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ABSTRACT

DISRUPTION OF THE REGULATORY CONFORMATION OF
CALMODULIN BY ALUMINUM BINDING:
A MOLECULAR BASIS FOR ALUMINUM TOXICITY

By
Neal Siegel

The interaction of aluminum ions with bovine brain
calmodulin has been examined by fluorescence spectroscopy,
circular dichroic spectrophotometry, equilibrium dialysis
and by the activation of 3',5'-cyclic nucleotide phos-
phodiesterase. These experiments show that aluminum binds
stoichiometrically and cooperatively to calmodulin. Alum-
inum binding at a molar ratio of 2:1 to calmodulin suffices
to induce major structural changes. Estimates from spectro-
scopic data indicate that the binding affinity for the first
mol of aluminum bound to the protein is one order of magni-
tude stronger than that of calcium to its comparable site.
These estimates agree with a dissociation constant of 0.4 uM
derived from equilibrium dialysis experiments. Interaction
of aluminum with calmodulin induces a helix-coil transition
and enhances the hydrophobic surface area more than does
calcium. A molar ratio of 4:1 for [aluminum]/-[calmodulin]

completely blocks the activity of the calcium-calmodulin-



Neal A. Siegel
dependent phosphodiesterase. Highly hydrated aluminum ions
apparently promote solvent-rich, disordered polypeptide re-
gions in calmodulin which, in turn, profoundly influence the
protein's flexibility. EPR spectra of spin-labelled calmo-
dulin provide data indicating that aluminum binding causes
decreased probe immobilization as compared to the effects of
calcium binding. This result of aluminum binding indicates
that aluminum-calmodulin is a more random, open polypeptide
relative to the structure of calcium-calmodulin. Calorimet-
ric measurements of aluminum binding provide data showing
that the first mol of aluminum bound is accompanied by the
largest enthalpic change of the three mol bound; the second
and third mol of aluminum bound are each entropically driven.

Micromolar concentrations of aluminum ions interfere
with calmodulin-stimulated, membrane-bound ATPase activity
which plays a role in the maintenance of the transmembrane
potential of plasma membrane enriched vesicles isolated from
barley roots. At a molar ratio of 3:1 [aluminum]/[calmodu-
lin], the calmodulin-stiumlated enzymatic activity, probably
associated with a Cat+ Mg2*-ATPase is 95% inhibited.
Aluminum-induced changes in calmodulin structure are
reflected in reduced formation of the membrane potential
when assayed with a fluorescent potential probe, oxonol VI.
These data strongly suggest that the aluminum-calmodulin
complex represents a primary lesion in toxic responses of

plants to this metal.
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Aluminum is the most versatile metal in use by in-
dustrial mankind today. It is the most abundant metal in
our world, comprising eight percent of the Earth's crust.
Aluminum is also one of the most toxic of the elements;
toxic levels range between one and four parts per million
for aluminum in solution at low pH. Forty percent of the
world's arable soils are unsuitable for plant growth due to
acid levels that maintain toxic amounts of aluminum in
solution. The potent toxicity of aluminum is clear whether
the measure is taken from crop failure or from lakes which
can no longer support plant or animal life due to
acidification as a result of acid precipitation caused by
the burning of fossil fuels by the industrialized world. As
indicated, the toxic effects of aluminum are widespread with
the symptoms of poisoning and death appearing below five
parts per million of the metal in eukaryotic organisms.

In order to understand why aluminum is toxic it is
necessary to know something about its physical chemistry.
The most unique property of aluminum is that it is bound
with water more strongly than any other element of a similar
ionic radius. The hydration enthalpy of these bonds is 1144
Kcal/mole (Matheja and Degens, 1971). Six water molecules
arranged in a regular octahedron comprise the inner hydra-
tion shell; because of its tight association with water,
aluminum cannot be considered as a free ion in aqueous
solution. In fact, two physical constraints dictate the

basic form that the hydrated aluminum ions will have in
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solution: pH and concentration (Baes and Mesmer, 1976). At
low concentration and pH (less than 4 ppm and pH 3), only
monomeric, hydrated aluminum ions of +3 charge exist. 1If
this concentration remains below 60-100 M (approx. 2-3 ppm)
but the pH increases above 3, protons from the inner hydra-
tion shell of water molecules will dissociate, and the net
charge of the hydrated complex will decrease to neutrality
and even become negative. In addition to charge alteration,
polymorphic aluminum hydroxides will form and become insol-
uble. Likewise, if the pH remains low, increased aluminum
concentration will promote the formation of polymorphic,
insoluble aluminum species. At physiological pH ranging
between 6 and 7.5, therefore, only aluminum concentrations
between 0 and 4 ppm (0-100 M) will support monomeric,
hydrated aluminum species with net charges ranging between
+3 to 0. Thus, the biological toxicity of aluminum is
clearly a result of constraints imposed by its solution
chemistry.

Although the effects of aluminum toxicity in plants are
manifold, ranging from impairment of root elongation (Foy et
al, 1978) to chloroplast membrane degeneration (Hampp and
Schnabl, 1975) and plasma membrane degeneration in roots
(Hecht-Buccholz and Foy, 1981), the most obvious effect on
crop plants is impaired calcium uptake, distribution and use
(Foy et al, 1978). In recent years calcium involvement as a
second messenger by the eukaryotic cells has been shown to

be controlled by a ubiquitous, calcium-dependent regulating
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protein, calmodulin. Processes ranging from plasma-membrane
ATPases (Dieter and Marme, 1981, Caldwell and Haug, 1981)
and NAD kinase (Muto and Miyachi, 1977) in plants to calcium
dependent phosphodiesterase, ATPases and adenylate cyclase
in animals (recent reviews: Cormier et al, 1980, Klee,
1980, Klee et al, 1980, Lin, 1982, Wang and Waisman, 1979)
are controlled by calmodulin. Aluminum, known to be a
potent calcium antagonist, might exert this antagonism
through specific interaction with calmodulin.

Because aluminum is antagonistic toward calcium, a
detailed investigation into the physical effects of aluminum
on calmodulin and attenuation of the regulation of enzymatic
processes under its control was initiated. This allowed a
comparison to be made between physical alterations in the
structure of calmodulin due to aluminum binding and the
assesment of these changes on the regulatory functioning of
the protein. In this way, calmodulin could be shown to be a
key lesion occuring in the broadly defined syndrome of
aluminum toxicity.

Calmodulin isolated from bovine brain was chosen for
study because it represents the best characterized calmo-
dulin molecule from all known sources. Its amino acid
sequence, order of calcium fill and structural character-
istics are well documented. Because of this documentation,
even subtle structural changes would be evident as compared
with changes occuring in calmodulin from a less studied

source.
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In order to assess the biological impact of aluminum-
induced structural changes in calmodulin, two systems known
to be regulated by the protein were assayed for aluminum
inhibition; calcium-dependent phosphodiesterase and the
cal*+ Mg2+-ATPase from barley (Hordeum vulgare var.
Conquest) root plasma membranes. The physical techniques
used to assess relative structural changes of the protein
through interaction with aluminum were independent of the
biological activity; these techniques included circular
dichroism spectrophotometry, ANS fluorescence spectroscopy,
intrinsic tyrosine fluorescence spectro%copy and EPR

spectroscopy of spin-labelled calmodulin.
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ALUMINUM CHANGES THE CONFORMATION OF CALMODULIN

NEAL SIEGEL. CHARLES SUHAYDA®, and ALFRED HAUG
MSU-DOE Plant Research Laboratory, and* Department of Botany and Plant Pathology, Michigan

State University, East Lansing, M1 48824

® Fluorescence titration experiments indicate that Al* binds stoichiometrically to
electrodialyzed bovine brain calmodulin. There are three binding sites for aluminum on the
protein. Application of Al* to calmodulin appears 10 expose larger hydrophobic surface
domains as compared with those found for calmodulin in the presence of calcium or gallium.

Calmodulin is a ubiquitous and multifunc-
tional calcium-regulating protein which has
been shown to participate in a variety of
calcium-dependent processes including
stimulation of ATPases and phosophodi-
esterases’. Calmodulin has a molecular
weight of about 17,000 and has been
conserved during evolution’. Dependent
upon the ionic strength, the dissociation
constants of the four calcium binding sites lic
in the micromolar range’. In the case of
bovine brain calmodulin, the high affinity
sites I and II are devoid of tyrosyl residues,
while the low affinity sites 111 and 1V are
associated with one tyrosine each, viz., tyr 99
at site I11, and tyr 138 at site IV**. These are
the sole tyrosine residues in the entire
calmodulin molecule, tryptophan residues
are lacking. Therefore measurements of
tyrosine fluorescence, or of energy transfer
from tyrosine to luminescent lanthanides,
can be performed to investigate metal-
induced conformational changes of calmo-
dulin*®. These changes generate domains
with considerable hydrophobicity as evi-
denced by experiments employing hydro-
phobic fluorescence probes like 8-anilino-1-
naphthalene sulphonate, ANS®,

Aluminum accumulation in animals and
man has been implicated in discases like
Alzheimer's discase and dialysis dementia’.
In plants, micromolar concentrations of
aluminum in the soil decreased the rate of
root clongation and induced symptoms typi-
cal of calcium deficiencies®. Considering the

importance of calmodulin in calcium regula-
tion, the potent interaction of aluminum with
calmodulin shown to occur in this study may
represent a crucial biochemical lesion of
aluminum toxicity.

