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Abstract. A general model for the sorption of trivalent for AIOH?* and Al(OH), respectively, then a constant
cations to wheat-roofftiticum aestivuni cv. Scout 66)  for Al** (20,000m™%) was evaluated experimentally us-
plasma membranes (PM) has been developed and iriRg the previously obtained values foi' KCa&* and H°
cludes the first published coefficients for taand AP*  binding. Electrostatic attraction was modeled according
binding to a biological membrane. Both ions are rhizo-to Gouy-Chapman theory. Evaluation of parameters was
toxic, and the latter ion is the principal contributor to the based upon the sorption of ions to PM vesicles sus-
toxicity of acidic soils around the world. The model pended in solutions containing variable concentrations of
takes into account both the electrostatic attraction and thel*, C&* and L&" or AI**. Use of small volumes, and
binding of cations to the negatively charged PM surfaceimproved assay techniques, allowed the measurement of
lon binding is modeled as the reactiéfn + | = PI“*  concentration depletions caused by sorption to vesicles.
in which P~ represents a negatively charged PM ligand,Some independent confirmation of our model is provided
located in an estimated area of 546, And|“ represents by substantial agreement between our computations anc
an ion of chargeZ. Binding constants for the reaction two published reports of %4 effects upon zeta potentials
were assigned for K(1 m™Y) and C&" (30 v™Y) and  of plant protoplasts. The single published report con-
evaluated experimentally for B4 (2200m™) and H  cerning the electrostatic effects of Al on cell membranes
(21,500m7Y). Al sorption is complicated by Al hydro- s in essential agreement with the model.

lysis that yields hydroxoaluminum species that are also

. . 1 .
sorbed. Binding constants of 30 anehl” were assigned Key words: Aluminum — Electrical potential — Lan-

thanum — Plasma membrane — Root — Surface charge

* Present addressMIGAL Galilee Technological Center, P.O. Box -
90000, Rosh Pina, 12100 Israel Introduction
Correspondence toT.B. Kinraide Plasma membrane (PM) surface electrical properties ap-
Abbreviati ectrical potential at the ol b . pear to play an important role in mineral rhizotoxicity
reviationsajy, electrical potential at the plasma mem ranezsurace,(\/\/aga,[sur,nal & Akiba, 1989; Suhayda et al., 1990: Kin-
o, charge density on the plasma membrane surface, joi [1],, raide. Rvan & Kochian. 1992 Kinraide 1994 Y .
equilibrium pH or concentration of ioh with chargeZ in the bulk- » RY lan, » K Ide, » Yermi-
phase medium after sorption reactions have been complefdg;qr ~ yahu et aI_., 1994, 1997). Bec_ause PM surfa}ces are usu-
{13, activity of ion| with chargeZ at the plasma membrane surface ally negatively charged, the ion concentrations at root
or in the bulk-phase medium, respectivellf]§ or [1].., concentration ~ PM surfaces can differ significantly from the concentra-
of free ionl With_chargeZ at t'he pIas_ma_ membrane surf_ace orin the tions in the rooting medium. Treatments that alter PM
bulk-phase medlum,_ respectively;, binding constant for ior to the surface negativity, such as changes in the ionic strength
plasma membrane ligarRl; PM, plasma membranet®y, total con- ¢ o o oting medium, alter the effectiveness of ionic
centration of ionl with chargeZ in the reaction mixture whethéf is . 9 ! . .
sorbed to vesicles or free in the bulk-phase meditp;total molar toxmant.s. Thus wheat root e.lo.ngatlon was h[gh[y Corr.e'
concentration of the plasma membrane ligaRdin the vesicle sus- lated with the computed activity of several ionic toxi-
pension;RMSE,root mean square error. cants at root PM surfaces, but elongation was often
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poorly correlated with toxicant activities in the external Chapman-Stern model (McLaughlin, 1977; Nir, Newton
rooting medium (Kinraide et al., 1992; Kinraide, 1994). & Papahajopoulos, 1978; Barber, 1980; Lau, McLaugh-
Some toxicants appear to act by displacinggTmom  lin & McLaughlin, 1981; Kinraide, 1994; Rytwo, Banin
PM surfaces. Thus melon root elongation, in high con-& Nir, 1996a; Rytwo, Nir & Margulies, 1996). We
centrations of NaCl, correlated strongly with the com-define ion sorption as the combination of tight binding to
puted activity of C&" at the PM surfaces and with the the membrane (leading to alterationssadinds,) and the
amount of C&" bound to the PM (Yermiyahu et al., electrostatic attraction of ions into the diffuse layer near
1997). the membrane surface (leading to alterationsgbnly).

Al rhizotoxicity is a worldwide problem in acidic The Gouy-Chapman portion of the model relages)s,
soils (Foy, 1984), but the mechanisms of toxicity areand the concentrations of ions in the external solution.
unknown. The plasma membrane (PM) may be a site offhe Stern modification takes into account the effect of
Al injury, and certainly the PM plays a role in toxicity if ion binding ono. Use of the Gouy-Chapman-Stern
Al must accumulate intracellularly prior to toxic effects. model requires the specification of binding mechanisms
Al interacts with the PM in ways that may play a role in and binding constants for each ion.
toxicity. Al reduces membrane fluidity (Vierstra & Information regarding surface properties énd
Haug, 1978; Deleers, Servais & flert, 1986; Chen, binding constants) of root PM is limited. Estimates of
Sucoff & Stadelmann, 1991; Zel et al., 1993) and altersintrinsic o, using 9-aminoacridine fluorescence, have
the permeability to water and several solutes (Zhao, Subeen reported a few times. The intrinsicis the value
coff & Stadelmann, 1987; Cakmak & Horst, 1991 that would occur in the absence of tightly bound ions.
Chen et al., 1991). Al inhibits the uptake of cations by Mgller, Lundborg and Bezi (1984) obtained values of
roots (Rengel & Robinson, 1990; Huang et al., 1992;552 A? per charge for oat root PM and 801 to 1001 for
Nichol et al., 1993), cells (Rengel & Elliott, 1992), and wheat root PM, bracketing the value of 890 for wheat
PM vesicles (Huang et al., 1996) and appears to be ot PM reported by Bezi et al. (1984). Kmer et al.
channel blocker for G4 (Ding, Badot & Pickard, 1993; (1985) reported 843 Aper charge for barley roots, and
Piferos & Tester, 1995) and'K(Schroeder, 1988; Gass- Oka et al. (1988) reported 411 fdfigna mungoroots.
mann & Schroeder, 1994). Transmembrane electricalUsing C&" sorption, Yermiyahu et al. (1994) estimated
potential differences usually are not affected much (Kin-an intrinsico for melon root PM vesicles of 370%per
raide, 1988; Miyasaka et al., 1989), but sometimes theharge.
potential difference is increased (Kinraide, 1988, 1993;  Binding constants for various cations have been re-
Reid, Tester & Smith, 1995) or, less often, decreasegborted for phospholipid vesicles (Nir et al., 1978; Lau et
(Olivetti, Cumming & Etherton, 1995; and references inal., 1981; Ohki & Kurland, 1981; Bentz et al., 1988;
Kinraide, 1993). Lipid peroxidation is synergistically Akeson, Munns & Burau, 1989; Tocanne & Teissie,
enhanced by Al and Fe (Cakmak & Horst, 189¥a-  1990), but few studies have concerned the binding of
mamoto et al., 1996). cations, especially trivalent cations, to biological mem-

