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CEIIUIARASPEXII’SOFAHDENIM‘IDHCITY:

WWBYWWCEHSANDDHIBITIWOF

MEDLWWWBYWDJNHHDWCEIIB

Biao Shi

Aluminm isamaraltlyinvolvedinabroadspectnmof

mysiological disorders, e.g., in certain neurodegenerative

diseases ‘of hunts; saneofttmedisorders may originate from

almilm'sprimxyinteractim with a key target in cells.(me

possibility is that alumilun interferes with phosphoinositide

signalm where an intracellular secmd messenger,

inositol LLB-twists (IP3) is generated which, in blrn,

signals intracellular (22+ release.

uploying mine naminlastana cells, labelled with [331-111570-

inositol, acpez'inierrtal reallts denonstrate‘ that alumimlm

amlimtim drastically reduce inositol phosphate prochction

stimlated bprproteinactivatoxs, GTP[S] or fluoride, or the

recqltor agcnist bradyldnin. 'me inhibitim principally affects



fonnatial of IP3 , fran hydrolysis of phosphatidylincsitol

4,5-bimcsghate (PIPZ), rather than downstream or upstream‘

reactions distal to 1P3 formation along the signal transduction.

Maltmirmispredlelatedwifll agents inpermeabletotheplasma

radar'ane, aluminnn-related inhibition is almst cmpletely reversed

in intact cells. the application of great excess of 1492*, crpm

ard GTPreduces mly partially or mt all the inhibition of

incsitol phosphate formation by aluminum. In addition to m2+/cp

mutant-mediated PIPZ hydrolysis, phospholipase C reaction can

also be activated directly by applying increasing concentrations of

Ca2+ in neuroblastana cells. IP3 production in both pathways is

sensitive to alumirum, whereas (22+-triggered 1P2 production is

not affected by alumimm applicatim. 'Ihese findings suggest that

almirm idlibits incsitol prostrate producticn through its

putative interactims with the Gp protein arri Midlipase C.

Employing atomic absorpticn spectroscqu, alumirum uptake by

ramblastma cells was studied. At physiological pH, cells can

protectthalselves franincorporatl'ngtcndcallmimm. Asthemedium

pHdecreases, cells accumulate large anumts of almninum against

the cmcentratim gradient. At neutral pi, transferrin facilitates

alumimm uptake, preambly via marbrane receptors. Iowmcleollar

weight alminnn-dlelating metabolites like citrate always act to

mu'loit alumimm internalization. <22”, alleged to ameliorate

alumirum toxicity, does not measurably inhibit aluminnn uptake by

nalrcblastana cells and alumilun birding onto the cellular surface.
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Allnninnn Toxicity in Animals

Alumirum toxicity in plants was famd first thiscentury

(Hartwell and Faber, 1918). In recent decades aluminum toxicity

has drawn erhanced attention, since it creates serious problems in

agricultural production and environmental protection. In vast

subtrqaic ard trcpic areas, accounting for 40% of arable soils in

the world, alumimm toxicity in plants cultivated on acidic soils

constitutes a formidable barrier to food and biomass production

(Osmond et a1., 1980). The ecological inpact of aluminum toxicity

hasbeenaggravated by enviramental pollution. Broughtabcutby

acid rain causing acidification osoil and water bodies, the

irrzrweasingly Mile alumirum icns are in part responsible for

forest decline in ampean countries (Shortle and anith, 1988) and

the lossoffishpopllatiminlakesarristreansinCanadaaifl the

northeastern U.S. (Godbold et a1., 1988). As an ecological

corsequence,a1umimm taken up by plants and aquaticorganisms

fimllyreadiesthefooddlainforlnmananianimals.

Until recently, the significance of alminlm toxicity in

humans had been largely overlooked. Cmtinual arr} unavoidable

exposure to alumirum, slow accumulation and chronic toxicity by the

metal have cartrihrtedtothis inliffererne (Ganrct, 1986). In the

past decade a cmsiderable body of evidence has accumulated

inplicating alumirum in various diseases, particularly neurological

disordersof hmars.A1uminm toxicity is being recognizedwith



inzreasing frequelcy in patients withrenalfailure, leading to

csteanalacia, anemiacrernqilalcpathy (levine et a1., 1990). In

these patients, tissue aluminum levels correlated directly with

left ventricilar mass arri inversely sith the velocity of

cimmfera'rtial fiber shortening (Icndcn et a1., 1989).

Several studies identified aluminm as a potential causative

factor in the pathology of various types of dementia, especially

Alzheimer's syrdrane, which is a major health problanamongthe

elderly (Martynetal., 1989). InBritain, there are anestimated

600,000 pecple afflicted with these diseases, accotn'rting for 5% of

people over 65 yearsand20%ofthoseover80%. Almnimnnhasbeen

found in highcmcentratims on hippocanpal neurons containing

smile plaques and neurcfibrillary tangles, which occur in the

brain of subjects with Alzheimer's syndrane (Rcskams andOomnr,

1990). In cell culture, 70% of aluminlm-treated l'nman naircblastara

cellsreactedpositivelywith antibodytotaoprcteinandtopaired

helical filament, i.e., the Ganges resalble those seen in

Alzheimer disease brain specimens (Guy et a1., 1990).

Amyotrcpic lateral sclerosis (infirm-dementia cmplex

anuamhasbeenspecllated to originate franagenetiCdisorder.

Havever, Wisniewski et a1. (1980) noticed that accmulaticn of

aluminminnairofilamentsinperikarya and proximal axonsshared

sane features with the nalrolesicns found in patients. later,

Hiranoetal. (1984) ccnfirmedthatthisalnormalstructure closely

resembled mural alterations in the early stage of A18.

Recently, aplcying x-ray micrcanalysis, Hirsch et a1., (1991)



identified inzreased alumirum accumulation in the substantia nigra

of patients with Parkinsm's disease.

Ecperinaltally, aluminum intoxication in nalrological

disorders hasbeenwell establishedinaninalnndels. Intracranial

administratim of aluminum to animals produced a progressive

enceplalqaathy with neurofibrillary degeneration of intermediate

filaments (Selkoe et a1., 1979). Abnormal naircnal axonal transport

of nalrofilament proteirs has been reported in almimm—intmcicated

ramits (Tralcosc et a1., 1985). This inpaired transport is caused

by alumirum-induced formation of protease-resistant high molecular

weight catpleaces fran neurofilamant protein (Nixon, et a1., 1990) .

Since contact and absorption of aluminum is unvoidable,

everyday exposure to aluminnn unlikely leads to pathological events

ofhlnannelrcdisorders. Itispostulatedthat the onset cfthese

rauedisorders may involve, besides aluminum itself, intrinsic

factors like genetic lesims, aging and biological agents (Liss et

a1., 1989). Altminlm nalrotoocicity is rarely expressed in a normal

organism itccmrsonly when thenormalprctectivemedlanismsare

inpaired or altered by intrinsic or extrinsic factors.

denial Prwerties of Aluminum

Asthehardesttrivalentmetal elementinthenatnlre, aluminum

has high imic diarge and snall crystalline radius. Its high ratio

of darge—ovwradils (zz/r = 43.6C2 m"1 x 1028) yields a

reactivity umatdled by other soluble metals (Parker et a1., 1989) .