Calmodulin was prepared from bovine
brain acetone powder and purified by pheno-
thiazine affinity chromatography’. The
cluted calmodulin was dialyzed against
distilled water, electrodialyzed and then
lyophilized. The protein activated 3":5"-cyclic
nucleotide phosphodiesterase and migrated
as a single band during sodium dodecyl
sulphate gel electrophoresis. Fluorescence
intensity measurements were carried out on a
Perkin-Elmer spectrofluorimeter, model
MPF-4A, equipped with a differential
corrected spectra unit. The ANS fluorescence
intensity of calmodulin, in the absence of
metal, was considered as the initial fluores-
cence intensity value. Data for ANS fluores-
cence, in the presence of the metal, are
expressed as relative increase in the initial
fluorescence intensity value. Each value
represents the mean of at least three separate
calmodulin preparations within 5% standard
error.

Application of aluminum to calmodulin
scems to expose larger hydrophobic sur-
face domains as compared with those found
in the presence of calcium or gallium. At
a metal concentration of about 25 uM,
calcium enhanced the ANS fluorescence
intensity by about 2%, whereas gallium and
aluminum increased the intensity by about
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FIGURE 1. ANS fluorescence of bovine brain cal-
modulin as a function of [metal]/[protein] (mol:mol)
ratio. A 7 uM concentration of calmodulin was prepared
in 10 mM morpholino propane sulphonic acid (MOPS)
buffer, pH 6.5. The concentration of 8-anilino-1-
naphthalene sulphonate, ANS, was 2 uM. Excitation
wavelength was 360 nm, ANS fluorescence intensity was
recorded at 490 nm. The ordinate lists the metal-induced
relative fluorescence intensity. The protein was titrated
with the metal ions, viz., AP (@). Ga> (A ). and Ca*
(O).

N. SIEGEL, €. SUHAYDA and A. HAUG

20 and 400%, respectively (Fig. 1). The
ANS fluorescence titration curve reached a
maximum at a ratio of 3 mol of AI>’ per mole
of calmodulin. Our findings therefore indi-
cate that aluminum binds to calmodulin in a
stoichiometric manner. Hill plots suggest
that the affinity of aluminum to calmodulin
is at least one order of magnitude larger than
that of calcium to calmodulin. It seems worth
noting that aluminum and the closely related
gallium have similar binding constants. As
calculated by the procedure of Chen et al.'’,
results from our circular dichroism studies
indicate that A" application to calmodulin
decreases the a-helical content of the protein
in contrast to the observed increase of a-helix
content upon binding of calcium in the
protein'(Table 1). Upon binding calcium,
specific changes in the internal protein struc-
ture allow calmodulin to participate in the
second messenger system’. Loss of this
structure occurs in the presence of aluminum
as shown by our studies. We propose that the
loss of this structure probably impairs the
functioning of calmodulin as a calcium
regulator.

TABLE I. a-Helical Content of Bovine Brain Calmodulin in the Presence of Al* and Ca®

[Metal)’ [Calmodulin) Metal % a-Helix%
(mol; mol)
0 — kYl
2 Ca* 40
4 Ca® 49
2 AP 28
S AP 22

8calculated according to the method of Chen et al.'®. These values represent the mean of at least three

calmodulin preparations within 56 S.E.

This work was supported by US Department of Energy
contract No. DE-ACO01-76ER01338.
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ALUMINUM INTERACTION WITH CALMODULIN

EVIDENCE FOR ALTERED STRUCTURE AND FUNCTION FROM OPTICAL AND ENZYMATIC
STUDIES

N. SIEGEL and A. HAUG *
MSU-DOE Plant Research Laboratory. Michigan State Universuy, East Lansing. M1 48 824 (U.S.A.)

(Received October 12th, 1982)

Keyv words: Calmodulin; Confor | ch

ge: Al *: Metal binding: (Bocine brain)

The interaction of aluminum ions with bovine brain calmodulin has been examined by fluorescence
spectroscopy, circular dichroic spectrophotometry and equilibrium dialysis, and by the calmodulin-dependent
activation of 3',5'-cyclic nucleotide phosphodiesterase. These experiments show that aluminum binds
stoichiometrically and cooperatively to calmodulin. Binding of aluminum at a molar ratio of 2:1 to
calmodulin suffices to induce a major structural change. Estimates from spectroscopic data indicate that the
binding affinity for the first mol of aluminum bound to the protein is about one order of magnitude stronger
than that of calcium to its comparable site. These estimates agree with a dissociation constant of 0.4 uM
derived from equilibrium dialysis experiments. Interaction of aluminum with calmodulin induces a helix-coil
transition and enhances the hydrophobic surface area much more than calcium does. A molar ratio of 4: 1 for
[aluminum] /|calmodulin] is sufficient to block completely the activity of the calcium-calmodulin-dependent
phosphodiesterase. Highly hydrated aluminum ions apparently promote solvent-rich, disordered polypeptide
regions in calmodulin which, in turn, profoundly influence the protein’s flexibility.

Introduction [2-4]. and the list of calmodulin’s roles is being

) constantly expanded (recent reviews, see Refs.
Calmodulin is a ubiquitous, evolutionary highly 5-8). Although the detailed mechanisms of
conserved, multifunctional, calcium-regulating calmodulin action remain largely unknown. this

protein which was originally discovered as an
activator of cyclic nucleotide phosphodiesterase
[1]. Some of the processes in which calmodulin is
known to participate involve stimulation of vari-
ous ATPases, adenylate cyclase, plant NAD kinase

® Present address: Pesticide Research Center. Michigan State
University, East Lansing, M1 48824, US.A.

Abbreviations: EGTA., ethylene glycol bis( 8-aminoethyl ether)-

N.N.N’,N’-tetraacetic acid: ANS. 8-anilino-1-naphthalene sul-

fonic acid: Mops. 4-morpholinepropanesulfonic acid: Mes. 4-

morpholineethanesulfonic acid: PMSF, phenyimethyisulfonyl

fluoride: cGMP. guanosine 3'.5’-cyclic phosphoric acid.

0167-4838 /83 /0000-0000,/303.00 « 1983 Elsevier Science Publishers

molecule is thought to modulate cellular processes
in which calcium is the second messenger [6.9].
Four specific calcium-binding sites exist on
calmodulin and a detailed investigation of the
positive cooperativity exhibited by calcium bind-
ing to calmodulin has recently been published [10].
The ability of other metals to compete with calcium
for binding to calmodulin has been demonstrated
for magnesium, manganese and the sequential bin-
ding of terbium [11-13]. Conformational changes
induced by calcium binding enhanced the hydro-
phobic surface exposure of calmodulin [14].
Calmodulin is found in eukaryotic animal and
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plant tissues. and in high concentrations in brain
tissue, especially in the frontal cortex [4.15]. Anu-
psvchotic drugs and certain neuropeptides have
been found to modifv calmodulin-mediated neuro-
nal functions [16]. Moreover. changes in calcium
levels have been correlated with aluminum accu-
mulation in Alzheimer’s disease. which is a neuro-
fibrillarv degenerative process in the human central
nervous system [17]. In plants. micromolar con-
centrations of aluminum in the soil and subse-
quent uptake diminished the rate of root elonga-
tion and induced symptoms typical of calcium
deficiency [18].

In this report we present results of a studv on
the interaction of aluminum with bovine brain
calmodulin. The aim of the investigation was to
detect aluminum-induced changes in calmodulin
conformation. We found that aluminum binds
stoichiometrically to calmodulin and enhances the
hydrophobic surface domain relative to that ex-
posed in the presence of calcium. These changes
are reflected in the inhibition of the calmodulin-
dependent activity of 3'.5’-cvclic nucleotide phos-
phodiesterase. Aluminum-induced conformational
changes in calmodulin are examined by fluores-
cence spectroscopy and circular dichroic spectro-
photometry.

Materials and Methods

Calmodulin preparation. Calmodulin was pre-
pared from bovine brain acetone powder as de-
scribed previously [19]. However. to increase the
purity of the isolated product. the protein-loaded
affinity column was washed with a buffer contain-
ing 20 mM Mes/NaOH. pH 7. 500 mM NaCl and
1 mM mercaptoethanol. Subsequently. the cal-
modulin was eluted with the same buffer contain-
ing 10 mM EGTA. CaCl, was immediately added
to the calmodulin fraction collected to give a final
concentration of 15 mM. Following dialysis against
10 mM ammonium carbonate and distilled water
[19). the calmodulin fraction was further subjected
to electrodialysis. applying a current between S
and 10 mA for about 4 h. The final solution was
Ilyophilized and the product was stored in a desic-
cator at —40°C. This product was reconstituted in
deionized water and dialyzed first against 100 uM
EDTA. then exhaustively against deionized water,
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and finally against deionmized buffer containing
Chelex-100 resin. This material stimulated 3'.5'-
cyclic nucleotide phosphodiesterase. had an ultra-
violet absorption spectrum typical to that of
calmodulin [19], and migrated as a single band on
SDS-polyacrylamide gels (15%) as visualized by
the silver staining technique [20]. Protein con-
centrations were determined by a modification [21]
of the method of Lowry et al. [42]. or by measur-
ing an absorption spectrum with a Gilford spec-
trophotometer. model 2400; the molar extinction
coefficient is 3300 M~ '-cm ™', at 277 nm [13].
Calmodulin isolated as described above contained
less than 10™* M calcium. magnesium, manganese
and aluminun. This quantitative analysis was per-
formed with a Jarrell-Ash plasma emission spec-
trometer. model 955 Atomcomp, and a Varian
atomic absorption spectrophotometer, model 1475.

