately described cation per-
nounced rectification at negative voltages and was fameation through the pore of the maxi cation channel.
greater than that described by the 3B2S model. Such Although the permeation of cations through many
rectification was not predicted by the model even whenchannels has been modeled as movement through a rigic
the C&" concentration in theis solution was increased free-energy profile that can contain several interacting
to 4 mv. The proposed 3B2S model described the shiftcations simultaneously (Hille, 1992), several alternative
in E,., to more positive voltages as the Taoncentra- models have been used to describe permeation througt
tion in thecis solution was increased (Fig. B. How-  cation channels in plant cell membranes. Recently Grad-
ever, the predicteH,, was systematically more negative mann and coworkers employed single binding site mod-
than the observed,.,. In these experiments thE,,, els to describe C4 and K' permeation through two
estimated in the presence dfig:trang 1:100 nm KCI cation channels in the tonoplast of plant cells (Grad-
was 97 mV. Assuming negligible Cpbermeability, this mann, Johannes & Hansen, 1997; Allen, Sanders &
corresponds to a Kactivity of 1.65 mu and a K con-  Gradmann, 1998). They considered two types of model:
centration of 1.73 m. However, using this value for the a simple rigid-pore (2B1S) model and a dynamic-pore



72 P.J. White and M.S. Ridout: Cation Permeation Through the Maxi Cation Channel

model. The dynamic-pore model incorporated a selecions than for monovalent cations. This characteristic has
tivity filter in which the binding site alternated its orien- been predicted for several €achannels in the mem-
tation between one side of the membrane and the othésranes of animal cells (Hille, 1992; Tikhonov & Maga-
within a fraction of the electrical distance and in a ratezanik, 1998). Both selectivity and blockade of the chan-
limiting fashion. The dynamic-pore model was slightly nel can, therefore, be generated by occupancy of the
superior to the 2B1S model in describifly data from  pore. In the absence of divalent cations the maxi cation
both channels (Gradmann et al., 1997; Allen et al., 1998)channel is highly permeable to monovalent cations.
However, structural studies suggest that the selectivitfHowever, when divalent cations are present, they occupy
filter of a channel may be occupied by several cationghe pore preferentially and restrict the permeation of
simultaneously (Doyle et al., 1998), and provide no evi-monovalent cations. Third, the channel exhibits low se-
dence for conformational changes in the selectivity filterlectivity between cations. This occurs because the affin-
during permeation. In addition, several properties of theity for even divalent cations is minimal and the dominant
maxi cation channel cannot be described by simpldree energy peaks for all cations are comparable (Hille &
single binding site models. For example, the 2B1SSchwarz, 1978). The increasing permeability to" ldad
model (Hille, 1992) cannot account for changesEjg, C&" relative to K with increasing cation concentration
under bi-ionic conditions as the cation activities on both(Figs. 4 and 9) results predominantly from differences in
sides of the membrane are raised proportionally (Figs. 4he height of the central energy peak (G2) betweeii Na
and 9) and the dynamic-pore model (Gradmann et al.and C&*, and K'. The free-energy profile in the pore
1997; Allen et al., 1998) predicts supralindd rela- region adjacent to theis (extracellular) solution ap-
tionships (e.g., current saturation at extreme voltagespeared to be the primary determinant of cation selectiv-
and trans-inhibition (a reduction in current when the con-ity. A major structural component conferring selectivity
centration of a permeant ion is increased on the oppositbetween cations appears to be the diameter of the pore
side of the membrane), which do not occur in the datad_arger cations such as TEAdo not permeate (White,
presented here. 1993). Fourth, there is considerable surface charge at the
Ultimately, it might be useful to consider more com- mouths of the channel pore. This will serve to concen-
plex models for cation permeation, such as those involvirate cations in the pore vestibules and thereby increase
ing solutions to the Poisson-Nernst-Planck (PNP) equaeation fluxes at low concentrations in the bulk solution.
tions (Eisenberg, 1996; Nonner, Chen & Eisenberg,This is illustrated by the high unitary conductances re-
1998; Nonner & Eisenberg, 1998). The PNP equationsorded in the presence of low KCI, NaCl and CaCl
provide a self-consistent theory for electrodiffusion andconcentrations (Figs. 1, 3 and 7). The presence of sur-
promise to yield detailed information about the perma-face charge would also decrease anion concentrations ir
nent charge profile within the channel pore. Unfortu-the vestibules, thereby restricting their entry to the pore.
nately, the application of such models is limited at pres-This appears to be a general characteristic of cation chan-
ent, not only by the requirement for great computationalnels (Hille, 1992; Chilcott et al., 1995; Aidley & Stan-
power but also by the paucity of structural information field, 1996; Doyle et al., 1998). It would be worth at-
regarding pore dimensions. Nevertheless, it would bdempting to verify this supposition independently for the
interesting, eventually, to compare the structural featuresnaxi cation channel.
of the pore suggested by the 3B2S model described here

with those suggested by models based on the PNP equa-
tions. UTILITY OF THE PROPOSEDMODEL FOR