'Iherefore alumimm does not exist as a positive aquo ion, rather,

the nmhydrated aluminum ionhas a great tendency to polarize

adjacent atans, in particular ligands which contain snall, hard

negative oxygen donor groups (Martell and Motekaitis, 1987) . In the

aquecns solutial, aluminim ion strongly polarizes 0-H bonds of the

water molecule, resulting in the dissociation of a proton fran

water mlecule. With a small ionic volume and coordiration number

of 6,thehydrated aluminum ion is coordinated in its primary

hydration shell by six water molecules in an octahedral

ccnfiguratial (Nordstran and May, 1989) , represented by

A1(HZO) 63+. Because of the high positive charge of aluminum

im, these water mlecules- form a tightly bound primary hydration

shell.

'lhe salvation of the aluminum ion largely depends on its

caraentratimandthesolutim pa. Free 1:413+ is thepredaninant

species at low 11! (< 5.2) solutim. As the solution pH increases,

the initially hydrated A13+ urrlergoes stepwise hydrolysis,

progressively losing its hydration shell protm to water molecules

to mintain dissociaticn equilibrium, thus doubly and singly

charged antinuclear species are formed: (Baes and Mes-mar, 1976)

AlaiZO)63+ + H20 == A1(H20)5(ai) 2* + 1130’r

1510120) 52* + 1120 = 1.10120) 4(on) 2* + 1130+

A1(820)42+ 4- H20 = Al(I-I20)3(a-I)3 + H3O+

Further [H increase in solution will lead totheformationof

naltral and negatively charged species.



Alumimm chemistry is further cmplicated by a variety of

calplexatim reactims. It tends to form electrostatic bonds

preferentially with oxygen donor ligands. In biological systems,

carboxylate ard phosphate groups, inorganic phosphate, mlcleotides,

arri polyrucleotides meet this regiirenent (Martin, 1986).

Therefore, mrboxyl oxyanions of proteins and phosphate cxyanions

of lipidsprovidetargets for aluminum binding. Sane polyhydroxy

acid metabolites in biological systens like malate, tartrate and

particularly citrate, are tell-known alumimm chelators (Ibrtell

aridMotekaitis, 1987). Incitrate, carbmcylategrulpsarearranged

inamannerfavorablefor very strong chelation of thealuminum

im.

An inportant feature of alumimm icnsistheslowrate of

ligard exchange in and out ofthecoordinaticn sphere. Ligand

exdlange rate for A13+ is los-fold slower than that for 192+

(Martin, 1986). 'lhis feature takes (:1 special inportance for

aluminum toxicity,because the low ligarrl exchange rate makes

alumirumuseless as a metalatactivesitesmproteinsandother

cellularcmpcnents.'mis low rate ispartiallyduetothestrict

coordinate umber 6 foralmninnn.'meligarri exchange generally

occurs by a dissociative mechanism (airgess, 1978), and the

fomtim of a dissociative intermediate often requires a

coordination umber higher than 6.

With the cmplexity of solutim and coordination dietnistry,

relatimships bemoan aluminum stress and biological responses have

notyetbeenwell established, e.g., the identity of aluminum's



toxic species. Amng various alumimm species in solution, free ion

Al3+ is generally believed to be the active form causing many

aluminlm effects (Zhang and Oolcnbili, 1989), but aluminum toxicity

sanetimes can be ascribed to Al(OH)2+, Al(G-I)2+, or the sum

of all Wear species activities (Parker et a1., 1989). Under

certain caditiors, polyniclear hydrooty-alumimnn is highly toxic

(Wagatsuna and Kaneko, 1987). Furthermore, thepossibility that

certain almnimm-catplexing ligarris may be responsible for

aluminim’s adverse effects cannot be excluded. An exanple is given

by alumirum—fluoride caplet, which interferes with cellular signal

tramductim (Chabre, 1990).

Primary Cellular lesions for Aluminim Toxicity

For plants, alminm toxicity is a soilborne problen, and the

majortoxic reactim appears (:1 therootsurface (Akesonetal.,

1989), wlierealmninlm is takenup. Since the syuptms of almninum

stress in plants are those characteristic of deficiencies of

several physiologically inportant ions including calcium, magnesium

and phosphorus , it is generally agreed thatalumimminjures

plantsnainlybyinterferingwiththemetabolian ofthoseessential

elements (Foy et 81., 1978).

In hmnan and animals, the mechanism ofaluminum toxicity

ranairs nuch mre obscure. Atthecellular level, a variety of

organelles like chromatin (Walker et a1., 1988), cytoskeleton

(Oteizaeta1., 1989), mitochondria (Dilletal.,l987) andplasma



retrane (Weis arrl Haug, 198 )havebeen listed as potential

primary injury site(s) . At the molecular level, nucleic acids

(Karlik et a1., 1980), filospholipids (Deleers et a1., 1986),

polysaccharides (Moreno et a1., 1985), and proteins are reported to

be vulnerable to alumimm intoxication.

In in vitro experiments, aluminum inhibits various enzymes. In

these cases, alumirummay iiilibit enzyme through its substitution

for physiological factors such as big”, or thrcugh its allosteric

interactim with enzyme protein. (Macdonald and Martin, 1988). The

firsthlownexanpleishemokimse:thebrainismlerismre

sensitive to alumimm relative to nuscle isaners. ‘Ihe alumirnzm-

-induced inpairment of cerebral glucose utilizaticn affects

particularly the metabolism of acetyldloline and other

narrotransmitters, which is typical of diseases associated

clinically with dementia (Iai and Bless, 1984) .

In the following sections, we will briefly review sane current

theories regarding the primary cellular lesions of aluminum.

1. Alumirum Interaction with Chrmatin

Aluminimisreportedtohave high affinity to nucleic acid

polymers, INA arr! RNA. Besides phosphate oxygen, heterocyclic

nitrogenarrieimcycliccarbalylmpn‘ineardpyrimidine basesalso

provide potential binding sites, despite lower affinity for

alulninimflarlik et a1., 1980). Investigations show dlranatin being

meofthecellstructures most vulnerable to alminum's action.



In experimental aluminum encephalopathies, aluminum accmnilates

rapidly upm INA containing stnictures in the nucleus. and Al/mA-P

ratio in d'lrmatin of the animalwasfoundashighasl.05% by

weight (Crapper et 81., 1980).

'Iheinteractimofalmnirum with genetic machinery has not

been investigated in depth. According to very limited information,

at the replicatim level, INA synthesis in osteoblast-like cells is

substantially ixhibited by micranolar allnninum, which in turn

disturbs bone cell proliferatim and differentiation (Kasai et ial. ,

1991,). ' At the transcription level, the almimnn—induced

ca'densatim and aggregatim of duunatin may prevent the formation

ardmaintenance of a transcriptionallycametentopenstructures,

an inportant mechanism controlling gene expressim, which allows

INA polymerase access to coding region of INA. Walker et al. (1989)

scanned divalent and trivala'lt cations in terns of their ability

tocausethecmpactimof dlrmatin franratbrainandliver, and

fourd that alumimm, with its large ionic index zz/r and high

covalent irriex, was the most reactive. Omtin treated with

alumirum in vivoandin vitro is less sersitive to mase II

digestim (Matsunnto, 1988) , an'l coincidently Alzheimer chranatin

wasfoundtobelessaccessibletodigestionbymicrococcal

ruclease. Employing a quantitative dot blot method, results shoved

that aluminmirdeedhadspecificdepressimmscnemessenger RNA

levels, which might belinkedtothedirecteffectofalumimnnon

the transcriptim of genes. In almnimm-treated rabbit brain, level

ofcalnndulinnE'NAwasreduced by 60-70%, anithesamenagniurie  
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of reductim of these messelgers was found in Alzheimer's rabbit

brain (Cramer Macladllan, 1989).