Materials. Bovine brain acetone powder, Tris,
Mes. PSMF, EDTA. EGTA. Mops, 5'-nucleoti-
dase and 3'.5’-cyclic nucleotide phosphodiesterase
were purchased from Sigma Chemical Co. (St.
Louis, MO). [8-*H]Guanosine 3'.5’-cyclic phos-
phate was obtained from New England Nuclear
Corp. (Boston. MA). AICl,, CaCl, and NaCl were
obtained from Mallinckrodt Science Products (St.
Louis. MO). Chelex-100. AG 1X-8, and Affigel
phenothiazine were purchased from Bio-Rad
Laboratories (Richmond, CA). The sodium salt of
ANS was obtained from K & K Laboratories
(Plainview, NY). (+)-10-Camphorsulfonic acid
was obtained from Aldrich Chemical Co.
(Milwaukee. WI). All other chemicals were of the
highest quality available.

All glassware and quartz cuvettes were washed
in concentrated nitric acid. Buffer solutions were
prepared in double. glass-distilled deionized water
and passed over columns (2 X 30 cm) of Chelex-
100. Metal stock solutions of calcium and
aluminum chloride were freshly prepared in de-
contaminated buffers. Plasma emission and atomic
absorption spectroscopy indicated buffer solutions
typically to contain less than 107" M calcium.
magnesium. manganese and aluminum.

Phosphodiesteruse assay. Hydrolysis of cyclic
GMP by 3'.5'-cyclic nucleotide phosphodiesterase
was determined by the procedure described by
Wolff et al. [11]. with the following modifications.
300-u1 rcaction volumes containing 25 uM
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carrier-labelled cGMP and 5.5 puM calmodulin in
10 mM Tris-HCL. pH 6.5. were constructed in
polyethylene containers. An aliquot of
activator-deficient  3'.5’-cyclic nucleotide phos-
phodiesterase was added to start the reaction;
reaction times were allowed to vary between 15
and 30 min. at 37°C. The reaction was stopped by
boiling the sample for 2 min. After the solution
was cooled to ambient temperature, 5’-nucleoti-
dase was added and the sample was incubated for
20 min at 37°C. This reaction was stopped by
adding a 1-ml aliquot of AG 1X-8 resin, diluted
1:2 (v/v) in 50% isopropanol. The reaction vials
were centrifuged and the supernatants analyzed in
a Beckman scintillation counter, model LS 7000,
to determine the amount of hydrolysis.

Circular dichroism experiments. Some CD spec-
tra were recorded at ambient temperature on a
Jasco spectropolarimeter, model ORD /UV /CD-5,
modified by Sproul Scientific Instruments (Boulder
Creek, CA). For purposes of digital signal process-
ing, CD spectra were also recorded on a Jasco
automatic recording spectropolarimeter, model
J-40 C, interfaced with a Data General Nova-3
processor and a Tracor-Northern digital signal
analyzer, model TN-1500. Both instruments were
calibrated to a molar ellipticity of [8]= + 7260
deg-cm?-dmol ™', at 290.5 nm, for a 0.1% aque-
ous solution of ( +)-10-camphorsulfonic acid [22].
Samples of calmodulin were prepared from the
lyophilized protein reconstituted as described in
Materials and Methods, in deionized 10 mM Tris-
HC], adjusted to pH 6.5 with concentrated HCIL.
CD spectra were obtained from samples in rectan-
gular quartz cells of 1-cm path length. Calmodulin
solutions of 3-ml volume were titrated with 3—-10-ul
aliquots of calcium or aluminum chloride salts
from stock solutions.

Mean residue ellipticities of calmodulin. [8),
were calculated from the relation (8] = 6,,, M /100
lc, where 6, is the observed elliptical value, M is
the mean residue molecular weight, taken to be
117 [11), I is the optical path length in decimeters,
and c is the protein concentration in g/ml. The
relative structural contents of calmodulin were
calculated by the procedure of Chen et al. [23).
The helical content was estimated from the rela-
tionship % a-helix = —([8],,, + 2 340)/303. where
[0],5, is the mean residue ellipticity at 222 nm.

Relative contents of a-helix were also estimated
according to the procedure of Greenfield and Fas-
man [24] for the purpose of comparing the mea-
sured values with those reported in the literature.
The Hill coefficient. h. was determined from the
expression R, = 81'"%_ where the cooperativity in-
dex, R,. has been derived from experimental data
[25].

Fluorescence measurements. Fluorescence inten-
sity measurements were performed on a Perkin-
Elmer spectrofluorimeter, model MPF-44A,
equipped with a differential corrected spectra unit,
The excitation and emission wavelengths for tyro-
sine fluorescence were 280 + 2 and 320+ S nm;
for ANS fluorescence studies 360 + 4 and 490 + 4
nm, respectively. For measurements of tyrosine
fluorescence. calmodulin was dissolved in 100 mM
NaCl, and maintained at pH 6.5 with NaOH. For
ANS fluorescence measurements. the sample was
prepared in 10 mM Mops buffer, at a 10 uM
concentration, adjusted to pH 6.5 with NaOH.
ANS concentration of 2 uM. A cuvette of 1 cm
optical pathlength was used. The spectra were
recorded at room temperature. The absorbance at
the excitation and emission wavelengths was less
than 0.05.

Metal ion titration. Maximum fluorescence is
defined as fluorescence intensity of tyrosine emis-
sion of calmodulin. in the absence of EGTA and
metal ions. Upon addition of 100 uM EGTA.
tyrosine fluorescence was quenched. and upon
subsequent- addition of 1-2-ul aliquots of metal
stock solution to the 2 ml sample in the cuvette. a
fluorescence increase of tyrosine emission was ob-
served. Data for tyrosine fluorescence. in the pres-
ence of metal ions, are expressed as percent of
maximum fluorescence intensity. The ANS fluo-
rescence intensity of a calmodulin solution. in the
absence of metal ions, was considered as the initial
fluorescence intensity value. This initial value in-
creased upon addition of 1-2-pl aliquots of metal
stock solution. Data for ANS fluorescence. in the
presence of metal ions. are expressed as the rela-
tive increase of the initial fluorescence intensity
value. A value of zero is defined as the fluores-
cence value with protein absent.

Equilibrium dialysis. For equilibrium dialysis
calmodulin samples were reconstituted in 10 mM
Tris-HCL. pH 6.5. Sample volumes of 2 ml were
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put in dialysis membranes having a molecular
weight cutoff at 3400 and dialyzed against 100-ml
volumes of various aluminum concentrations in
the same buffer for 24 h at room temparature.
Aluminum concentrations were determined ac-
cording to the following procedure. 5-ul aliquots
of concentrated nitric acid were added to 1 ml
sample volumes. After 10 min, 1 ml of 1 M acetate
buffer, pH 6.0, was added, followed by 0.25 ml of
0.01 mg/ml Eriochrome cyanine R in water. After
20 min the absorbance was measured at 535 nm.
Standards were prepared by dilution of a 1000
pg/ml aluminum atomic absorption standard
solution (Aldrich Chemical Co., Milwaukee, WI).
The value of the dye absorbance was shown to be
accurate between 0.1 and 1 ppm aluminum, as
compared with the value obtained from direct
measurements of aluminum in a plasma emission
spectrometer. Interference caused by the presence
of protein was accounted for.

Results

CD studies of aluminum-induced changes in cal-
modulin

The ultraviolet circular dichroism spectra of
calmodulin show increasing negative ellipticities
upon titration of calcium to the protein solution.
Minima of negative ellipticity appear at 222 and
207 nm (Fig. 1A), consistent with CD spectra
reported for calmodulin [11]. From these spectral
features relative amounts of secondary structures
can be estimated [23]. We find that a protein
structure containing 37% a-helix, 11% B-sheet and
52% random coil generates a CD spectrum which
fits best to that observed for metal-free calmodu-
lin. These values agree with those reported previ-
ously; the helical content has been found to vary
between 28 and 45% for metal-free calmodulin and
to increase by 10-15% upon calcium binding to
calmodulin, at a molar ratio of 4:1 [3,6,26].
Applying the Greenfield and Fasman procedure
[24], a helix content of 31% can be calculated from
our data for the native protein, while Wolff et al.
[11) determined a value of 28%.