Low levels of Al reduce or reverse the surface nega-branes (Abe & Takeda, 1988; Obi et al., 1939
tivity of biological and artificial membranes. This sig- Wilkinson et al., 1993; Kinraide, 1994; Yermiyahu et al.,
nifies binding and electrostatic attraction of Al to the 1994).
membrane surface. Akeson, Munns and Burau (1989) Aluminum rhizotoxicity is generally attributed to
studied sorption of Al to uncharged liposomes composedhl®*, but this species hydrolyzes in solution so that the
of zwitterionic phosphatidylcholine using equilibrium di- hydroxoaluminum species, such as Al(GH)and
alysis and electrophoresis and concluded that the vesiclal(OH)3, exceed the trivalent species atl p 5 (Kin-
surface had a 560-fold higher affinity for Rlthan C&*.  raide, 1991). The tendency of lto undergo hydroly-
The electrophoresis measurements of Wilkinson et alsis, and polynucleation, would complicate the sorption
(1993) indicate a high affinity of fish gill cells for At.  studies described in this paper because the differential
Using Tb phosphorescence, Caldwell (1989) concludedorption of one Al species over another would change
that Al binds to wheat-root PM protein and that Al in- both the concentration and the ratio of ions, including
duces changes in protein conformation. Though the roléd*, in the bulk medium. This would cause a reequili-
of the PM in Al rhizotoxicity remains uncertain, there bration among species in the medium and at the PM
appears to be diverse interactions between Al and theurface. To avoid some of these problems, we studied
PM. Clearly, the sorption of Al to the PM is of interest initially the sorption of L&" (itself a rhizotoxic ion [Kin-
to investigators of Al rhizotoxicity. raide, 1994]) as a surrogate forAl The advantage of

Membrane surface electrical potential$,( ex- La>" is that the first hydrolysis constant is only P63
pressed in mV), surface charge densitiesgxpressed in  (Baes & Mesmer, 1986), so hydrolysis is minimal in
Cm 2 or A? per charge [16.02/(CM) = A2 per charge]) neutral and acidic media. The result of the initial inves-
and ion sorption have been incorporated into a Gouytigation was a model for LH sorption that includes bind-
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ing constants for L%i', Ca2+, H* and K". The model was be done until a pair of values far andus, are found that is the same
then adapted to the more difficult problem of*Alsorp- ~ for each salt system.
tion.

SORPTION STUDIES

Materials and Methods
The initial sorption experiments dealt with ¥fanot Al. Sorption ex-
periments were performed according to Yermiyahu et al. (1994) with
PLANT MATERIAL some modifications. Unless otherwise specified, 1@0of LaCl; or
CacCl, solution, adjusted to the desired pH, were added to a;350-

Caryopses of wheafT(iticum aestivunL cv. Scout 66) were surface  Solution containing 0.32 sucrose adjusted to the same pH. The
sterilized with 1% NaOCI for 5 min and thoroughly rinsed in distilled SOPtion reaction was started with the addition of80of PM vesicle
water. The seeds were then placed between sheets of germination pgdSPension or 5L of the final wash solution adjusted to the same pH
per that were kept saturated with Mn€aCl, and held on glass plates (about 6) as the vesicle suspension (for without-vesicle control solu-
placed in a slanted position in a nearly closed container in an incubatofions). The reaction solution contained 25 4.8 protein for the L&

at 25°C. Afte 4 d the primary roots were 8 to 12 cm long. experiments or 50 t_&g protgin for the C& experiment.s. The final
volume of the reaction solution was 5Q and contained 0.2

sucrose, 0.5 m KCl, various concentrations of £§ Ca&* and H', and
|SOLATION OF PLASMA MEMBRANE VESICLES 0, 50 or 100w.g vesicle protein per mL. Triplicate measurements were
made at 25°C, and each experiment was repeated three times.

The sorption reactions were run for 30 min, but measurements,
not reported here, indicated that the sorption reaction was complete
after a few minutes. After the pH of the suspensions was measured, the
suspensions were transferred to Microfilterfuge tubes (@2 Rainin)
and centrifuged for 15 min at 8,000gs [La®>'] was determined in the
equilibrium solution (the filtrate) using inductively coupled argon
mL™%. Protein concentration was determined according to Bradfordplasrna emission spectrometry (J_obin Yvon Emission Instrume_nts SA.
(1979) using BSA as a protein standard. Specific activity of the vana-mOdeI JY 46 P) capable of detecting <9m Laat 408.67 nm (Winge
date-sensitive ATPase was 17.4 + 0.1 (measen = 3) wmol P et al., 1985). The arpount of Baor H* sorbed to t'he vgsmles'was
released if mg proteiny® in the presence of fg Triton X-100 (g calculated from the difference between corresponding with-vesicle and

proteiny* assayed according to Brauer et al. (1989). The pH of thewnhout-vesmle solutions.
. . . . Sorption of Al was also measured as reductions in concentration
vesicle suspension was 6.0 + 0.2. In each sorption experiment some of . . . : .