'lhe actual birding sites of allnninum onchranatinarenot

idiom. me assunption is that alumintnnmightbind between the

linker histcnes ard INA, basedcnthe fact that dirucleosanes

releasedfranaluminm-treated cerebral cortexcontainedtwicethe

cartent oflinkerhistalemthanthatfrm the caltrol (Cramer

mlachlan, 1989). A potential site for aluminum’s bridge may be

provided by coordination at amino acid asp-98 and glu-99 of H]. and

DIAphosmate. Byanchoringmlinkerhistalemm, aluminum may

prevent the gee expressionwhidamlyoccursmopeleldlrmatin

regiels where H]. linker histcnes are depleted. Alternatively,

aluminimmayresideon a site mummichwouldbedismptiveto

the birdirg of associatirg cationic proteins (Record et a1., 1978).

In addition, alumimm may act as countericn to physiological

cations, such as Mg”, Ca2+ or Zn”, required in gene

expressim, dqulacing them frcm their normal birding sites on

dimmtin (Garnot, 1986).

2. Effect of Aluminum m Cellular Calcium Metabolism

calcium serves as a secmd messelgerinbioregulation via

various intracellular calcium trigger proteins. In response toa

large variety of external stimli, intracellular calcium transierts

are generated. Within the lifetime of these transients, (22+

binds to trigger proteins (signal input), causing conformational
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charges. 'lhese dlanges play a key role in signal anplification and

transnissim (signal output) fran the trigger protein to respective

effector enzymes and structural elements. When (22+ coupled

signal transductial is interrupted, severe repercussions on

biological and rhysiologiml processes are expected to occur.

As an inportant biological messenger, Ca2+ is subjected to

nultiple cellular controls. Most cells have the capacity of

regulating intracellular (212+ over a broad range by using diverse

transport systems in endoplasmic reticulum, plasma membrane and

mitochcniria, aswellasthrmghcaz” binding proteins (thneyet

a1., 1989). Free (32+ cmcertratim incytosolthusreflects a

balance between influx, efflux, and intracellular exchange and

redistributim (rogin et a1., 1987).

It has been known thataluminum stress (:1 plants always

results in an interference with cellular (22+ metabolism (Zhao et

a1., 1987). Inreceltyears, increasingevideloehas energed that

(22+ regulatim may alsobeatargetforaluminnhintoxicatielin

animl cells. Applicatim of allnninum to osteoblast-like cells

imibits ca?“ aoanmlatim in the cell matrix, which may underlie

the develqment of aluminim-irduced osteanalacia in certain

patients (Ikeda et a1., 1986). In laboratory rats, alumimlm

overload decreases sacrqllasmic reticulum (22+ transport (Ievine

et a1., 1990). Perturbatim offreeca2+ transients by aluminum

was also reported in plenylefilrine-stinnlated hepatocytes (Scuofl

et a1., 1990).



One possible way by which aluminum nanipulates intracellular

(22+ metabolism is involved in the interaction of aluminum with

intracellular Ca2+ regulator proteils. A well known example is

calmdulin, which mediates a nnltitude of Ca2+-dependent

biochenicnl processes (Siegel ardHaug, 1983). Calmdulin has a

profondtedelcy to bird 4 (212+ in specific lociknownasEF

hands. As first two cm2+ bind to the high-affinity binding sites

III ard IV,theprotein urdergoes calformaticnal changes which

exposeahydrophcbicregionservilgasaninterfaceforthe

interactim betweel calmodulin and target proteins.Almnimmis

able to bird to calnndulin stoichianetrically at a nolar ratio of

3:1. the: band (:1 the protein, aluminum triggersahelix-coil

transitial calcanitant with an increase in tcpograrhic surface

(Yuan ard Hang, 1988). ‘Iheinduced geanetric rearrangement of

calnlodulin severely antagelizes its activity to stimlate effector

proteinslikecalmodulin-depedertprotein kinase which, inturn,

cartrols Ca2+ diamlels msarcoplasmic reticulum (Gasseret a1.,

1988).

In a newly-proposed approach, aluminum is suggested to

dcnnegulate intracellular (22” through plosrhoinositide signal

trarsductim (Birchall ard Chappell, 1988), in which second

nesseger molecule Ins(l,4,5)P3, I133, is geerated to signal

(32" release from intracellular stores (Berridge, 1983) .

Moreover, IP3 , together with its phosphorylation product

Ins(l,3,4,5)P4, presumably controls the entry of external
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Ca2+ through secad messengersoperated dlannels cm the plasma

nenbrane (Berridge and Irvine, 1989). This nednanism will be

discussed in detail in later sections.

3. Substitution of aluminum for MQZ+

A prevailing hypothesis regarding aluminmn intoxicatim

andssizes the element's substitution for magnesium bound on

crucial cellular canponents (Kraal et a1., 1990). As a regulator in

various bicdlemical processes, divalent cation ugz“ is required

forthefmctiesofnmnerouselzymesardthemaintelanceof

dnrmatin cenformatim (Wadrer 1980).

A13+/n~ngz+ substitution theory has its solid chemical

mderpirmirg. Itisknomthat size similarity, rather thandlarge

identity, plays a key role inpermittingmetalion substitution

(Garnot, 1986) . 'Ihe ionic radii of m3+ most closely resenble

ttnoseofm2+.1nsixfold coordinaticn, the radius isO.54Afor

A13+ and 0.72 A for 1432+ (mood-laid and Martin, 1988),

respectively. With a slightly snnaller imic volume but nuch

strange: imic index, free Al3+ ian has elhanced association

ca'nstants with many ligands, ard is able to cmpete effectively for

1132+ m binding sites in biological systens, even at M32" molar

concentrations 10"8 fold higher than Al3+ (Miller et a1. ,

1989).

In neny cases of aluminnn-mediated enzyme irhibitim,

replacsnent of aluminum for in?“ is implicated (MacDonald and
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Martin, 1988). line mztmediated enzymes vulnerable to aluminum

include those involved in energy metabolism like hexokinase,

glucose-6-ptnsphate dehydrogenase (Cho and Joshi, 1989), those

involved in pnosrhate transfer reacties like 3',5’-cyclic

nucleotide rhosphodiesterase, acidic ard alkaline rhosphatases

adenylate cyclase, and several carboxyl acid esterases like

acetylcholine esterase (Macknald ard Martin, 1988).

lbs fundamental bicchenical lesicn effected by A13+/n~b2+

substitutim is illustrated by almninum’s interactim with tubulin

(Macdcnald et a1, 1987). Hf", as the physiological mediator for

assenblyofulbulin, isthcughttobindat theexdlangeableguanine

nucleotide (61‘? or GDP) birding site (E site) of the protein. After

the polymerizatien of m2+-GTP bound tubulin mormners into

microtubules, the board (:1? ishydrolyzedtoGDParddissociated

franthetubulin, leadingtothe nextcycleofmicrotuhlle

assenbly. Aluminum icn Al3+ at smmananolar cancentratim

canpetes effectively for E site with ugz“ at 1 nM. Because of the

ectrenely slow ligand exd'larqe rate of Al3+, the hydrolysis and

dissociation of crp is inhibited on Al3+-bound GI‘P-tubulin,

leading to aberrant microtubule assenbly and disassebly.