Analysis of the CD spectra of calmodulin
titrated with aluminum (Fig. 1B) indicates a spec-
tral shift towards decreasing values of negative
ellipticity, contrary to the shift observed upon
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Fig. 1. Changes in the CD spectrum of bovine brain calmodulin
in the presence of (A) calcium and (B) aluminum. Calmodulin
was reconstituted in metal-free 10 mM Tris-HCl buffer, pH 6.5,
at a final concentration of 10 uM. A, CaCl, was titrated to a
final concentration of (a) 0. (b) 20 and (c) 40 xM. B, AIC1, was
titrated to a final concentration of (a) Q. (b) 20 and (c) SO uM.
The spectra were invariant with respect to time. Error bars
indicate the actual noise levels observed during multiple scans.



40

application of increasing calcium concentrations.
The aluminium-induced spectral shift even takes
place in the presence of saturating levels of calcium
(data not shown). Experimentally determined val-
ues of [#],,, and calculated values of the helix
content are plotted vs. the metal concentration
(Fig. 2). Relative to values derived for metal-free
calmodulin, the helical content increased by 17%
upon calcium binding, whereas it decreased by
30% upon binding of aluminum to calmodulin at a
molar ratio of 4: 1. The aluminum-induced change
even occurred in the presence of 100 uM CaCl,
(data not shown). From respective metal titration
curves, midpoint ratios (mol/mol) of 2:1 for
[calcium]/[calmodulin] and 25:1 for [alumi-
num)/[calmodulin] can be derived. Additional in-
formation is listed in Tablel. CD spectra for
calcium titration at pH 7.5 were identical to those
measured at pH 6.5 (data not shown). From plots
of [0],,, vs. metal concentration, Hill coefficients
of 1.54 and 1.63 can be calculated for calcium and
aluminum binding to calmodulin — these values

,
©
)

1
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XIN3H-D %

[METAL] / [CALMODULIN]

Fig. 2. Effects of metal titration on the mean residue ellipticity.
[0). at 222 nm. and the helical content of bovine brain

calmodulin. Conditions were the same as those described in the’

Jegend to Fig. 1. Titration was performed with CaCl, (O) or
AICl, (@). Mean values for at least four separate calmodulin
preparations are plotted; error 5%. Helical content is estimated
from the relationship: % helix = —([8],;, +2340)/303. Inset:
Computed helical content according 10 the procedure of Chen
et al. [23). waking into account the presence of B-sheets and
random coils.

TABLEI

STRUCTURAL CHANGES IN BOVINE BRAIN CAL-
MODULIN INDUCED BY METAL BINDING

Results were calculated by the method of Chen et al. [23].

[metal)/ Metal % % %
[calmodulin) helix sheet coil
(mol/mol)

0 - 37 11 52
2 Ca?* 40 9 50
4 Ca?* 44 9 47
2 AP* 28 7 65
s AP* 22 S 73

are indicative of positive cooperativity for the
changes observed.

Aluminum binding increases the hydrophobic surface
of calmodulin

Titration of calmodulin with aluminum or
calcium induces the exposure of a hydrophobic
surface on the protein, as evidenced by partition
studies which employed the fluorescent hydro-
phobic probe, ANS. This molecule has been used
to investigate the expression of hydrophobic
surface domains on calmodulin by calcium bind-
ing [14]. Aluminum enhanced the ANS fluores-
cence intensity more effectively than did calcium
in the presence of calmodulin (Fig. 3). The fluores-
cence intensity reached saturation at an
[aluminum]/[{calmodulin] ratio of 3:1 (mol/mol).
The aluminum-induced fluorescence changes is five
times that produced by calcium and remained at
this value even in the presence of 120 uM CaCl,
(data not shown). This aluminum-induced change
can be characterized by a Hill coefficient of 1.86.
indicative of positive cooperativity.

Intrinsic fluorescence of calmodulin

Bovine brain calmodulin harbors two tyrosyl
residues, viz.,, Tyr 99 and Tyr 138, which are
located at the calcium-binding sites 111 and 1V,
respectively [12]. Tryptophan residues are lacking.
Therefore, measurements of tyrosine fluorescence
can be performed to investigate induced confor-
mational changes of the protein.

The aluminum-induced increase in tyrosine flu-
orescence intensity of calmodulin saturated at a
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Fig. 3. Fluorescence of 8-anilino-1-naphthalene sulfonic acid in
the presence of bovine brain calmodulin and increasing metal
content. CaCl, (O) or AICl, (®) was titrated into a solution of
10 pM calmodulin in 10 mM MOPS buffer, pH 6.5. as de-
scribed in Materials and Methods. The fluorescent probe was
present at 2 uM. The data shown are from four separate
calmodulin preparations and represent mean values within 5%
error. The zero fluorescence value is defined as that of ANS in
the absence of calmodulin

molar ratio of 2: 1. The first phase of fluorescence
enhancement occurred at a ratio of 1:1
{aluminum]/[calmodulin); this initial phase was
characterized by a large and steep increase (Fig. 4).
The steepness of the increase is reflected in a Hill
coefficient of 1.2. The aluminum concentration at
which a 50% increase in tyrosine fluorescence oc-
curred is al least one order of magnitude lower
than the respective calcium concentration (Fig. 4).
The initial phase of aluminum-induced fluores-
cence enhancement probably results from binding
of the metal near or at Tyr 138. since this residue
has been found to be most sensitive to metal-in-
duced conformational changes [27). This interpre-
tation is also consistent with results from NMR
experiments demonstrating that binding of one
calcium ion per calmodulin shifted the resonances
of Tyr 138 [28.29]. The aluminum-induced changes
in tyrosine fluorescence may also be a consequence
of long-range conformational changes. The steep-
ness of the aluminum-induced response indicates
that at least the first two.aluminum ions are bound
to calmodulin in a positive cooperative manner.
This observation is consistent with results derived
from kinetic data of calcium binding to the protein
{30].
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Fig. 4. Tyrosine fluorescence of bovine brain calmodulin as a
function of metal concentration. A 9 uM concentration of
calmodulin was prepared in 100 mM NaCl. pH 6.5. After
addition of EGTA to give a final concentration of 100 uM. the
protein solution was titrated with CaCl, (O) or AICl, (@)
100% fluorescence intensity corresponds to the intensity emitted
from calmodulin prior to EGTA and metal additions. Excita-
tion was performed at 280 nm. emission was recorded at 320
nm.

The dequenching experimenis were carried out
in the presence of a chelator. This chelator. EGTA.
does not bind significantly to calmodulin [27].
Furthermore, the removal of calcium by excess
chelator from calmodulin was independent of che-
lator type and concentration [30]. Binding of
EGTA to calcium-binding proteins has been de-
scribed [12]. Stability constants, expressed as log
K. for aluminum-EGTA and calcium-EGTA, at
the pH used. are 3.97 and 3.79, respectively [31].
Therefore, the observed changes are not a result of
differences in metal-EGTA interactions.

Extrapolation of the data presented in Fig. 4
indicates a value for the dissociation constant of
about 0.1 pM, for the first mol of aluminum
bound. This compares well with similarly obtained
values for aluminum dissociation constants de-
rived from data obtained from CD and ANS
experiments, viz., 0.2 and 0.4 pM. respectively.
Dissociation constants for calcium binding derived
from these data correspond to published values of
about 1 uM [3]. Considering the cooperative char-
acter of metal binding. we confined ourselves to
estimating the dissociation constant for the first
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mol of aluminum bound to calmodulin. These
spectroscopically derived dissociation constants for
aluminum binding agree with a value of 0.4 uM
derived from equilibrium dialysis studies. Results
from the latter studies also show the existence of
three metal-binding sites on the protein (Fig. 5).
We believe that the dissociation constant. ranging
from 0.1 to 0.4 uM. is indicative of the order of
magnitude of the high-affinity binding constant
for metal binding. Clearly, a thermodynamic anal-
ysis is necessary for a detailed evaluation of dis-
sociation constants.

Aluminum inhibits phosphodiesterase
Calcium-dependent calmodulin activation of
3'.5’-cyclic nucleotide phosphodiesterase is a prime
example of the modulatory role for calmodulin
[6.32). Under our experimental conditions. addi-
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Fig. 5. Binding data from equilibrium dialysis experiments.
pr d as a Scatchard plot. 5 uM calmodulin was dialyzed
against various amounts of AICl, in 10 mM Tris-HCI. pH 6.5,
for 24 h. 1-ml aliquots of solution, each from inside and outside
of the dialysis bag. were assayed for aluminum as described in
Materials and Methods. r? is the correlation coefficient.
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Fig. 6. Inhibition of calcium-calmodulin-stimulated 3°.5’-cyclic
nucleotide phosphodiesterase activity by aluminum. The en-
zyme was incubated with 25 uM cyclic GMP. 5.5 uM
calmodulin and 25 uM CaCl,, in 10 mM Tris-HCl. pH 6.5.
Incubation times varied between 15 and 30 min. 100% inhibi-
tion equals the basal enzyme activity observed with calcium
absent. The enzymatic activity was determined as described in
Materials and Methods. The enzymatic activity was measured
in the presence (®) or absence of calcium (®).

tion of calcium doubled the initial enzymatic activ-
ity from 0.28 to 0.61 nmol cyclic GMP hydro-
lyzed/ml per min. Elevated activation has been
shown to depend on the presence of imidazole and
millimolar concentrations of Mg?* [6.26). Titra-
tion of aluminum into the assay system containing
25 uM calcium lowered the hydrolyzing activity to
levels equivalent to basal activity in the absence of
calcium. The aluminum concentration which
inhibited the enzymatic activity by 50% is calcu-
lated to be 15 uM, representing a molar ratio of
3:1 for [aluminum]/[calmodulin]. Results from
separate experiments indicated that in the absence
of Ca?* aluminum did not interfere with the basal
phosphodiesterase activity. Aluminum appeared to
interact with calmodulin rather than the enzymatic
protein (Fig. 6).