; . ; . in media to which a concentrated suspension of vesicles (or a vesicle-
the final wash solution was adjusted with HCI to the same pH as the, ) )
vesicle suspension. This solution was used, as described later, for f?rlee S_OIUUO” for control) was a_ldded. As be_fore, the solutions were
vesicle-free control intentionally not buffered, nor did they contain any solute, other than
' the inevitable OH, likely to complex AP*. Al in the filtrate was
assayed by inductively coupled argon plasma emission spectrometry
(Jobin Yvon Emission Instruments S.A., model JY 46 P) capable of
detecting <0.2um Al at 167.02 nm (Uehiro, Morita & Fuwa, 1984).
o ) ) ) The measured depletions of cations logically reflects sorption to
The intrinsico of the PM vesicles was determined by the 9-aminoac- yesicle membranes rather than uptake into the bulk solution of the
ridine fluorescence method used by Chow and Barber (1980) anqesicle interior. The vesicle volume is <1% of the volume of the re-
Mller et al. (1984). Fluorescence emission spectra, from 445 10 48Q,ction mixture, so passive uptake into the bulk solution of the vesicle
nm, of 20pm 9-aminoacridine were determined in a solution of 025 jterior would reduce the ion concentration of the filtrate by <1%
sucrose, 5qum EDTA and 2 nu HEPES (titrated to pH 7 with KOH)  ;njess there were a transmembrane electrical potential difference. That
with a Perkin-Elmer LS-5B fluorometer (Norwalk, CT) using an exci- cqyid occur only if there were an energy source for the establishment
tation wavelength of 3+ 3 nm. PM vesicles were added to the ot he potential difference, which there is not. The possibility of ion
solution to a protein concentration of $@ mL™, and after 5 min of  gomtion to the inner surface of the vesicle membranes is not excluded,
incubation an emission spectrum was obtained. _ but that possibility is not particularly problematical for our study. The

Thereafter, the mixture was progressively supplemented with they o gest differences in global electrostatic properties between the inner
chloride salt of a monovalent cation (KCI or tetramethylammoni- 5 outer surfaces of the PM are not likely to affect our model param-

um-Cl) or a divalent cation (methyl viologerCl, or hexametho-  qiarg greatly (Mgller, Lundborg & Bezi, 1984; Beczi et al., 1984).
nium- Cl,). After each increase in salt concentration, the ﬂuorescence(SeeYermiyahu et al., 1994 for further discussion.)

(F) increased. Finally, the mixture was supplemented with 20 m
MgCl, to yield F,,.. Because methyl viologen reduced slightly the
fluorescence of 9-aminoacidine in the absence of vesicles, correction
were made for readings in the presence of vesicles.

The ratioF/F ., relates tali, (Chow & Barber, 1980), and equal
values ofF/F,,,, are taken to indicate equal valuesygf, irrespective  The PM is modeled as though it contained a singly charged ligand
of the salt milieu. If none of the solutes bind tightly to the membrane denotedP™. This ligand has a characteristic surface density, which
surface, thew values are constant. Consequentiygndis, in one salt must be estimated and assigned a value in units of mél im addi-
system must equat andis, in another salt system, providédr,, ., is tion, the total molar concentration &f (P;) in the vesicle suspension
the same in each. Since the Grahame equatieeHq. 4) relates, s, must be estimated. This value is needed only for a closed system, that
and the salt concentrations, trial substitutions d@fito the equation can is, a system where the concentration of vesicles is high enough to cause

Right-side-out PM vesicles were isolated from whole roots according
to Larsson, Widell and Sommarin (1988) with slight modification.
The final wash solution included 0.25 sucrose and 5 m KCI ad-
justed to pH 7.2 with v KOH. The vesicles were kept at 2°C as a
pellet overnight and then were washed again with final solution and
resuspended to achieve a protein concentration of 500 or L@00

ESTIMATION OF INTRINSIC &

§ORPTION MODEL
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a reduction in the concentration of ions in the bulk solutions, a condi-or, for convenience,
tion required for our measurements.
P~ can bind ionl?, whereZ is the charge of the ion, to form the ~AI*"+nH,O = AI(OH)>™ + nH* (6)
complexPI#™%, expressed in mol . The binding of ions changes the
actualo, which depends upon the surface density of free ligd), ( wheren = 1 to 4. The equilibrium constant (hydrolysis constant) for
but not the intrinsiar, which depends upon the surface density of total each reaction is defined as
ligand whether free or complexed. The reaction
Kn = {AI(OH) 3"HH "}"{AI *} )
P +17=PIF* 1)
where braces denote chemical activity. For the hydrolysis reactions
has a characteristic binding coefficieit, expressed im~* and given used in our model we adopted the values compiled by Nordstrom and

by May (1989)K; = 5.00,K, = 10.1,K; = 16.8,K, = 22.7. To prevent
the formation of polynuclear Al complexes we prepared Al solutions
K, = [PIF/(PI[170) (2 within hours of use, never added bases to Al solutions, and avoided

solutes, including buffers, likely to react with %l (see Bertsch &
where [4], is the concentration of freE* at the surface of the mem-  Parker, 1996).

brane. This concentration is computed by the Boltzmann equation The model membrane ligan®~, was assumed to bind the Al
species according to the reaction

[17lo = [1]eq@XP(ZFi/RT) ©)
P~ + AI(OH)3™ = PAI(OH)2™ (8)
where [Z]Eq is the concentration of the solute in the bulk solution, and
the other symbols are defined as in Eq. 4. with binding constants
A membrane surface charge establishes an electrical potential at
the membrane surfacé() and in a diffuse layer near the membratie ( K,,5_, = [PAI(OH)2™/([PI[AI(OH) 3™,) 9)

at distance x from the surface). The potential in the bulk medium,

away from the membrane surface, is taken to be agro< 0). Ypand  where [AI(OHE™, is the concentration of the Al species at the mem-
o are related to the ionic composition of the bulk medium according tobrane surface. Binding constants for the species AiGihd Al(OH);

the Grahame equation, which incorporates Gouy-Chapman theorythe only important hydroxo-aluminum species in our system) were

(McLaughlin, 1977; Barber, 1980), assigned values dn,,, = Ke, = 30M™andKy,, = Kg = 1m™
Changes in [H] in the vesicle suspension can occur because of
0?2 = 2€,€qRTY,C..(exp[-ZFiio/RT] 1) (4) H* sorption (or desorption) and because of the hydrolysis reaction (Eq.