4. Perturbatim of Aluminum PlasmaMenbrane

Plasna neabrarm manifest alumimm toxicity in two ways:

servingasaprimary lesimsiteoras aca'ntroloftheaccessof
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aluminum to intracellular targets. In either case, interaction of

allminmwithplasnamenflaranevmldbean initial stage inaluminnm

Manycmpaientsofplasnamnbranenay serve as targets for

aluminum, but polar Wlipich are likely the prime candidates.

'Ihe negatively charged mosmolipids, phosphatidylserine (p5) and

Wtidylinositol (PI) especially have high affinities for

aluminum binding, but they aremainly located an the cytoplasmic

side of the plasnna membrane. on the extracellular side, polar head

regicns of zwittericnic Wlipids, e.g. , phosphatidylcholine

(PC) and Wtidylethamlamine (PE) , are attractive ligands for

altminlm binding. Such binding my cause drastical dlanges in

nanbranesurfacednargedensityandtransmenbrane potential (Akeson

et a1., 1989). With this electrostatic interaction, altminm was

reportedto iflnibitvoltagegatingofVAmdnamnelmmitodnonirial

outer Mbrane by neutralizing the channel's sensor responsible for

voltage dependence (Dill et a1., 1987) .

Altminnm crosslinking of the polar regions at the namrane

anrfacemsfumdtobetranslateddeeplyintotheintemal

napolar regions, inducing a marbrane phase separatim, aggregation

andnanbrane fisim (Deleers et a1., 1985, Deleers et a1., 1986).

In human erythrocytes, the associatim of alnminm with plasma

manhranesresults in an inureasedlipidonderparaneterandphase

transitim temperature, indicative of more rigid lipid packing

(Weisandflatq, 1989). 31:11 inposeddnangas inmennbranestructure

and physical prcperties will influence mmrane functions like
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permeability. Zhaoetal.,(1987) demonstrated thattheperturbation

of lulk lipid matrix, upcm aluminum application, led to enhanced

non-electrolyte transport across plasma membranes. In addition, the

activity of some membrane-bound proteins might be also modified by

the altminum—induoed changes in a lipid environment, particularly

inthebcundarylipid area. For instance, inhibition of umbrane-

WK-AI‘Pasebyaltminumwasfanndtocorrelatewiththe

altminum-induced decrease in menbrane fluidity (Suhayda andHatg,

1986).

Aninterostingreeearcharea is the effect of aluminum on

menbrane lipid peroxidatim, which is believed to be a culprit

causing cellular aging. In vivo, the productim of 2-thiobarbituric

acidreactive substano$('I'BARS)wasenhanuedinbrainandliverof

mioeafterdietary aluminum intoxicatim (Fragaetal., 1990). In

in in vitro experiments, altminum was sham to facilitate

inn-dependent permidatiminerythrocytemenmraneandliver

microsanee (minlan et a1., 1988). me to its electronic

canfiguraticn, altminum isnot able to interact directly with

oxidative free radicals, therefore the observed acceleration of

allminum an lipid peroxidatim more likely results frcm its

interactim with lipid substrates. One interpretatim is that

bindingofaltminummmanbranemaycnusearearrangenentof

mm paospholipid molecules, which renders lipids more

amibletotheattackof free radicals (Fr-agaet a1., 1990).

 

 

 



17

Aluminum Uptake and Intracellular Distribution

Since aluminum amarently does not have physiological

importance, it is unlikely that there are specific cellular

transport device for its entry. A major criticism of the aluminum

hypothesis in neurodegenerative disorders is the postulated

relative inaccessibility of the element. War, abnormally high

accunnllatimofaltminumin the CNS argues against thisnoticn.

Because CNS neural cells are terminally differentiated, the

altminumtransported to these cells will be accumulatedunless

specific systens are available to remove den. This is different

frunothertissueswhidnhaveasetturncverrate,andthus

altminmaccunulatim overtinewulldbelessprofctmd (Roslamaand

Comm, 1990)..

In postman-tan brain sanples from patients with dialysis

encqhalqnathy, altminumcancentraticn ranges fran 100 - 800m

(Garnet, 1986). In acperimenntal intoxicatim, total brain aluminum

cancentratimaverage abanthOuMandnayreadnthOuM. Becauseof

its nonuniform acamulaticn in different nanrms, in vivo levels of

altminminscmeneurunalpcpulaticrs maygreatlyexceedthelOOuM

average (Nixcn etal., 1990). Humanneurdnlastana cells (DIR-32)

wreshowntoaccunulate 10-20 mallmilumagainstloomaltminum

in the medinm (Guy et a1., 1990). 'Ihe intracellular aluminum

canentraticrs withinthisrange were found in tangle-bearing
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neuras of alananian patients with amyotropic lateral sclerosis or

Parkinson’s disease (Perl and Good, 1987).

Raw does altminum enter manmalian cells? With limited

experimental data, it is generally believed that mmelear forus

of altminm are reqnsible for its transport across the plasma

umbrane.'nehydrocarbminnteriorof tie lipid manhrane is not

permeable to these altminum ias, buttte icnepler'etic capacity of

Melipids may provide a means to translocate allminum, e.g., by

forming nan-bilayer cmfiguraticns like reversed vehicles or “II“

'1!) illustrate, nil3+ adsorption by gnsphatidyldioline was

reportedlyinvolved in altminum uptake intocytcplasm (Akescnet

a1., 1939). In living cells, altminum ions especially A13+ is

likely able to take advantage of co—transport or nonspecific

transport. machineries for netal cations.

In search of possible carriers for cellular uptake of

allminum, investigatiashavebeenfoalssedmtwo typesof

biological molecules: Wrting protein, i.e., transferrin, and

low molecular weight metabolites with capacity of deleting

alminm. Based an denial study, the snall altminum-delating

metabolites like citrate have been suggested to provide an

effective means for aluminum transport into cells (Martin, 1986).

However, in most enperiments, these little altminm-delating

agentsvirtuallyprotectedanimls and tteir cells bypreventing

altminum internalization (Daningo et a1., 1988, Guy et a1., 1990).

On tie other hands, transferrin has been inplicated in facilitating

aluminmuptake by various malian cells ineludingluman
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nenrdalastana cells (Harris et a1., 1987) and cells in CNS

(Rosskana and Omnor, 1990), presnmably through a transferrin

receptor-mediated process.

Since it probably cannot be used physiologically,

intracellular altminum will possibly be bound on sites that are

strager than cytosolic pool delators. At slightly acidic

intracellular pl, at which catimic allminum species are present,

the prine candidates are mennbrane lipcphosmates and phosphorylated

proteins (Birdnall and clappell, 1988). 'me existence OfSlJCh

strag intracellular chelating pools for' aluminum can partially

explain how mannlnalian cells are able to establish high aluminum

cements against low extracellular aluminum concentratim.

Hesphoinesitide Signal Transduction

Biosghoinositide signal transduction is a ubiquitous second

nesseger systauinankaryoticcellstoregulatealarge array of

cellular processes inchding netabolism, secretion, conntractien,

neural activity and cell proliferatim (Berridge and Irvine, 1989) .