Discussion

The results presented in this study show that
aluminum binds stoichiometrically to bovine brain
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calmodulin. This indicates that aluminum ions are
bound to specific sites on calmodulin. Considering
the difference in charge and that of crystal or
hydrated radii [33]). it is doubtful whether the
aluminum-binding sites are identical to those for
calcium. The binding regions for aluminum may
overlap those for calcium and the curvature of the
respective binding loops may also vary. There
seem to exist two ‘high-affinity’ binding sites, as
demonstrated. for example, in our fluorescence
experiments. Our estimates indicate that the
*high-affinity’ binding for aluminum to calmodu-
lin is about one order of magnitude stronger than
that of calcium to its comparable site. Similar to
the interaction of Ca’* to calmodulin, two
aluminum ions per protein are sufficient to induce
the major structural change as evidenced by CD
and ANS fluorescence studies. However, a molar
ratio of 4:1 is required to block the phos-
phodiesterase activity maximally.

Considering the pronounced aluminum-induced
conformational changes, at least for the first two
ions, we have to consider the possibility that the
higher binding constant, relative to that for
calcium. results from a positive entropy contribu-
tion. A major factor for such a positive change is
probably the release of coordinated water mole-
cules around the metal ion upon complex forma-
tion with the protein. Both Al** and Ca’* have a
primary coordination number of 6. which repre-
sents the effective hydration number of the inner-
most hydration shell [34]. It has been suggested
that there exists a single water molecule at the
high-affinity binding site of troponin C, a protein
which is closely related to calmodulin [35). There-
fore. five coordinated water molecules are to be
released for each calcium ion bound to the protein.
The entropy of calcium binding to the troponin
sites 1 and 2 has been measured to be about 15
e.u. [36]. The strength of these coordinated bonds,
responsible for ion /water interactions, is apprecia-
bly higher for Al’**, which has an hydration en-
thalpy of 1144 kcal/mol of ion, as compared to a
value of 399 kcal/mol for Ca’* [37]). Moreover,
the value of the formal charge over ionic radius
and the intermediate electronegativity are both a
factor of 2 higher for Al** relative to Ca?* [37)].
Also the number of water molecules in the outer
hydration shells of Al** is significantly higher
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than that for Ca®* [34). Considering these physical
data, interactions of aluminum ions with
calmodulin are expected to differ appreciably from
those of Ca?*. In particular. the solvent structure
around protein ligands should depend on the re-
spective coordinated metal ion. As far as calcium
is concerned, it is known that this ion appears to
be coordinated to oxygen ligands and mobility of
the ion is restricted considerably when bound to
the protein [38,39). Al** also forms stable com-
plexes with electronegative ligands such as oxygen
and nitrogen. In contrast to calcium. the higher
electronegativity of Al** would result in an in-
creased covalent character of the coordinate bond
established. Consistent with our observations, the
stability of the aluminum-calmodulin complex
would therefore be increased as compared to that
of the calcium complex.

Aluminum-induced conformational changes in
calmodulin are also documented by our CD stud-
ies. While Ca?*, and the spatially isomorphous
lanthanide, Tb**, promote helix formation [27),
the helix content is decreased by about 30% when
Al** is present with calmodulin at a molar ratio of
4: 1. Charge differences per se cannot account for
this metal type-dependent change in helix struc-
ture since the trivalent ion, Tb**, promotes helical
formation, just as Ca?*. Rather, the unique physi-
cochemical characteristics of the highly solvated
aluminum ion. as discussed above, are hypothe-
sized to be responsible for the observed structural
alterations. It is thought that upon binding of
Ca?* to calmodulin negative charges on the pro-
tein will be neutralized. This in turn results in
weakening of constraining forces, thus permitting
the formation of additional helical elements. Fi-
nally, a more compact calcium-calmodulin com-
plex emerges [29]. As far as interactions of Al**
with calmodulin are concerned. their molecular
origin and significance are presently unclear, and
further experiments are necessary. What can be
stated is that under our experimental conditions
mononuclear, hydrated aluminum species are pre-
sent, as opposed to polynuclear species existing at
higher pH values and elevated aluminum con-
centrations [40]. As to thermodynamic changes,
application of aluminum ions to calmodulin leads
to a helix-coil transition, which is accompanied by
a strong enhancement of the protein’s hydro-
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phobic surface domains. Such behavior is to be
expected for a randomly coiled polypeptide with
an increased portion of hydrophobic components.
Simply stated, the hydrated aluminum ions pro-
mote an open, solvent-rich, disordered polypeptide
region whereas calcium ions promote a peptide
environment where intramolecular interactions be-
tween adjacent peptide elements are favored. The
importance of ion-dependent changes in solvent
structure is further exemplified by qualitative ex-
periments showing that calmodulin aggregates
above a molar ratio of 10:1 for [aluminum]/
[calmodulin], in contrast to calcium-calmodulin
complexes.

In summary, it appears that aluminum binding
to specific regions of calmodulin results in local
structural changes which, in turn, have profound
consequences for the relative motion of distinct,
internal structural domains [41]. As a result, the
protein’s flexibility and its ability to interact with
various proteins is impaired. These kinds of
changes in calmodulin may explain why the
aluminum-calmodulin complex lost at least part of
its regulatory character. This complex may thus be
a key lesion that occurs in the broadly defined
syndrome of aluminum toxicity, if viewed in terms
of lost regulatory capacity.
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Chapter 4
Calmodulin-Dependent Formation of Membrane Potential
in Barley Root Plasma Membrane Vesicles: A Biochemical

Model of Aluminum Toxicity in Plants
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Calmodulin-dependent formation of membrane potential in
barley root plasma membrane vesicles: A biochemical model
of aluminum toxicity in plants
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tential in barley root plasma membrane vesicles: A biochemical model of aluminum
toxicity in plants. — Physiol. Plant. 59: 285-291.

Micromolar concentrations of aluminum ions interfere with calmodulin-stimulated,
membrane-bound ATPase activity which plays a role in the maintenance of the
transmembrane potential of plasma membrane-enriched vesicles isolated from barley
roots. Calmodulin appears to be the major target for aluminum interaction resulting
in pronounced changes in the exposure of a large, hydrophobic surface on this protein
as determined with a fluorescent, hydrophobic surface probe. At a molar ratio of 3:1
[aluminum]/[calmodulin], the calmodulin-stimulated enzymatic activity, probably
associated with a Ca?* + Mg?*—ATPase, is about 95% inhibited. Aluminum-induced
changes in calmodulin structure are reflected in reduced formation of the membrane
potential when assayed with a fluorescent potential probe, oxonol VI. We
hypothesize that the aluminum-calmodulin complex represents a primary lesion in
toxic responses of plants to this metal.

Additional key words — Ca®* + Mg?*-ATPase activity.
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Introduction

Following mobilization at acidic pH, aluminum ions are
potent, toxic agents to plants. Elevated soil aluminum
levels were shown to impair root elongation and to in-
terfere with the uptake, distribution and use of calcium,
magnesium, phosphorus and other essential minerals
(Foy et al. 1978). Elevated tissue aluminum levels were
reported to cause chloroplast membrane degeneration
and to decrease CO, fixation in spinach (Hampp and
Schnabl 1975). Upon application of aluminum to barley
roots, plasma membrane degeneration seems to be an
early indication that aluminum is present at toxic levels
(Hecht-Buchholz and Foy 1981). The mode of interac-
tion of aluminum with living tissue is unknown although
it has been observed that aluminum binds to ATP,
which in turn impairs yeast hexokinase (Viola et al.
1980). Aluminum can also bind to DNA and impair
genetic expression (Foy et al. 1978). Among several

Received 29 March, !983; revised 24 May, 1983
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varieties of wheat, barley and soybeans, aluminum tol-
erance seems to be associated with resistance against
aluminum-induced calcium deficiency or reduced cal-
cium transport, and has been shown in barley to be
linked to a single, dominant gene (Foy et al. 1978).
As a result of aluminum-induced changes in calcium
uptake and utilization, biochemical systems dependent
on calcium for regulation may be targets of aluminum
ions. In plant as in animal cells, free calcium levels are
strictly regulated and do not exceed micromolar con-
centrations (Clarkson and Hanson 1980). Activation of
key, calcium-regulated processes in many instances in-
volves calmodulin. This small (MW = 17 000), acidic,
calcium-dependent regulatory protein responds to
transient increases in intracellular calcium levels and
has been shown to regulate Ca?*-ATPase activity in
plants (Caldwell and Haug 1981a, Dieter and Marmé
1980, 1981). In addition, aluminum ions have been
shown to interact with calmodulin in such a way that the
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protein’s regulatory capacity diminishes and becomes
lost with increasing molar ratios of [aluminum]/[cal-
modulin] (Siegel and Haug 1983).