6). If Kaize = Kagos > Kus (Which is the case), then the addition of
whereo is expressed in units C T} 2¢,¢,RT = 0.00345 at 25°C for  yesicles to an Al solution will cause a preferential sorption of less
concentrations expressedhin(e, is the dielectric constant for watet,  hydroxylated species leading to the reversal of the hydrolysis reaction
is the permittivity of a vacuumR is the gas constant, aflis tem-  (Eq. 6). This decrease in [fiand in hydroxoaluminum species could
perature)ﬁiw is the concentration of thi¢h ion at infinite distance from lead to an overestimate of the Sorption of&hd the hydroxoa|uminum
the membrane (alsd4gq or [17].. in our notation);F is the Faraday  species. Our model takes all of these reactions into account and par-
constant; and ZFi/RT = ~Zix/25.7 at 25°C fonji, expressed in  titions the changes in solute concentrations into sorption reactions and

mv. hydrolysis reactions.
The equations described thus far allow the computation of bound

and free ions at the membrane surface, but do not allow the computa-
tion of the total amounts of ions sorbed to the membranes. That reRagylts
quires the additional computation of ions attracted into the diffuse layer
above the concentration of ions in the bulk phase. For that, it is nec-

essary to computdq] at every distancexj from the membrane surface  SorpTiIOoN OFLa3" To PM VESICLES
([14],) under the influence of the electrical potential generated by the

f h . ThenZL, - [I7].. t be integrated from = 0 t . .
Sur_ace-c arges. Therl I, — [I"].. must be integrated from ©_  The amount of L& sorbed to PM vesicles as a function
x = o in order to obtain the sorbed ions in the diffuse layer. The

methods of computation have been developed and summarized over%f the tOtaI_ [La’,ﬂ] ([La&]T) at five treatment pHS are
period of years (Nir et al., 1978, 1994; Nir, 1984; Rytwo et al., presented in Fig. A. The amount of sorbed B4 in-
1996,b), and the computer program has been documented in the disereased with increasing [E§; and with increasing treat-
sertation of Rytwo (1994). ment pH. The term “treatment pH” refers to the pH of
The great advantage of being able to compute diffuse-layer acthe 450u.L solution to which 50uL of vesicle suspen-
cumulation of ions is that sorption experiments, using small volumesinsiOn or vesicle-free solution (fOI‘ control) is added. The

which ion sorption can be measured as reductions in ion concentrationtsrea,[ment pH ranged from 3.7 to 6.4. while the pH of the

in the equilibrium solution, can be used to compute the value of sorp- . .
tion model parameters. 50-pL added solution was 6.0 + 0.2. FigurB presents
the amount of L&' sorbed as a function of [I4] Eq 1-€,

2 the concentration in the filtrate after the 30-min equili-
Al®" HYDROLYSIS bration. Sorbed L¥ was computed from the difference
between [Lé*]Eq in the with-vesicle suspension and
[La**]gq in the without-vesicle control.

Changes in the pg, as a function of LA, are
Al(H,0)3* + NOH™ = Al(H ,0)s_(OH)3™ + nH,0 (5) presented in Fig. R pHg, decreased with increasing

Hexaaquaaluminum (Al(50)g*) undergoes reactions with OHhat
can be summarized as
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Treatment pH A
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o 46 1
A 64
100
0 1 1 1 1 1 1 1 1
0 4 8 12 16 0 4 8 12 16
Equilibrium [La®*] (uM) Equilibrium [La**] (uM)
Fig. 1. La®" sorbed to plasma membrane vesicles as a function of totalFig. 2. Equilibrium pH of the vesicle suspension as a function of total
[La®*] in the reaction mixture4) and equilibrium [L&*] in the bulk- [La®*1 in the reaction mixture4) and equilibrium [L&"] in the bulk-
phase mediumB). phase mediumB).

[La®*"]; and increased with increasing treatment pH. Thefor PM from grass root cellssge Introduction). The
effect was stronger at the higher pH values, mainly bevalue of 540 & per charge was adopted for the model.
cause of the logarithmic nature of pH. FigugB
presents pk, as a function of [La*]Eq.

The amount of sorbed Bacan be computed directly

. 3+
ZET) ?:minggg?eggrggsgésb;:et%ggggéﬁﬁz:r 'LI'?lese i The binding coefficients for Kand C&" were chosen
L P ; r}rom the literature. For Kwe used a value of 1 M, a

: P + + +
e st hebaea ave e it el coneeyaions Ylue that Kinaide (1904) found to yield a good com
Kea). putational reproduction of the effects of KCI on zeta-

g;r?:ﬁlo?nst}égilggclinv%i t%%':hznf?utrstgsater?li?:)r?ifuvtgrggg potential measurements (Abe & Takeda, 1988; Obi et al.,
y P 198%). For C&" the range in the literature generally

because some of these ions remained sorbed to tr\?aries between 10 and 50 (Yermiyahu et al., 1994)
vesicles during their preparation. Y ” :

We used 30m~* as an average, in part, because two
investigations report that value for phosphatidylserine
(Ohki & Kurland, 1981; Nir, 1984).