In analogy with cAMP second messeger systemnhospnoinositide

signalling pathway cesists of three ccnpcnents, viz., receptors,

guanine nucleotide binding protein (Gp protein) and phospholipase

C, residingintheplasnamenbrane. In neuronalcells, receptorson

the cell surface detectextracellular stimuli like horuones or

neurotransmitters,“ transfer the signals to Gp protein.'1he

activated G protein in turn triggers effector enzyme nincspholipase
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c, and the later cleaves [inosphatidylinositol 4,5-biphosphate

(PtdIns(4,5)P2) into inositol 1,4,5 ~triphosmate (I93) and

diacylglyoerol , which mhilizes intracellular ca?" or activates

protein kinase C, respectively (Berridge, 1987).

Inthelastdecade, a number of sign'nal-nnediatinngroteins

have been identified by the canbinatia‘n of classical biocheuistry

andINA recanbinatiantedmicpe.'neyarealll‘eterotrineric

molecules, cesistingofadistinetatsubmitandidentialp and “Y

submits (Bimbauuer et a1., 1990). 0! Submit contains a

high-affinity guanine nucleotide binding site and at least one

high-affinity Mg?“ binding site. So far nine genes encoding a

submits havebeennidentified, andlZpolypeptideproductsofthese

genesareknuwn to be inplicatedintheactivities (heissnnnthet

a1., 1989). 'nemlecular process of G protein activatien is

brieflyasfollowing: after receiving the signal frcm thecell

surface receptor, the G protein mdergoesconformatimaldnange

which facilitates the exchange of bound GDP for one, followed by

dissociation of at submit from 81 submits. Afterthis

dissociatien, tie Md oz submitbecanes functianal, its

catalyzing center an be submit activates Melipase C.

Oemnitantly, GI'Pase activity of anbnnit hydrolyses the bound

GTP, leadingto association of a and 51 submits and inactivation

of Gp protein (Freissnuth et a1., 1989).

Gproteinmsoriginally believedtobearasoncogeneproduct

(Wakelam et a1., 1986), since expression of p21N”r"“S in 3T3 cells

‘resqordingtostimnlusbygrowthfactors ledtoalargeincrease in



21

inositol phosphate formatian. Now it is know thatthereisa

subset of "little" runner GI'P binding proteins with molecular

masses 20-25 km. 'nney includemanyfactors conntrolling protein

synthesis like the elongatian factor, EF-Tu, and ras, rho, ral and

racgenepmoducts (Nozawaetal., 1991).

There is a nultiplicity of pthinolipasee C (PIC) in mannnnalian

tissues (Rhee et a1., 1989). PcurtypesofPICisaners, assigned

as on, p, TandJ, have beenidentified. Incultured neuroblastana

cells, tne nejor isomer is PICn, accounting for 99% of total PLC

activity. meningofthefcurtypesofPLCisoenzymes has revealed

a anrprisingly low degree of similarity in tneir primary structure,

enggesting different roles and regulatory properties (Vicenti and

attaneo, 1991). 'nneactivities of these PLCisanersaredistinct

in their respective comartnnentatim, substrate specificity and

ligand reqnirenen‘t. The soluble phospholipa'se c apparently uses

mlyprassubstrate,araismtahletoreadnthehormone-

sesitive plncspnoincsitide pool residing in plasma membrane, while

the Q protein-mediatedmenbrane—boundPICactivityisseeningly

ucre specific to agonnist-sesitive PIP and PIP2 (Cockcroft,

1987). 'Ihe PLC activity can also be activated directly by

intracellular (22+ of increasing concentrations, bypassing

receptorstimlatim and Gp protein mediation-1(CradleandCrevs,

1990).

Phosphoinositide hydrolysis is followed by the extremely

canplicated inositol phoqnhate uetabolism. In a bewildering array

of phosphorylatien and dephosficnylatim reactions, dozes of
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isaners of innositol unno-, bi-, tri-, tetraki-, penta-,

lnenaficsfinatesaswellascyclic derivatives are produced (Putney

et a1., 1989). Anmg them, only Inns(1,4,5)P3 is firmly

established as the primary signal to intracellular Ca2+

mobilizatian. It innteracts with receptors on the endoplasmic

retionlnm and sarccplasmic reticulum, and triggers tie opening of

<22“ channels on theseorganellarmedoranes, resulting in cm2+

efflux fran these intracellular stores. 'Ihe depletion of

IP3-sesitive intracellular Ca2+ pools, in turn, signals Ca2+

entry mechanism, and extracellular on” isallowedtoenter to

refill tre depleted Ca2+ pools (Berridge and Irvine, 1989) .

Activatian of Fluoroalnminate on Phosphoincsitide Signal

Transduction

Fluoride anies (F') haveleg been known to stinulate G

protein-canpled transmenbrane signalling. 'Ihis activatien process

was later revealed tobedepedentantraceanncunts of alnminum

(Sternweis andGilman, 1982). In fluoride solutions, alnminum is

able to form various soluble imic canplexes AlFxx'B (wl'ere x =

1-6) wtcse stoichianetry depends ontleexcessconcentrationof

fluoride. 'Ihese alnminum-fluoride canplees, most likely A1F4',

areprcposedtostinnulate G protein byactingasanaloguesofthe

terminal pnosphate of are (Fain et a1., 1988).
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On the atauic and molecular bases, there are close

similarities between alnminofluoride canplex m; and

phosphate group PO43': lere fluorine canpares to oxygen, and

aluminum to fincsphorus. With tie sane size and valece orbitals as

oxygen, fluorine has also tte very strong electronegativity and

thus agreatcapacityofforminghydrogen bonds. Fluorine in an

ianiccanplex tends to bind to ahydrogenbonddonorgmnpona

protein. Moreover, anO—H..F isjust slightly longer thanO-H..O,

and N-H..F and N-H..0 areexactlyinthesannebandlegth. Like

deepens,alnminumhascoordinate number of 1 - 6,duetothe

possible hybridization of its outer shell 3p electrons with 3d

orbitals. Furthermore, Al-Fbandinalnmincfluoride has the sane

legthasaP-Obadinpnosphate.

Because of these resenblances, Q protein may erroneously

take alnmincfluoride as phosfinate group. Accordingto Chabre’s

model (Chabre, 1990), inaGI‘P-binding protein whose nucleotide

site already centains a GDP, presumably A1F4' is tetrahedrally

bound tofourfluoridesmidnarehydrogen-boundmtleprotein at

ornear the nucleotide site, then AlF4' endnanges one ofits

fluorides by binding imicallytotheterminaloxygenof

-phosphateoft1ebound GIP. However, unnlike rbpinosphateofGIEP,

tle alnminofluoride bound to the GDP can nnot form the

pentacoordinatedbipyramidal structure which is requiredforGTP

hydrolysis, thusit locksthecatalyticcenteroprrotein in tre

activated tetrahedral configuration. Inotterwords, uponbindinng

of alnmincfluoride, G proteins are blocked at tle active state as
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with bound nan-hydrolyzable GI‘P annalogue GI‘P[S]. 'Ine similar

structure changes in G proteins nnodified by alnminofluoride or by

GTP[S] were recgsidered (Higashijima' et a1., 1987)

Objectives: Possible Inpact of Aluminum on Phosphoincsitide Signal

Transductian and Cellular uptake of Alnminum.