In the present study. we intend to demonstrate that
the calmodulin-regulated. Ca?*- and Mg?*-dependent
ATPasc activity in barley root plasma membranes is
electrogenic and interfered with by aluminum. Effects
of various metals, pH, calmodulin, ionophores and
aluminum on the electrogenic activity are described.
These data will be dicussed in terms of lost regulatory
capacity by calmodulin resulting in the failure of the
plasma membrane to maintain an elctrical potential
necessary for proper cell maintenance.

Abbreviations — ANS, 8-anilino-1-naphthalene sulfonic acid:
CCCP, carbonyl cyanide m-chlorophenylhydrazone; DTT,
dithiothreitol; MES, morpholinoethane sulfonic acid; MOPS,
4-morpholinopropane sulfonic acid; oxonol VI, propyl oxonol;
PM{SF, phenylmethylsulfonylifiuoride; SDS, sodium dodecyl
sulfate.

Materials and methods
Calmodulin preparation

Calmodulin was prepared from bovine brain acetone
powder as previously described (Caldwell and Haug
1981b). However, to increase purity of the yield, the
protein-loaded affinity column was washed with a buf-
fer containing 500 mM NaCl (Siegel and Haug 1983).
For our experiments we used bovine brain calmodulin
since its structure is well known (Klee et al. 1980) and
because this protein stimulates barley root plasma
membrane ATPase activity in the identical way to cal-
modulin extracted from barley (Caldwell and Haug
1981a).

Chemicals

Bovine brain acetone powder, DTT, EDTA, MES
MOPS, PMSF, sodium-ATP and Tris were purchased
form Sigma Chemical Co. (St. Louis, MO). AICl, and
CaCl, were purchased from Mallinckrodt Science Pro-
ducts (St. Louis, MO). Affigelphenothiazine and
Chelex-100 were purchased from Bio-Rad Laborato-
ries (Richmond, CA). The sodium salt of ANS was
obtained from K&K Laboratories (Plainview, NY).
A-23187 and nigericin were obtained from Calbio-
chem-Behring Corp. (La Jolla, CA). Chlorpromazine
HCl and trifluoperazine HCI were obtained from Smith,
Kline and French Labs. (Philadelphia, PA). Oxonol VI
was purchased from Molecular Probes, Inc. (Junction
City, OR). All other chemicals were of the highest
purity commercially available.

Plant meterial and growing conditions

Barley seeds (Hordeum vulgare L. cv. Conquest) were

286

germinated and grown in the dark at 16°C over aerated
solutions of 0.25 mM CaSO,, adjusted to pH 5.0 with
H,SO,. The growth medium was changed daily. Six
days after imbibition the primary roots were washed in
chilled, distilled water and excised. All handling of the
material was done at 4°C.

Preparation media

Homogenizing medium: 0.25 M sucrose, 3 mM EDTA,
1 mM PMSF, and 1 mM Na,-ATP were prepared in 25
mM Tris-MES buffer adjusted to pH 7.2. Sucrose gra-
dient: The discontinuous gradient was prepared from
34% and 40% (w/w) sucrose solutions in 1 mM Tris-
MES, pH 7.2. Wash solution for the isolated mem-
branes: 0.25 M sucrose in | mM Tris-MES buffer, pH
6.5.

Membrane isolation

A-plasma membrane enriched microsome fraction was

isolated according to the method of Nagahashi et al.

(1978), as modified by Caldwell and Haug (1980) with

minor modifications, using the following scheme:
1. Roots (approximately 200 g) were homogenized in
3 ml of homogenizing solution per gram of tissue by
hand using a ceramic mortar and pestle without the
addition of any abrasive material.

. Filtration through miracloth.

. Centrifugation 1 300 g, 15 min, discard pellet.

. Centrifugation 80 000 g, 30 min, supernatant dis-
carded.

. Pellet resuspended in wash solution.

. Resuspended membranes loaded onto discontinu-
ous gradient.

. Centrifugation 80 000 g, 2 h.

. Membrane at interface (34%/40%) removed.

. Interface resuspended in wash solution.

. Centrifugation 80 000 g, 30 min.

. Resuspend pellet in wash solution at a concentra-

tion of 0.5 mg vesicle protein mi~!.

Membranes were stored for a maximum of 24 h on

ice in a cold room kept at 4°C.
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Determination of membrane potential

Fluorescence measurements of oxonol VI were made in
a 2 ml reaction volume containing various concentra-
tions of divalent cations. calmodulin, aluminum or -
ionophores at the desired pH in the wash medium.
Vesicles were diluted to S0 ug vesicle protein mi™'. All
experiments were carried out at 16°C. After a 15 min
preincubation of the vesicles in the adjusted wash
medium, oxonol VI was added from a concentrated
stock solution to a final concentration of 0.3 uM. The
solution was then transferred to a quartz cuvette with a
10 mm optical path length which was placed into a
thermostatted holder of a fluorimeter (Jen and Haug
1981). The excitation and emission wavelengths were
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580 nm and 640 nm, respectively. Light scattering was
negligible.

A baseline was established by adjusting the suppres-
sion current of the picoammeter until the value had
stabilized. An aliquot (20 ul) of 100 mM Tris-ATP
(Hodges and Leonard 1974) was injected from a mi-
crosyringe into the sample to begin the reaction.
Fluorescence signal changes were monitored and re-
corded for up to 20 min. First order rate constants, k,
were caiculated from the relationship F = Fq- exp(-kt),
using a Tektronix 4051 computer and non-linear, least-
squares equation fitting programming. F and F, are the
fluorescence intensitics at times t and t = 0, respec-
tively.

ANS fluorescence measurements

Fluorescence intensity measurements were performed
on a Perkin-Elmer spectrofluorimeter, model
MPF-44A, equipped with a differential corrected spec-
tral unit. The excitation and emission wavelengths were
set at 360 + 4 nm and 490 + 4 nm, respectively. Cal-
modulin was prepared in 10 mM MOPS, pH 6.5, at a
final concentration of 10 uM. ANS was added from a
concentrated stock solution to a final concentration of 2
pM. A quartz cuvette of 10 mm optical pathlength was
used. The ANS fluorescence intensity of a calmodulin
solution in the absence of metal ions was considered to
be the initial fluorescence intensity value. Data for ANS
fluorescence in the presence of metal ions are expressed
as the relative increase of the initial fluorescence inten-
sity value. A value of zero is defined as the fluorescence
of the solution without calmodulin present.

Protein analysis

Protein was quantified with bovine serum albumin as a
standard (Wang and Smith 1975). Calmodulin con-
centrations were also adjusted spectrophotometrically
using a value for the molar extinction coefficient of
3300 M~ cm™ at 277 nm (Crouch and Klee 1980).

Removal of contaminating metals

All glagsware and quartz cuvettes were washed with
concentrated nitric acid. Buffer solutions were prepared
in double, glass-distilled, deionized water and passed
over columns (2 cm X 30 cm) of Chelex-100 resin.
Metal stock solutions were freshly prepared in metal-
decontaminated buffers. Plasma emission and atomic
absorption spectroscopy indicated that the buffer solu-
tions and the Tris- ATP preparations typically contained
less than 10~ M calcium, magnesium, and aluminum.
This quantitative analysis was performed on a Jarrell-
Ash plasma emission spectrometer, model 955 Atom-
_comp, and a Varian atomic absorption spectrophoto-
meter, model 1475.

Phyviol. Plant. 59, 1963

Data analysis

The presented data are means of at least three indepen-

dent experiments * standard deviation except when
otherwise noted.

Results
Oxonol VI as a probe of transmembrane potential

The fluorescent oxonol probe is voltage sensitive and is
therefore useful for evaluating changes in transmem-
brane potentials (Beeler et al. 1981, Smith et al. 1981).
Subsequent redistribution of the dye in beef-heart sub-
mitochondrial vesicles was shown to produce a fluores-
cence intensity loss upon Mg?*-ATP stimulation of
ATPase activity involved in establishing an electro-
chemical gradient across these membranes. Our results
derived from time-dependent fluorescence signal
changes are qualitatively consistent with these data. The
fluorescence decay curves from our experiments were
best fit by a single exponential function which is consis-
tent with data from the literature and is a consequence
of the low affinity of oxonol VI for phospholipid mem-
branes (Smith et al. 1981). The direction of fluorophore
distribution is across membranes with an inside-positive
potential as a result of this probe’s delocalized negative
charge (Becler et al. 1981).