Ky and K,

INTRINSIC &

COMPUTATION OF SOME ADDITIONAL PARAMETERS
Intrinsic o, estimated by the 9-aminoacridine fluores-
cence method from four internally replicated experi- To evaluate additional parameters, other than, ka
ments using a combination of KCI and methyl sorption experiment was performed where increasing
viologen- Cl,, was 540 + 100 A per charge [(mean + amounts of C& were added at different treatment pH
SE, n = 4). Experiments with tetramethyl- values. The pl,was measured, and [, was calcu-
ammonium - Cl and hexamethonium »@ielded some- lated after computing the activity coefficients for"H
what higher charge densities (lower values for fer  The results appear in Fig. 3. The absence of a zero
charge). The values fall at the lower end of the range ofCa®*] occurs because a small amount ofCeemained
reported values (when expressed &pér charge)] forr  sorbed to the vesicles during their preparation. This
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Fig. 3. Equilibrium pH of the vesicle suspension as a function of total
[Ca"] in the reaction mixture. The drawn curves were generated by the
sorption model.

Ca* was measured directly in a concentrated suspensio 0 10 20 30 40
of vesicles, allowing a value of 18m (computed as a Total [La®] (um)
fraction of P;) to be assigned for the present experiment.

While a rough estimate ¢¥; could be obtained from  Fig. 4. Equilibrium [L&*] and equilibrium pH of the vesicle suspen-
the protein analysis and previous work (Yermiyahu et al. sion as a function of total [L#] (0 to 35.9um) and a treatment pH of
1994), a more precise value was estimated by systemat#6 (A) and 5.4 B). The drawn curves were generated by the sorption
cally substituting trial values foP;, K, and uninten- ~model.
tionally added H into the model until the closest corre-
spondence between measured and computed values
[H']gq was obtainedR? and RMSEwere computed at
each trial. The resulting values were 1™ for P;
(=1.2 mmol [g protein]*; compare to 1.09 mmol [g
protein]* in Yermiyahu et al. [1994]), 4% for unin-

H 1
tentionally added F and 21,500 M" for K,.. The K, , were substituted into the model, aRd and RMSE

drawn lines in Fig. 3 were produced by the sorption . .
. . were computed for each trial value using all the datum
model using these values. The correlation between mea-

sured and calculated values for T, (uM) was very points presented in Figs. 4 and 5. The best fit was ob-
high (R2 = 0.9995 ancRMSE = 1 25‘1) tained with a value oK, = 2200m™%. The drawn lines

in Figs. 4 and 5 were produced by the sorption model
using this value folK .. As seen from the figure, the
K. correlations between measured and calculated values
were very high R? = 0.9989 andRMSE = 2.85 for
[La®]gq [aM]; R® = 0.9715 andRMSE = 0.096 for

Ed/*

f%r unintentionally added H 70 um was not too distant
from the expected value of 6(Qm from the previous
experiment. Recall that 2pg protein per 50QuL was
used here instead of 50g as before.

Only K, remains to be evaluated. Trial values for

To estimate K,, two experiments were performed, each
at two treatment pHs (4.6 and 5.4). For the first experi-
ment, [L&*]; ranged from O to 4@um, and for the second
experiment [L&"]; ranged from O to 30QuM. (SeeFigs.  CONFIRMATION OF PARAMETERS

4 and 5) For the analysis of these data we incorporated

most of the parameter values previously obtainedAfter computingK, , from the experiments presented in
namely, intrinsiar, K, Ky, andKy, and unintentionally ~ Figs. 4 and 5, the model was used to computée’

added C&". P; and unintentionally added +had been and pH, for the experiment presented in Figs. 1 and 2.
determined previously also, but because the model iFhese values, as well as the computed valuesgifpare
sensitive to these values and because they can changeesented in Table 1. Only the parameteéfsand unin-
somewhat with the preparation, they were computedentionally added Hwere computed specifically for this
again. Using the same batch of vesicles used for thexperiment. Their values were 70 and g0, respec-
experiments represented in Figs. 4 and 5, a side expertively. Comparisons between measured and calculated
ment was done using five treatment pH values and nvalues yieldedR®> = 0.9793 andRMSE = 0.94 for
added L&". The results were 7Qm for Pr and 40pm  [La®*']g, [pm] and R = 0.9849 andRMSE = 0.089 for
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Fig. 5. Equilibrium [La®*] and equilibrium pH of the vesicle suspen-
sion as a function of total [L] (0 to 285um) and a treatment pH of
4.6 (A) and 5.4 B). The drawn curves were generated by the sorption
model.

pHg,). For the sorbed L¥, the correlations were even
higher. Note that the model computed successfull
[La?’*]Eq and ph, at treatment pH values both higher

and lower than the treatment pH values used in the ex

periment where, , was estimated.
Additional confirmation was obtained with a new

experiment in which vesicles were suspended in a solu

tion of 0.25m sucrose and 2 mn HEPES titrated to pH
7.1 with KOH. Total [K] = 1 mm and total [C4"] =
7.5pM. 20 M 9-aminoacridine was added and fluores-
cence measurements were taken after progressive ad
tions of LaCl; as described for the estimation of intrinsic
o. Figure 6 indicates that [I*4]; at a value somewhat
higher than 10Qum caused the PM surfaces to be dis-

yalso

245

The vesicles (or vesicle-free solution) were added in a
50-uL volume at pH 6.0 £ 0.2. FigureB presents the
amount of Al sorbed as a function of [Al]. Sorbed Al
was computed from the difference between [Alin the
with-vesicle and without-vesicle reaction mixtures.
Changes in pH, as a function of [Al} and treatment
pH are presented in Fig.A8 pHg, decreased with in-
creasing [All and increased with increasing treatment
pH. The Al-induced reduction of pH below the treat-
ment pH reflects the displacement of somé iHitially
on the PM vesicles. Because of their logarthmic nature,
pH changes were greater at the higher pH values. Fig.
8B presents pH, as a function of [AlL,

EVALUATION OF K43,

To evaluate K5, for the sorption model, other param-
eters are needed. These include the following param-
eters already evaluated or assigned: intring(540 A2

per charge)Ky (1 m™), Ky (21,500M™Y), Ko, (30M7Y),

Kae (1 MY andK,p,, (30 M™). Also needed are the
initial composition of the system including tig and the
total concentrations of cations including Taand H°
that may be unintentionally introduced with the vesicle
suspension. Each of these values was estimated earlier
but the values foP; and unintentionally added Hvere
estimated for each Al experiment.