Takentogetler, although knnowledge has been bliltregarding

tiedevelqmentofalnminumtmnicitysyndraneinhunen andanimals,

scant intonation is available an cellular and mlecular mechanisnns

associated with alnminum intoodcationn. Fundannental questions that

mist be resolved are those of alnminum—oaused primary cellular

lesim(s) and alnminum uptake across the plasnna menbrane. The

possible inpact of aluminum an {inospnoincsitide signal transduction

might berelated to alnminum-caused neurodiorders. Furthermore,

basedin partanfindings (ShiandHaug, 1988)inour1aboratorywe

aretherefore advancing tre hypothesis that alnminumiuptakeby

intactcellsisdepedentmnedinmpflandmayalsobe

interriorizedbycertain types of oarrier—nediatednednanisus.'ro

testtlesehypotheseslpmposetopuraetlefollavingobjectives:

OBJECTIVE I: Determine the effect of alnminnm on incsitol phosphate

fonatian in phosphoinositide signal transduction

pathway.
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OBJECTIVE II: Determine alnminum uptake by viable neuroblastoma

cells, by varying nedinm {fl and erploying potential

carriers.

Allexperinnentswillbecarriedoutannrxn-differential nnurine

neurdnlastana cells, C1300, clue neuro—ZA.

RATIONAL as to cbjective I:

1). Alnminum toxicity has been inplicated in a broad spectrum

of dnysiological disorders. 'Ihis led to a proposal that aluminum’s

toxicity is a nnultigene-cantrolled syndrcme. 'ne ability of

alnminum to bind raspecifically to different cellular canponents

offers the element omorbnnities to affect various cellular

reacties (Gannrot, 1986). War, it is also possible that a group

of these disorders originnates frnm a single primary cellular

lesicun: alnminuminteracts with a keytargetwhichiscritical in

cellular uetabolien. Wnat, at present, amear to be pleiotropic

aluminumeffects innnenunaliancells, mayintheedprovetoenerge

frun a basic, underlying molecular uednanism. Phospnoinositide

signaltransductian could be aeofsuchtargets, becauseitisa

ubiquitanssysteninenkaryoticcells to regulate nany inportant

cellular processes.

2). A uajor consequence of alnminum intoxication is the

interferece with cellular on“ metabolism, which is knom to be

partially annealed by rhosphoinositide signal transduction.

Alnminum generally perturbs intracellular (22+ metabolism in an
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inhibitory nanner. This .fact suggests that, apart frun the

activation node in tte presence of fluoride, alunninum may

downregulate intracellular <22" through signal transduction: with

a distinctmechanien.

3). Ebcperimentally, alnminumhasbeenreportedto inhibit a

number of signal-mediating G proteins like transducin in retinal

rod outer segments (Miller et al., 1989), and Gs/Giin cAMP

signalling pathway (nersour et al., 1983, Johnson, 1988,).

4). A principalmednanismtoocicity expressionisbelieved to

be substitution by aluminum for no” at critical cellular

site(s), and M92“ is a mysiological ligand in up protein-

coupled phospnoincsitide signalling process. 'Ite replacenent of

nng2+by altminum at the nucleotide bindingcenteroanprotein

nuay result in the inactivationn of Q protein.

5). Alnminum is expected tobeboundon vicinnal phosphate

grams an phosfinoincsitide in particular PIP2 (Birchall and

enamel, 1989) , leading to a depletion of hydrolyzable substrate

pools. Alternnately, alnminum may bind to 1P3 (Schofl et a1.,

1990), flereby altering 1P3 netabolic fate and/or 1P3 binding

affinity to its receptor.

6). Finally, all key cmponennts of phospnoincsitide signal

transductian, i.e., receptors, Gpprotein and fincspholipase C,

areresidinginplasmameubrane.'nerefore, tne perturbarceofthe

menbrarepropertiesbyalnminumnayindirectlyaffect the phospho-

innositide metabolism
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The effects of alnminm on innositol phosphate formation were

examined in nurire nnen'cblastona NzA cells labelled with

[3H1myo-innositol. In inntact cells, alnminnm reduced fluoride-

innduced innositcl phosphate formation in a dose-dependent manner. In

digitonin-permeabilized cells, GI‘P[S]-stinnulated inositol phosghate

formation was inhibited with increasing aluminum doses in a

binnasic manner with an ICSO value of 20 uM. At 50 uM alnmian,

tl‘einositol MetelevelmsrednedbyabontZ.5-3fcld.‘nne

inhibitoryeffect of aluminum (50 uM) could notbereversedby

increasing GI'P[S] concentrations up to 500 uM. Application of

aluminm lowered tle accumulation of inositol [resonates mainly by

inhibiting IP3 generation rather than by interfering with

metabolic ’reactios after 1P3 formation. Pre-cl'elation of

alnminum with citrate or ESTA conpletely abolisted tte inhibition

of fluoride-induced inositol {hosphate production by alnminum in

intact cells, tut had little effect on tl'e inhibition of

GI‘P[S]-in'duoed innositol phcsnhate production in permeabilized

cells. Applying alnminm prior to GTP[S] stimulation, turnoverof

PIPzandPIPbeenearpreciably slower (30 - 45%). Inaddition of

nrgz‘Vep protein stimulation, phosphcinnositide hydrolysis. can be

also evoked by increasing the intracellular (22+ concentration.

When modulated by various divalent catios, inositol phosphate

femtion resqno'ded to alnminnum stress differently. When ng+

was enplcyed, formation of 1P3, IP2 annd IP was inhibited.
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In caz+-mediated prediction, howemer, only 1P3 release was

appreciably depressed unnder aluminum stress; IPZ level retained

unaffected. Dcposure of cells to alnmimm also reduced bradykininn

-triggered :13 production annd intracellular (22+ release. These

findings suggest that a primary lesion of aluminum toxicity may be

related to tie inhibition of innositol phosphate production through

the netal's interaction with tie phoqnhcinnositide signnal trans-

duction pathway, presnmnably at Gp protein annd pncsphclipase C.

Alnminmhasbeeninplicated asatcxicagentinvarionsneuro—

degeerativedisorders, e.g., incertain types of seniledenenntia

(Gannrot, 1986, Crappernaclachlan, 1989). At this time, no single

mednanismhas been identified as cansingaprimarylesionintle

alnminm toxicity syndrone.

Alnminmisapparentlyinvclvedinabroadqectrumcf

physiological disorders. It is possible that a group of these

disorders originnatesfrontremetal's interaction(s) with a key

target in basic metabolic patlmvay(s). A major consequence of

alnminmstress is known to result inadisunrbanceofcellular

calcinm metabolism (Marmis, 1989) whidn, in turn, is partially

interrelated with signal transduction, involving polyphospho-

inositide hydrolysis linnked to a guanine nucleotide binding

protein, raned up protein (Berridge et al., 1983). Via this

pathway, nenral cells, in response to extracellular stinuli,
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generate tie inntracellular messeger incsitcl-1,4,5-triphcsphate

(193) to mobilize intracellular <22" (Bansal and Majerus,

1990). In' many types of cells, this signal transduction could be

activated by fluoride in tie presence of very low cocentrationns of

alnminmm (Gilnnan, 1987). Such activation is presnmably acoonplished

by binding of fluoroaluminnate conplexes to the nucleotide center of

Gpproteinn.0osequently,Gpproteinnislccked innGI‘P-bound

activation conformation, thus preventing tte effector enzyne fronn

being switched off, leading to an elevated 1P3 fornation (Ctabre

1990).