Addition of ATP to the vesicle suspension activated
the Ca?*-ATPase resulting in a sustained, fluorescence
intensity decrease (Fig. 1). As a control, vesicles were
boiled for 2 min; immediately upon addition of ATP,
the fluorescence intensity of oxonol increased slightly,
but quickly reached a new steady-state. Upon preincu-
bation of vesicles in 0.01% SDS or Triton X-100 (re-

FLUORESCENCE INTENSITY ——

Fig. 1. Changes in fluorescence intensity of oxonol VI in the
presence of membrane vesicles from barley roots. Traces show
responses of (A) vesicles which were boiled for 2 min, or (B)
vesicles which were untreated. Conditions for assay: 0.05 mg
vesicle protein mi™?, 0.25 M sucrose, | mM Tris-MES (pH
5.5), 1 mM CaCl,, 0.3 uM oxonol VI, 16°C. The vesicles were
allowed to pre-incubate until a stable value for the fluores-
cence signal was established. Tris-ATP was then added to |
mM (arrow).
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sults not shown), the fluorescence signal was indistin-
guishable from that of the dye in the absence of vesicles.
Analysis of the fluorescence signal after ATP activation
of the vesicle suspension indicated that, in some cases,
two components were present. The first, fast component
became negligible within 1 to 2 min and was considered
as resulting from turbulence in the assay solution after
mixing. First order rate constants were calculated from
all traces after 5 min to avoid interference.

pH dependence of the Ca’*- and Mg’*-dependent
ATPase activity and its relation to the development of the
transmembrane potential

Ca?*- and Mg?*-ATPase activities were independently
activated by the respective cations and the effect of each
on transmembrane potential development compared
(Fig. 2). The observed pH response profiles for both
activities are consistent with those results previously
derived for the high-affinity Ca2*- and Mg?*-ATP hy-
drolyzing activities of the ATPase in these same mem-
brane vesicles (Caldwell and Haug 1980). Calcium at 1
mM sustained a high rate of potential development at
pH 5, but dropped below the value for 1 mM Mg?* at
increasing pH values. Above pH 5.5, Mg?* sustained a
fairly constant rate between 0.12 min™ and 0.11 min™,
whereas the rate sustained by Ca?* decreased 72%
from 0.11 min~* to 0.03 min™! in the same pH range.
Under these conditions the concentration of free cal-
cium is higher than that found intracellularly in vivo. It
is for the purpose of comparison with previous enzyma-
tic studies that these concentrations of the divalent ca-
tions were used (Caldwell and Haug 1980). The decline
in the ATPase-controlled membrane potential change
may be related to the effects of positively charged en-
zyme-substrate complexes at lower pH for both Ca?*-
and Mg?*-ATPase activities, whereas the rates meas-
ured at elevated pH values (above pH 6.0) may be the
result of deprotonation leading to charge neutralization
of the enzyme-substrate complex. The pH dependence

" L
4 S 6 k4 8
pH

Fig. 2. pH dependence of the rate constant, k, for the de-
velopment of the transmembrane potential. Vesicles were
pre-incubated under the conditions described in the legend to
Fig. 1, with 1| mM CaCl, (@), or | mM MgCl, (o) Tris-ATP
was added 10 1 mM. Vertical bars show the
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of the development of the transmembrane potemiial un-
der conditions in which the Ca3*- or Mg?*-ATPase ac-
tivity is stimulated coincided with the enzymatic hy-
drolyzing activity as previously described (Caldwell and
Haug 1980).

Effect of divalent cation concentration on potential
development

Development of the membrane potential was more
sensitive to changes in MgCl, concentration than to
changes in CaCl, concentration (Tab. 1). At a
physiological pH of 6.5, there was a two-fold decrease
in the rate of potential development when the Mg?*
concentration was changed from 1 mM to 100 uM, with
Ca?* absent. Addition of 10 uM Ca?* to either Mg?*
concentration did not significantly alter the rate of po-
tential formation. The effect of various Ca* concentra- -
tions in the absence of Mg?* was slight and less than
doubled over a three order of magnitude concentration
range from 1 uM to 1 mM. Where it has been studied,
the concentration of free cytosolic Ca?* ranges between
0.1 and 10 pM with Mg?* tending to be 10- to 100-fold
more concentrated (Clarkson and Hanson 1980). Mg?*
and Ca?* concentrations of 100 uM and 10 uM, respec-
tively, were chosen as representative of physiological
concentrations of these divalent cations; the stimulated
ATPase activity developed a potential change with a
rate constant of 0.08 min~' and is referred to as the
control value.

Results summarized in Tab. 2 indicate that both the
H*/Me* ionophore nigericin and the 2H*/Me3*
ionophore A-23187 effectively prevented the formation
of a transmembrane potential. This is true whether the
vesicle suspension is preincubated with the respective
ionophore or, as shown in Fig. 3, if the respective
ionophore is added after the potential was allowed to
develop. In either case the ionophoretic concentration

Tab. 1. Effects of varying divalent cation concentrations on the
rate of potential development. Conditions: 0.05 mg vesicle
protein mi™', 0.25 M sucrose, 1| mM Tris-MES buffer (pH 6.5),
0.3 uM oxonol VI, 16°C. After a stable fluorescence signal was
established, Tris-ATP was added to 1 mM.

Divalent cation Rate, k, (min~")+sp
1M ME™ o 0.116+0.014
1mM Mg + 10 uM Ca®* ....... 0.107+0.043
100 M M2 ... 0.063+0.021
100 WM Mg>* + 10 uM Ca®* ..... 0.080+0.009
1AM Ca .. i 0.019+0.002
I0pUM Ca%* oo, 0.029+0.003
100 WM Ca®* .o, 0.038+0.004
I1mMCa® oo, 0.042+0.003
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Tab. 2. Effects of various compounds on the development of
the membrane potential. Conditions were as indicated in Tab.
1, except 50 uM Ca?* and 100 pM Mg?* were used. Values are
within 5% SE

Compounds Rate, k, % Control
(min~')  activity
No addition (control) ................ 0.08 100
A-23187 (10 M) ..ot 0 0
Nigericin (10 pM) ................... 0 0
Trifluoperazine (10 uM) ............. 0.07 87
Chlorpromazine (10 yM) ............ 0.08 100
AICL (10pM) ...t 0.08 100
Calmodulin (10 M) ................ 0.24 300
+ Chlorpromazine (10 uM)......... 0.09 112
+ Trifluoperazine (10 uM) ......... 0.08 100
+AICL(10uM) ...t vnnenn... 0.17 210
+CCCP(SuM) ...cevvvvnnnnnn. 0.04 16

was below that which would cause detergent-like dis-
ruption of the membranes. The protonophore CCCP is
somewhat less effective in preventing potential de-
velopment than the other ionophores, but it did reduce
the calmodulin-stimulated rate by 85%. In the absence
of calmodulin, incubation of the vesicle suspensions
with the calmodulin-antagonists chlorpromazine or
trifluoperazine (Klee et al. 1980) allowed normal de-
velopment of the ATP-stimulated potential, as did in-
cubation with 10 uM AICl,. Incorporation of 10 uM
calmodulin in the assay suspension increased the rate of
potential development by 200% upon ATP activation.
Chlorpromazine and trifluoperazine both reversed the
calmodulin-dependent activity at a molar ratio of 1:1
for [drug]/[calmodulin], whereas the decrease was only
30% at the same ratio of [aluminum)/[calmodulin).

Alumisum inhibition of the calmedulin-stimulated,
ATPase-dependent formation of the transmembrane
potential

The viability of seedlings growing in aluminum-toxic
soils is known to decrease dramatically as compared
with those seedlings growing in soils low in aluminum
(Foy et al. 1978). Primary effects of aluminum toxicity
apparently occur at the plasma membrane (Hecht-
Buchholz and Foy 1981). Thus the Ca?*- and Mg?*-de-
pendent ATPase activity described in this report may
serve as a potential marker for detrimental actions of
- aluminum on membrane maintenance machinery. Fig-
ure 4 shows the results of experiments in which vesicle
suspensions were incubated with 50 pM Ca?*. Under
these conditions the rate of potential build-up did not
differ from that rate measured at 10 uMCa?*. Incuba-
tion of the vesicle suspensions with 10 pM calmodulin
allowed the potential to form at a rate of 0.24 min™
with SO M Ca®* present. Addition of up to 40 uM
AIC], accelerated the loss of the calmodulin-stimulated
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ATP
: | 1
2 A
§ a
%
8
R G
i

Fig. 3. Effects of ionophores on the development of the trans-
membrane potential. Vesicles were pre-incubated as described
in the legend to Fig. 1, with 100 uM CaCl,. Tris-ATP was
added to 1 mM (arrow). (A), addition of 10 uM A-23187 or
nigericin (I); (B) pre-incubation with A-23187 or nigericin
prior to ATP addition.

activity with a 50% value falling at a molar ratio of
1.4/1 [aluminum]/[calmodulin). On the other hand, no
calmodulin-stimulated activity was detected above 30
uM AICl, although these aluminum concentrations did
not interfere with the basal ATP-dependent potential
development (in the absence of calmodulin). '
The observation that the non-calmodulin stimulated
activity was not interfered with prompted the investiga-
tion of the interaction of aluminum with the isolated
protein. The experimental results are reported as the
relative fluorescence intensity of ANS, a probe used for
monitoring the hydrophobic surface properties of pro-
teins (La Porte et al. 1980). Maximum hydrophobic
surface exposure on the protein was achieved at a ratio

3
>

w
RELATVE ANS FLUORE SCENCE (8)

b}
oF 4 26 %) %0 0

Fig. 4. Effect of aluminum on calmodulin-stimulated potential
development or on ANS partitioning onto isolated calmodulin.
Vesicles were preincubated as described in the legend to Fig. 1,
with 100 pM MgCl,, SO uM CaCl,, 10 pM calmodulin and
various AICl, concentrations (®). A rate constant, k, of 0.08
min~' represents non-calmodulin-stimulated activity; a rate
constant of 0.24 min~' represents maximal calmodulin-stimu-
lated activity. Relative ANS fluorescence was measured in the
presence of 10 yM calmodulin and various AICl, concentra-
tions (B). Values are within 5% sE.
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of 3:1 [aluminum)/[calmodulin] (mol:mol), the 50%
ratio is 1.5/1. Thus, a parallel was established between
loss of the calmodulin-stimulated potential develop-
ment and the loss of structural integrity of calmodulin in
the presence of aluminum.