Once all the parameters other thKp;;, were set,
values forK, 5, were substituted systematically into the
model, andR* and RMSEwere computed for each trial
value using all datum points presented in both Figs. 7 and
8. The best fit for measureds. model-computed values
was obtained wherK,;, = 20,000m™% The drawn
lines in Fig. 9 were produced by the sorption model using
this value forK,5,. As seen from the figure, the corre-

(Jﬁ_tion between measured and calculated values for[Al]

were very high 2 = 0.9964, andRMSE = 0.249) as
was the correlation between measured and calculated
values for ph, (R> = 0.9966, ancRMSE = 0.029).

charged to the same extent that they were discharged by

20 mm MgCl,, presumably to a value close to 0 mV.
The asymptotic nature of the curves nédF ., = 1

SORPTION IN A TERNARY SYSTEM WITH VARYING Al,
Cca* anp H*

means that an exact value cannot be read from the graph,

but application of the model to the conditions of the
present experiment predicts thigf = 0 when [L&"]; =
248 pM.

SorPTION OFAIl TO PM VESICLES

Vesicles were exposed to 24 different solutions com-
posed of variable treatment concentrations of Al>Ca
and H". Because of hydrolysis, the number of treatment
AlI®* concentrations was higher than the four levels of
added AIC}. Various concentrations of AIOH and
Al(OH); were present as well. After the usual compu-

The amount of Al sorbed to PM vesicles as a function oftation of P+ and the amount of unintentionally added,H

the total [Al]; at four levels of treatment pH are pre- the Al-sorption model was applied to the treatments
sented in Fig. A. The amount of sorbed Al increased without adjustment of parameters. Table 2 presents mea-
with increasing [Al}: and with increasing treatment pH. sured and computed valueB® = 0.8949 andRMSE =
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Table 1. Measured and computed values from a sorption experiment with wheat-root plasma
membrane vesicles

Treatment Meas. Calc. Meas. Calc. Meas. Calc. Calc.
— [La®" Eq [La®] Eq pHeq pHeq [H']eq [H"]eq Yo
[La*]; pH
0 3.7 0 0 3.94 3.90 112.2 129.9 -36.2
2.125 3.7 0.42 1.29 3.93 3.91 114.9 126.8 -32.2
4.25 3.7 1.41 2.83 3.91 3.90 118.6 128.0 -29.1
8.5 3.7 4,78 6.26 3.91 3.91 120.2 127.9 -25.1
17.0 3.7 11.48 13.84 3.89 3.89 124.9 132.0 -20.2
0 4.0 0 0 4.40 4.34 38.5 47.0 -51.2
2.125 4.0 0.08 0.45 4.35 4.32 43.8 49.4 -43.5
4.25 4.0 0.41 1.38 4.30 4.29 49.1 52.9 -37.6
8.5 4.0 2.75 4.10 4.25 4.26 55.1 56.2 -30.6
17.0 4.0 9.30 11.03 4.22 4.24 58.9 59.8 -23.5
0 4.3 0 0 4.90 491 12.4 12.6 -69.9
2.125 4.3 0.03 0.05 4.81 4.83 15.2 15.2 -60.9
4.25 4.3 0.05 0.24 4.74 4.76 17.8 18.0 -52.3
8.5 4.3 1.26 1.69 4.59 4.64 25.0 23.2 -38.8
17.0 4.3 7.42 7.82 451 4.56 30.3 28.5 -27.1
0 4.6 0 0 5.32 5.50 4.7 3.3 -86.7
2.125 4.6 0.09 0.00 5.22 5.37 5.9 4.4 -78.5
4.25 4.6 0.10 0.02 5.15 5.26 6.9 5.7 -69.8
8.5 4.6 0.48 0.43 4.90 5.00 12.3 10.2 -50.1
17.0 4.6 5.29 5.49 4.74 4.80 17.7 16.4 -30.3
0 6.4 0 0 6.01 6.16 1.0 0.7 -105.3
2.125 6.4 0.04 0.00 5.96 6.00 1.1 1.0 -96.2
4.25 6.4 0.06 0.00 5.92 5.86 1.2 1.4 -88.0
8.5 6.4 0.07 0.04 5.73 5.55 1.8 2.9 -69.4
17.0 6.4 1.30 3.11 5.26 5.09 5.4 8.3 -35.2

Equilibrium values were measured after the sorption reaction. The measured pH change reflects
both sorption and dilution upon the addition of the jpD-vesicle mixture at pH 6.0 + 0.2.
Calculated values were obtained from the sorption model. Concentrations are expregsed in

andysy in mV.
0.570 for [Allg,, andR? = 0.9393 ancRMSE = 0.067 ' ' i
for pHg, |
Eq 1.0 oo i
o
" Expt i al |
PARTITIONING OF |ONS INTO BOUND AND s O Expt 2 "g |
DIFFUSELAYER FRACTIONS E 08r - :
L o
I
All cations, I4, will be attracted to a negatively charged o - g " I
surface according to the chargg, The higher theZ, the 06| Y om I
higher the attraction to the surface. The number of ions I
that bind to the surface, relative to the number that residt 3 2 1

in the diffuse layer, will depend upon the binding con-
stant,K,. If K, is low, most of the sorbed ions will be in log [La™] (mM)
the diffuse layer; ifK, is high, most of the sorbed ions
will be bound. Table 3 presents some model-compute
data to show the partitioning of some sorbed ions. Unde
the experimental conditions, more of the ¢harges are
balanced by Fithan by any other ion. The table shows majority of sorbed Al will be in the trivalent state. It can
also that nearly all of the sorbed*Ks in the diffuse  be shown that the model is not very sensitivektq,.,
layer, that nearly all of the sorbed #land H' is bound, andK,,,, unless the values far exceed those that were
and that in a mixture of Al species, the overwhelmingassigned or unless the concentrations far exceed thos