I-Icwever, alnminmm stress geerally interferes with cellular

(22+ metabolism in an inhibitory mannnner (Levine et al., 1990),

suggesting that alnminm may dovnregulate cellular (22" levels

via interference with nhosptcinositide signal transduction by a

nnedanism different fron tl'e activation mode. Alnmimm application

indeed hasbeenshowntocauseprcfonndnegative effects on Ca2+

signalling in variols types of cells like pancreatic acinar cells

(Wakui et al., 1990). Application of alnminnnm to rat cortical

slices reportedly depressed tte release of innositol {hosptate

following stinulation of carbactcl (Johnson and Joe, 1986) or

fluoride (Jope, 1987) . Moreover, alnminnnm was found to inhibit

PIPZ hydrolysis by phospnolipase c fron bovine heart (McDoald

and Hamrack, 1988).

'nere are otter possibilities for aluminm to interfere with

IPg/Caz+ secod messenger systen, e.g., direct binding toIP3

(Bironall and (namell, 1988). In addition, key elements, namely
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receptors, Gp protein and Linospholipase C, of the signal

transduction pathwayare residing in the plasma monbrane, and

interaction of aluminum with membrane constituents may indirectly

inpact the regulation of the pathway.

Taken together, aluminum-induced changes in Winositide

signal transduction may provide a basis for understanding the

mechanisn whereby the toxic metal exerts itsprimaryeffecton

ran-a1 cells. Hennce, m decided to innvestigatethe effect of

aluminum on phosphoinositide hydrolysis, employing neuroblastoma

cells. Our results demonstrate that application of aluminum

inhibits inositol [inosphate formation, presumably by interactions

ofthemetalwithGpproteinardynosgholipaseC.

WWW

new

Alltissue culture applieswerepn'onasedfronGIBCDOoJGr-and

Island, NY). myo-[2-3minositol (15.6 Ci/nlnol) and [329]-

orthophosfinric acidwereobtainnedfronNenglardNuclear

(Boston, MA). crp[31 was bought fron Bodnringer Mannheim

(Indianapolis, m). Bradykininwas obtainned fron Sign Omical Co.

(St. ions, 10). A11 denial reagents usedwere of high quality.

Cleaning of plastic ware annd the preparation of incubation buffers

and solutions were performed as described (Shi. and Haug, 1990) .

 



39

ELLE—um

olltures of C1300 rouse neuroblastona cells, clone nneuro-ZA

(American Type ollture Collection, Rodwille, 140.), were grown as

mentioned recently (Shi annd Hang, 1990). line cells were used at

confluence, 7-10 days after our first passage.

WofmM__Fomation

Neuroblastona cells in 6-well nultidishes were prelabelled for

24-30 h with 1.0 (for intact cells) or 2.0 uCi/ml (for permea-

bilized cell) of myo-[3H1-inositol (15.6 uci/mol) in 2.0 ml

Dilbecco cht's modified Eagle medium, um. After labelling until

eqnilibrium, the radioactive medium was renoved, and cells of the

monolayer (about 2.5 - 5 X IDS/well) were washed twice with the

incubation mediumconposed of 140 um NaCl, 5 11M KCl, 10 11M

mm, 30 on glucose, 5 mM MgClz; the mediumwasbufferedto

thedesiredpfivalueswith lOnHTris, nepesorPipes.

Cellsofmnolayersweresub‘jectedtoalnmninm challengeinl.0

ml innlbatimnfiilmminimlowmm, 2.5mm and 1.0 11M

2,3-dipnospho-D-glycerate (Sigma, St. Louis, m), prior to

stimlation. 'nne reactionwas terminated by an addition of an

ice-cold solution of trichlcroacetic acid (M) , finnal

concentration 10%.. Cellswereextractedonice for 10minandthenn

scrapedoff. 'Iheextracts werecentrifngedathOngorSmin, and
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supernatants and pellets were kept for the assay of incsitol

phosphates 'Ihe extraction procedure was carried out at 0 - 4°C.

A 1.0 ml volume of the supernatant solution was extracted with

2 ml solution of l, 1,2-tridnloro-1,2,2-trifluoroethane and

tri-n-cctylamine (3 : 1) to removem (Challissetal., 1988).

Afterremovalof'lm, theugaerrhase solution was neutralizedto

pH 7.0 - 8.0 with 0.2 N M401. Incsitol phosphate products in the

solution were separated on a column containing AG 1-x8 (formate

form, zoo-400 mesh, Bic-Rad, Rockville centre, NY), and [3H]-

incsitol mono-, bis-, and triphosrhates on the column were eluted

stepwise (Figure 1) by using 0.1 M formic acid solution containing

an increasing anruonium formats gradient (Berridgeeta1., 1983).

'me radioactivity of the fractions was counted by liquid

scintillation spectrometry.

Worms-ens

'Ihe permeabilization procedure followed basically that reported

by Wcjcikiewicz and Fain (1988): a moclayer of cells was cooled on

ice for 10 minarcmcnltmemedinmwasrotcved. Afterwashing

with innonbation medium oce, cells were incubated in an ice-cold

medium resenbling intracellular milieu (140 nu KCl, 20 nu NaCl, 10

I!!! glucose, 5 11M )gClz annd w 7.4 bufferswith 10 um Hepes)

containing 15 ng/ml digitonin for 10 min. Microscopic examination

denonstrated that over 95% of cellsfailtoexcludetrypanblue
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Figure 1. Elution profiles of incsitol phosphates by column

dnronatography. the water-soluble extracts of [3H]inosito1

-labelled nenrcblastona cells, treated with lomNaF/m uM

A1C13 (.)crwithrcNaFandA1Cl3 (O),were applied to PG

1-XB column and eluted with: (A) water; (B) 5 nM sodium

borate/60 nM sodium fomate: (C) 0.1 M formic acid/0.2 M

amnion for-mate: (D) 0.1 M formic acid/ 0.4 M amnonium formats;

(E) 0.1 M fomic acid/1.0 M anunonium formte. Five peaks

representthemetabolits eluted inthecrder(fron1eft): free

incsitol, glycerophosphoincsitol, IP, IPZ and IP3. The

volume of each fraction was 1.0 m1.
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after digitonin poration. Subsequently the permeabilized cells were

mshedocencreinincnbationmedium forSmin.

“W2: mitol Milieu—S

Eccqnt for mincr modifications, lipids were extracted and

separatedasdescribedaiorwitzardperlnan, 1987). Inthecaseof

[32P11abelled cells, suspended cells, harvested fron moclayers,

were prelabelled with (32131ch acid for 2 h in medium

in 37°C water bath. [3H]inositol (8.0 uCi/ml)-or [32P]ortho-

ficsp'cric acid (5.0 uCi/ml)-labelledcellpellets were dissolved

in 1.0 ml of ice-cold solvent conposed of chloroform /methancl

/cocentrated I-lCl (200/100/0.75, v/v/v). The mixture was allowed to

stand iniceforlOmin,thenwasmrmedtoroontameraunre.After

an addition of 0.2 m1 of 0.6M HCl, the solution was centriflged at

650gfcr5minandtheunperpnaseandmiddleflurrywere

discarded.’lhe ranaining lower finasewaswashedWicewithOJml

of an "upper {base-like solvent” chlorofom/methan‘cl/O.6 N HCl (3 :

48 : 47). line washed lower finasewascanpletelydriedunder a

nitrogen stream, and the residuewas dissolved in onloroform/

nnetlnancl/HZO (75:25:2) systan.