PrEDICTIVE PURPOSES

INFERENCES FOR THESTRUCTURE OF A C&" flux across the plasma membrane entering the
THE CHANNEL PORE cytoplasm of a root cell, and the consequent increase in
cytosolic C&" concentration, has been implicated as a
Several inferences can be made from the proposed 3B28gnal in a variety of physiological processes (reviewed
model regarding the structure of the pore of the maxiby White, 1998). It has been suggested that depolariza-
cation channel. First, the pore appears to be asymmetrtion-activated, C&-permeable channels, such as the
cal, which is not uncommon for any ion channel (Hille, maxi cation channel, mediate this €ainflux. The
1992; Aidley & Stanfield, 1995). This produces the plasma membrane of the root cell can be viewed as a
asymmetricall/V relationships observed under sym- dynamic system of ion transport mechanisms coupled via
metrical ionic conditions (Figs. 1, 3, 5 and 7) and givesthe membrane voltage. Since the maxi cation channel is
rise to the side-dependent effects ofBand C&*onthe regulated by membrane voltage it is an integral compo-
I/V relationships recorded in the presence of symmetricahent of this system. Its activity will not only be influ-
100 nm KCI (Figs. 6 and 10). Second, the binding-sites enced by membrane voltage but, through the flux it me-
within the pore have a greater affinity for divalent cat- diates, it will also influence the membrane voltage.
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Recently there has been much interest in modelingnary inputs to an electrocoupling model enabling a study
the electrocoupling of ion transport mechanisms at theof the effects of, for example, environmental stimuli on
plasma membrane, in particular in relation to osmoticmembrane voltage and €afluxes.
adjustment (Gradmann, Blatt & Thiel, 1993; Gradmann
& Buschmann, 1997; Gradmann & Hoffstadt, 1998).

Of equal interest, perhaps, is the electrocoupling whicH-ALCIUM INFLUX UPON TRANSIENT ROOT CHILLING :

occurs during cell signaling. The components required® PREDICTION

to describe the effects of electrocoupling on an ion chan-

nel in the plasma membrane include the voltage-Cooling plant roots briefly to low, non-freezing tempera-
dependence of channel kinetics, the ionic current meditures elicits a perturbation in cell membrane potential
ated by the channel, and, for a physiological interpretatermed a slow action potential (SAP; Minorsky, 1989).
tion, the individual ion fluxes occurring. A model for the The SAP consists of a membrane depolarization, fol-
permeation of monovalent and divalent cations througHowed by subsequent repolarization and restoration of the
the maxi cation channel in the plasma membrane of ryeesting potential (Fig. 1B). It is thought that depolar-
roots is presented in this paper, from which both netization-activated C&-permeable channels allow €a
current and the fluxes of individual ions can be predictedinflux during the SAP and that the consequent rise in
These data can be used, together with data on the kineticytoplasmic C&" concentration initiates an acclimatory
of the maxi cation channel (White, 1993, 1997), as pri-response (White, 1998. The C&" influx during a SAP
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through a single maxi cation channel in the plasma memattaining low cation concentrations. The predicted,
brane of a root cell can be estimated by combining theunder physiological ionic conditions varied from -42.5
3B2S model described here with a simplified kinetic mV at 18°C to —-43.6 mV at 23°C. The net €anflux
model of the maxi cation channel. was calculated by multiplying, with the predicted C&
The kinetics of the maxi cation channel are domi-flux through an individual channel at the appropriate
nated by inactivation at extreme voltages (White, 1993)voltage and temperature (Fig. QR
For simplicity, it was assumed that the open probability =~ The predicted C& influx through the maxi cation
of the active channel was unity. The kinetic scheme is:channel during a SAP induced by root cooling was char-
acterized by a single peak. The increase if*Gaflux

ky lagged slightly behind the initial depolarizing stimulus.
Active = Inactive The predicted time course of €ainflux was qualita-
K., tively similar to the changes in cytoplasmic Taon-

centration observed when tobacco (Knight et al., 1991,
The rate-constants for both channel inactivatidg;, ( 1993) or Arabidopsisseedlings (Knight et al., 1996;
sec’) and channel activationk(,; sec?) are voltage- Lewis et al.,, 1997) were cooled. Thus, depolarization-
dependent and can be approximated by the equations:activated, C&-permeable channels, such as the maxi

cation channel, could underlie the changes in cytoplas-

-20.72 - ¥ * 0.173 .
k, = 2072~V 0.173) mic C&* observed when plants are cooled.

k, = {1382+ ¥ *0.210)
1 This work was supported by the Biotechnology and Biological Sci-

. . . ences Research Council. We thank our colleagues at HRI for produc-
The equation fok, was determined from the time con- e discussions on modeling ion channel permeation.
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