(IJ'-ig. 6. The relative fluorescenceF(F,,,) of 9-aminoacridine in a
suspension of plasma membrane vesicles as a function of tot][La
Ii’he arrow corresponds to 2484 La®".
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Fig. 7. Al sorbed to plasma membrane vesicles as a function of treat+ig. 8. Equilibrium pH of the vesicle suspension as a function of
ment pH and total [Al] in the reaction mixturé) and equilibrium [Al] treatment pH and total [Al] in the reaction mixtur&)(@nd equilibrium
in the bulk-phase mediunBj. [Al] in the bulk-phase mediumB).

allowed by equilibrium with polynuclear or solid-phase two ligands, one singly charged and one neutral, each
Al species geeBertsch & Parker, 1996). Note that the with 1:1 binding stoichiometryK, for binding to the
sum of sorbed cationic charges in Table 3 is slightly lesseutral site was arbitrarily set to one tenth the fisr
than 100% of membrane-surface charges. This apparebinding to the negative site except thgf, (neutral site)

deficiency of sorbed cations is balanced dgsorbed = K,,/100 (negative site). Nir and some of his associ-
anions fiot shown so that the sum of charges in the ates (Nir et al., 1994) have considered two binding re-
whole system is zero. actions for divalent cations. One reaction is similar to

that in Eq. 1, and the other combines two negative reac-
tion sites with the divalent cation to form a neutral com-
plex. These two reactions, and others, can be denoted by

_ the general reaction
The plant root plasma membrane is composed of several

classes of molecules, some of which are represented b§p?), + 1“= (P,1)*™" (10)

several molecular species. These molecules may carry

negative, or, less commonly, positive charges at one owhere P7), is a cluster of n number of negative binding

more sites on the molecule. Each of these sites, and eveiites. If this cluster reacts as a unit, the binding constant

uncharged sites, may be capable of binding various iongor 1 will be

in various ligand-ion combinations. Thus it is a simpli-

fication to model the membrane as containing a singleK, = [(P.)*"/([1“]o[P 1/n) (11)

negatively charged ligand, Pthat binds all ions with a

1:1 stoichiometry. The success of the model in describwhere P is the surface concentration (in mol f) of

ing La®*, AI®* and H" sorption indicates the predomi- unoccupied binding sites andP{()“™] is the surface

nance of the type of reaction represented in Eq. 1 oconcentration of the specific bound-ion complex.

indicates that a multiplicity of reaction types, in aggre- Our choice of binding mechanism is based upon the

gate, can be represented by the equation. fact that Eq. 1 (equal to Eq. 10 when = 1) is the
Other binding models have appeared in publishedsimplest mechanism that provides an excellent simula-

Gouy-Chapman-Stern models. Kinraide (1994) assumetion of our sorption data. This simplicity means that

Discussion
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16 T T T Table 2. Measured and computed values from a sorption experiment
A Al 9 with three input variables
12l 143
Treatment Meas. Calc. Meas. Calc. Calc.
[AI] Eq [AI] Eq pHEq pHEq llJO
[Al; [C&1y pH
0 16.5 40 O 0 4.59 4.50 -55.4
5 16.5 4.0 0.06 0.14 4.42 4.40 -40.5
10 16.5 4.0 1.39 0.92 4.28 4.31 -27.3
15 16.5 4.0 3.87 2.98 4.22 4.26 -18.3
0 2665 40 O 0 4.48 440 -39.1
3 5 266.5 4.0 0.30 0.33 4.36 434 -30.6
= 10 266.5 4.0 1.46 1.40 4.26 4.28 -22.4
5 _rgn 15 266.5 4.0 4.69 3.62 4.20 4.24 -15.7
£ & 0 2516 40 O 0 439 426 -195
5 S 5 2516 4.0 0.37 1.20 4.30 4.24 -15.7
% - 10 2516 4.0 1.89 3.13 4.24 4.22 -12.1
0 B 15 2516 4.0 6.43 5.72 4.19 4.20 -9.2
0 16.5 43 0 0 5.12 5.22 -76.9
4r 144 5 165 43 013 002 491 498 -61.9
H 10 16.5 4.3 0.83 0.14 4.71 4.77 -45.2
P 15 16.5 4.3 1.58 0.98 4.54 4.59 -29.0
o | A A 0 2665 43 0 0 48 482 -46.9
) 150 5 2665 43 0 011 474 473 -40.0
6 10 2665 43 083 047 459 465 -32.1
4 15 266.5 43 197 1.62 4.50 4.55 -23.3
Q 14.6 0 2516 43 0 0 4.70 4.56 -22.4
ol 5 2516 4.3 0.30 0.76 4.62 454 -19.0
pH 10 2516 43 1.61 2.08 4.52 4.50 -15.4
0 PY , . 4.2 15 2516 43 3.20 4.03 4.44 4.47 -12.2
0 5 10 15 20

Equilibrium values were measured after the sorption reaction. The
measured pH change reflects both sorption and dilution upon the ad-
dition of the 50uL vesicle mixture at pH 6.0 + 0.2. Calculated values

Fig. 9. Equilibrium [Al] and equilibrium pH of the vesicle suspension \yere obtained from the sorption model. Concentrations are expressed
as a function of total [Al] and treatment pH values of 34j,(4.0 B), in M andis, in mV.

4.3 (C) and 4.6 D). The drawn curves were generated by the sorption
model. Note the changing scales for equilibrium [Al] and pH.