Discussion

The results of this study demonstrate that toxic
aluminum ions interfere with calmodulin-stimulated
ATPase activity which plays a role in the maintenance
of the membrane potential. Calmodulin appears to be
the major target for aluminum.

This protein has been shown to mediate calcium reg-
ulation in plant enzyme systems (Cormier et al. 1980,
Dieter and Marmé 1981). Calmodulin has the capacity
to bind four calcium ions at specific sites on each
molecule. The resulting conformational changes en-
hance the hydrophobic surface exposure which is ap-
parently necessary for proper interfacing of cal-
cium-calmodulin and its target protein (Crouch and
Klee 1980, Lin 1982). One such target protein seems to
be the barley root plasma membrane-bound ATPase
found in plasma membrane-enriched vesicles as de-
scribed in this report, since our results indicate that, at
physiological calmodulin concentrations of 10 uM (Klee
et al. 1980, Wang and Waisman 1979), electrogenic
activity is stimulated by 200% over the activity
observed in the absence of calmodulin. As to the cal-
modulin-stimulated electrogenic activity, our results are
consistent with the existence of a membrane-bound
ATPase involved in pumping protons or in coupled
proton fluxes. The pumping activity leads to the estab-
lishment of a membrane potential which, in turn, de-
pends critically on the complete regulatory capacity of
calcium-calmodulin. Aluminum-induced changes of
calmodulin therefore lead to a reduction in electrogenic
activity accompanied by a decreased membrane poten-
tial. Aluminum ions interact stoichiometrically with
calmodulin (Siegel and Haug 1983). The resulting
changes in surface hydrophobicity and helix content
lead to a loss of regulatory properties of calmodulin as
exemplified by the aluminum-induced inhibition of
calmodulin-activated phosphodiesterase activity.

Questions arise whether the ATPase activity present
in the vesicle system used in this study is derived solely
from the plasma membrane. The activity of the ATPase
as measured by inorganic phosphate release is inhibited
50% at a 100 wM N, N’'-dicyclohexylcarbodiimide con-
centration, under conditions of pH and divalent metal
concentration similar to those used in our studies (A.
Lesniak, personal communication). This result is also
consistent with the ATPase activity measured in the
plasma membrane of corn leaf, corn root and oat root
(Perlin and Spanswick 1981). Possible contamination
by other membranes including tonoplast may exist. For
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this reason we refer to the vesicle system as a plasma
membrane-enriched microsome fraction.

For the purpose of the present discussion we refer to
the various species of aluminum present in solution
collectively as Al. Under the conditions used in the
present study we can state that mononuclear, hydrated
aluminum species are present, as opposed to polynu-
clear species existing at higher pH values and clevated
aluminum concentrations. We cannot be certain, how-
ever, of the charge on these hydrated aluminum species
(Baes and Mesmer 1976).

Although ATP represents a potential chelator of
aluminum, no inhibitory effect was evident when
aluminum was included in the assay system, with cal-
modulin absent. Viola et al. (1980) showed that yeast
hexokinase is strongly inhibited by the presence of
Al-ATP with an inhibition constant, K,, of 0.16 uM, at
pH 7. These data supported the earlier findings by
Womack and Colowick (1979) who described Al-ATP

~infifbition of yeast and brain hexokinases. A striking

characteristic of the aluminum inhibition in these sys-
tems was the observation that when the same amounts
of aluminum were added to the reaction mixtures,
separately from ATP, more than 10 times as much
aluminum was required to get a comparable effect.
Since we added ATP separately to the reaction mixture
our results therefore cannot be compared to those
studies in which ATP pre-mixed with aluminum is ad-
ded as a substrate. Further support of our results comes
from a personal communication by R. Post, cited in
Womack and Colowick’s article (1979), that aluminum
has little effect on the Na*, K*-ATPase of guinea pig
kidney membranes. We conclude that under our ex-
perimental conditions, Al-ATP is not an inhibiting sub-
strate for the ATPase activity.

Our hypothesis is that the Al-calmodulin complex
represents a primary biochemical lesion in toxic re-
sponses of plants to aluminum. Considering the pivotal
role of calmodulin in calcium regulation, aluminum in-
terference is expected to result in severe imbalances of
.cellular processes, such as maintenance of the mem-
brane potential, cell growth, root elongation and
chloroplast function. This hypothesis is consistent with
observations that aluminum-induced toxic responses of
plants resemble, in part, those occuring as a result of
calcium deficiencies.
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Bovine brain calmodulm,blmk _.‘_ismol aluminum per mol protein with dissociation
constants in the range of 10 * to 10 ~ molar. EPR spectra of spin-labelled calmodulin
provide data indicating that aluminum binding causes decreased probe immobilization
as compared to the effects of calcium binding. This result of aluminum binding
indicates that A}-calmodulin is a more random, open polypeptide relative to the
structure of Ca®'-calmodulin. Calorimetric measurements of aluminum binding
provide data showing that the first mql of aluminum bound is accompanied by the
largest enthalpic change (-3.9 kcal mol ), whereas binding of the second and third mol
of aluminum are each entropically driven.

Calmodulin is an important Ca2+-dependent regulating protein in almost all
eukaryotic tissues and organs (1-4). Recently it was suggested that aluminum ions,
which are toxic to plants and animals in low concentration, may exert their toxic
properties by interacting with calmodulin (5). This protein loses its structural
integrity upon the stoichiometric binding of aluminum and ceases to retain the

2*_calmodulin dependent phosphodiesterase (5) or a ca?*-

capacity to regulate Ca
calmodulin dependent ATPase in the barley root plasma membrane (6).

To further investigate the changes in calmodulin induced by aluminum binding we
have analyzed the thermodynamic properties of this process using calorimetric
methods and equilibrium dialysis. Correlation times for covalently attached spin
probes on the protein were calculated from EPR spectra to assess relative changes in
protein structure in response to metal binding. Data are presented showing that three

mol of aluminum bind specifically to each mol of calmodulin; binding of the first mol

of aluminum bound is enthalpically driven in contrast to the second and third mol
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bound which are entropically driven. When bound by aluminum the protein apparcntly
takes on an open, more random conformation as compared to the effects of calcium

binding.

MATERIALS AND METHODS

Sources: Bovine brain acetone powder, Tris, from Sigma Chemical Co. (St.
Louis, MOJ; Affigel-Phenothiazine from Bio-Rad Laboratories (Richmond, CA); AICl,,
CaCl, from Mallinckrodt Science Products (St. Louis, MO). 3-[a-iodoacetamidof-
2.2,S?S-tetramethyl—l-pyrrolidinyl oxyl from Syva Corp. (Palo Alto, CA). All other
chemicals were of the highest purity that were commercially available.

Methods: Calmodulin was isolated from bovine brain acetone powder and
prepared to be metal-free as previously described (5). Protein concentrations were
determined spectrophotometrically (8). Spin labelling of ealmodulin was accomplished
using the method of Hewgley and Puett (9). Microcalorimetric data were collected
using a LKB 210 batch microcalorimeter equipped with a pair of gold mixing cells and
were corrected for heats of mixing as described (11). The experimental temperature
was maintained at 23.85 + .01°. Equilibrium dialysis experiments were conducted
and aluminum analyzed as previously described (5). Analysis of the EPR signal from a
Varian X-band EPR spectrometer E-112 using a Varian 620/L-100 computer showed
that 1.34 spin labels were bound per protein molecule. Correlation times (‘tc) were
calculated from EPR spectra using the following relationship (10):

- -10 1/2

-10-6.5x10 L [(ho/h-l) -1] sec
where w_ is the midline width (gauss), and h_and h . are the peak heights of the mid-
and highgfield lines, respectively. Limitatiofs of th’i& equation are noted as described

by Melhorn et al (10) and the calculated values are applied a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>