Total [Al] (uM)

justment of numerous parameters in a search for best fit.

fewer parameters need to be evaluated for the model thanitial constraints must be imposed. This was done by
in the case of a two-ligand model (Kinraide, 1994) or ameasurement in the case of intrinsi@and by assignment
variable stoichiometry model (Nir et al., 1994). Other in the case oKy andK., Then, in a system composed
considerations include the fact that Eqg. 1 allows chargenly of vesicles, CaG| HCI and KCI, other parameters,
reversal by divalent and trivalent cations, but not byincluding P; andK,, were established by best fit. The
monovalent cations. While there is some evidence thatesulting values for the suite of parametefg (Ke, Ky
charge reversal may not occur upon the binding of ordi-and P;) were consistent with values obtained from pre-
nary metallic monovalent and divalent cations (Gibrat etvious studies employing different methodeéthe value
al., 1985; Obi, 1988), there is abundant evidence that for P; obtained by Yermiyahu et al. [1994] usifitCa™,
La®*, AI*"and H" can cause the PM to become positively andseecited literature folK,, andK.,). Each preceding
charged (Abe & Takeda, 1988; Akeson et al., 1989; Obiset of parameters was then used to establish otkgrs (
etal., 1984,b; Wilkinson et al., 1993). Consequently, if etc.). That the relative values for the parameters is good
a single binding mechanism is to be adopted, Eqg. 1is indicated by the excellent fit between model and mea-
seemed to be the best choice at pH values above thoseirement, but the quality of the absolute values must be
that induce charge reversal experimentally, and & Ca judged by additional criteria.
concentrations below those that induce charge reversal A limited amount of published data allows some
according to our model (33.3 m). independent evaluation of the Yasorption model. In

The determination of absolute, rather than relative,an electrophoresis study of barley leaf protoplasts, Obi et
values for model parameters cannot be done by the adhl. (198%) demonstrated that additions of a0 NaCl
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Table 3. Percentage of the negative sites on the membrane surface that are neutralized by
sorbed cations

Treatment Sorbed Sorbed Sorbed Bound Sorbed Bound
Al®* H* ca* ca* K* K*

[All; [C&ly pH

0 16.5 4.0 0 85.8 3.6 1.0 7.7 0.0
5 16.5 40 133 77.8 1.7 0.4 4.8 0.0
10 16.5 40 248 69.8 0.8 0.2 2.8 0.0
15 16.5 40 328 63.7 0.4 0.1 1.7 0.0
0 266.5 4.0 0 78.3 16.3 6.2 2.8 0.0
5 266.5 40 127 72.8 10.1 3.7 2.1 0.0
10 266.5 40 235 67.1 6.1 2.2 14 0.0
15 266.5 40 31.0 62.7 3.8 1.4 0.9 0.0
0 2516 4.0 0 67.3 28.7 16.7 0.5 0.0
5 2516 40 104 64.1 22.2 13.2 0.4 0.0
10 2516 40 187 61.6 17.0 104 0.3 0.0
15 2516 40 253 59.3 13.3 8.6 0.2 0.0
0 16.5 4.3 0 70.2 12.7 6.9 14.0 0.2
5 16.5 43 136 67.7 6.3 2.9 9.5 0.1
10 16.5 43 269 62.3 2.5 1.0 5.8 0.1
15 16.5 43 382 55.8 0.9 0.3 3.1 0.0
0 266.5 4.3 0 62.0 31.6 17.1 3.6 0.1
5 266.5 43 133 59.9 21.1 10.6 2.9 0.1
10 266.5 43 26.0 56.3 13.2 6.1 2.2 0.0
15 266.5 43 36.5 52.6 7.5 3.3 15 0.0
0 2516 4.3 0 51.9 43.7 28.9 0.6 0.0
5 2516 43 116 49.9 34.6 22.9 0.5 0.0
10 2516 43 216 48.7 26.4 17.6 0.4 0.0
15 2516 43 29.9 46.7 20.6 14.1 0.3 0.0

Over 99% of the sorbed At and H is bound to the membrane surfaae{ showiy;
between 30 and 70% of the sorbed?Cis bound to the membrane; and over 90% of the
sorbed K resides in the diffuse layer. Treatment concentrations are expressged; in
sorbed and bound values are expressed as %.

solutions of 14 to 15 m at pH 7.2 caused the PM surface of any binding parameters. We know of no precedent for
to progress from negative to positive as flJeexceeded such a ternary system using membranes, either synthetic
170 um. Abe and Takeda (1988), in another electropho-or biological, and only a few ternary systems have been
resis study of barley leaf protoplasts, observed a similastudied using clays (Sposito et al., 1983; Nir et al., 1986;
cross over at 30Q.m in a medium of 10Qum CaCl, and  Barak, 1989; Rytwo, Banin & Nir, 1996).
NaCl at 4 to 5 nm at pH 6.7. When we applied our The literature provides little opportunity for inde-
model to their solute conditions we obtained a cross ovependent confirmation of our model with respect to Al.
(o = 0) at [La®] = 227 um in each case. Thus there If we apply the model to the solute conditions ([Na&l]
are three independent studies against which to test owi.1m, pH = 4.5) reported by Wilkinson et al. (1993), a
model. One of the studies was done by us (Fig. 6), bupredicted cross over from negative to positive surface
involved assumptions and techniques entirely differenpotentials ¢ = 0) will occur when [AICL] exceeds
from those used in the sorption studies upon which the7.6 um. According to their electrophoretic measure-
model was constructed. We believe that the results ofments with fish gill cells, cross over occurred at 1.
the three studies are reasonbly well simulated by ouA previous Gouy-Chapman-Stern model (Kinraide,
sorption model. 1994) predicted cross over at 5 AICI; ([NaCl] =

The binding parameters of Al were established un-0.1 M, pH = 4.5), but that model had no more to draw
der conditions of variable [AIG] and pH, and the com- upon with regard to an Af binding constant than a
puted values for equilibrium [Al] and pH corresponded binding affinity ratio of 560 for AF":Ca* for zwitter-
well to the measured values under those conditions. Aonic phosphatidylcholine liposomes (Akeson et al.,
subsequent experiment with variable pH, [AllandfJa  1989).
was also successfully simulated without the adjustment  The successful simulation of measured Al sorption
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increases the confidence with which a Gouy-Chapmaneluding the first published binding coefficients for 1'a
Stern model may be used in the analysis of Al rhizotox-and AR") are derived from the measured sorption of ions
icity. Growth experiments indicate high negative corre-to plasma membranes.

lations between root elongation and the computed activ-

ity of free toxicant ions at the PM surface (Kinraide, we thank Dr. David Bligh and Ms. Barbara White for developing the

1994). The empirical equation procedures for the assay of La and Al.
RL = ¢ + dlexp[@{Al >} )" (12)
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