Incsitol {inosp'clipids were separated by thin layer

dnronatogranhy with a developing systan of chloroform/ methanol/

H20/mim hydroxide (48:40:75). The labelled lipids were

visualized by radioautograpny afterincubation at -70° C, then

scraped andextractedinamymui/OJ M HCl (10 :20 : 8).
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Afterthe addition of 0.5 ml CHC13 and 0.5 mleo, thelower

glass was dried and quantified by liquid scintillation counting.

WofWe;m

The intracellular free calcium cocentration was determinned as

described (Zhon et al, 1990, 'Dojyo et al. 1991). Briefly, suspended

cells (1.5 x 106/m1) were loaded with medarane—perreant,

esterase—hydrolyzable acetoxy-uethyl ester of fura-Z ( 2 uM/ml) for

1hinEMEM, inacnz incubatorat37°C.After washing twice, the

fura-Z/AM-loaded cells were resuspended in inncubation buffer, at 5

x 105 cells/ml. Fluorescence measurement was performed at

excitation wavelength 339 rm and emission wavelength 500 nm.

Intracellular free ca?” cocentration was calculated fron the

relation:

[(22+) = 19 (F - Fm-nn/(F1mm - F)

where 1% =224nfl (thedissociationconstantof Ca2+ binding to

fura-2).

For our neuroblastona cells, equilibrium labelling was verified

by monitoring the incorporation of [3H]innositol innto the

ptcsgnolipid pool. Under curexperimental coditions, 24 to 30 h

wereneededtoattain equilibrium asdemonstratedbystable

incsitol ficspnate acomulation levels (Figure 2) . Onanges in
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cocentration of [3H1incsitol phosphates are therefore indicative

ofchangesinthe anncunt ofcorrespoding incsitolphosfinate (Dean

and Heaven, 1989).

Activatig) 9f fluoride m MimitideM

When nanroblastana NZA cells were treated with fluoride,

enhanced turncver of phosphatidylinositol 4,5—biphosphate (mp2)

and phosphatidylincsitol 4-phosphate (PIP) was observed (Figure 3),

similar to other cells tested (Gilman, 1987) . With 10 11M fluoride

added, [32P]PIP2 and [3213113113 counts in [32P]ortho-

Linosphoric acid-labelled cells dropped by 50% and 30% fron their

control levels, respectively, whereas the [32P]phos;inatylincsitol

level was virunally nct affected.

'IbdeterminewhetherthereductionofPIPZresultedfron

fluoride-stimulated PIP2 hydrolysis, rather than fun blocking

upstream kinase reactions of phospnoincsitides, the release of

incsitol phosphates, the hydrolytic products of phosphoinositide,

was measured with [3H1incsitol-labelled cells. As expected,

application of fluoride caused drastic elevation of incsitol

phosphateproduction. 'nne fluoride-dose dependenceoftheinduced

incsitol phosphate formation (Figure 4) was coincident with that of

the induced PIPZ andPIPdepletionuptolO 11M fluoride, (Figure

3). Allthreemajor incsitol phosphates, viz. 1P3, IPZ and IP

attainedtheirpeakvalues at 5 - 1011M fluoride,andtotal

incsitol ghosphate (IBr=IP3+IP2+IP) productionwas
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Figure 3. Effects of fluoride on [32P1phcsphoincsitide

turncverinneuroblastonacells:PI(A), PIP ( I inB)and

PIPZ ( O in B). Suspended cells, harvested fron monclayers,

were prelabelled with [32P]orthophosphoric acid (5.0 uCi/ml)

in incubation medium, 2 h, at 37 c in awater bath. 'lhe labelled

cellswerewashed, then'incubatedwithNaFatvarions

cocentrations for 30 min. After the termination of the

reaction, lipid extraction and separation, radioactivity was

counted: see descriptioninMaterials and Methods. Data are

meansiésm of duplicate sanples. *p < 0.05 and Mn><0.025

vs. corresponding control (no NaF adiition) by Student's test.
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Figure 4 . Dose-dependence of fluoride-induced incsitol phosphate

fornnation in neiroblastoma cells: 1p (0), 1P2 (A) andnp3

( I ). [3H1incsitol-labelled cells of monolayers were treated

with 1011M LiCl for 15min, thenincnbatedwithNaFatvarions

cocenntrations plus 10 A1013, 30 min, in pH6.8 incubation

medium, in a37cm2incubator. Datapointswith * represent

theproduction in sanples treated with 100nMNaCl. Dataare

means 1 $1514 of duplicate sanples. *p < 0.05, **p < 0.025 and -

*“P < 0.01 vs. correspoding control (nc NaF addition).
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ennhanced 4 to 5 foldconparedwiththebasal level. Withfurther

increase in NaF cocentration, incsitol phosphate formation

declined sharply. Since a similar reduction was also found if cells

were treated with NaCl of tie same cocentration, it was obviously

caused by high cocentrations of Na+.

the observed stimulation of incsitol phosphate formation by

fluoride was not or only marginally potentiated by application of

aluminum. Preamably trace amounts of endogenous aluminum sufficed

to form a fluoroaluminate conplex capable of stimulating phospho-

incsitide hydrolysis (Oockcroft and Taylor, 1987) . In cultured

neuroblastona cells, suhnicronolar aluminum always existed as

contaminant (Sli and Hang, 1989).

mmmmmmneme we:

Aluminum

Fluoride-stimlated nhosficinositide hydrolysis was measured in

the presence of increasing aluminum cocentratioc (Figure 5). At

low cocentrations of aluminum, the induced incsitol phosphate

formation was practically not affected. Above 50 uM of aluminum,

inositol pcsghate formation was inhibited in a dose-dependent

manner with Ic.so value of 250 uh alunninunn. At 500 uM alumimmn,

ttetctal incsitol nhospnate prcdnnctiondecreasedtoabont30%of

controlvalue, closetothatofthe basal level. Intheabsenceof

added fluoride, basal production of incsitol phosphates was also

inhibited by aluminum, but significantly less.
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Figure 5. Alminum-induced inhibition of fluoride-related total

incsitol pnesphate and 193 (insert) formationf Following

expoanretovariansaluninumdosesfchOmin,intact

-ne.nroblastancells in moclayers wereincnbatedanadditional

45mininanlediumcontaining5.0mM NaF(O),orncNaFadded

(o),pHG.8,37C,inacn2incnbator. the data arethoseof

a typical experiment carried out in duplicate: three independent

studies afforded similar results. 1"P < 0.05 and MP < 0.01

vs. control (nno aluminmn addition).
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Similar data were obtained on rat cortical slices (Jope, 1988):

application of 0 . 5 11M aluminum inhibited fluoride-related total

incsitol phosphate production by 45% . By monitoring acomulation of

individual incsitol phosphate, our results demonstrate that the

formation of three inositol nhcsfinates, IP3, 1P2 and IP, was

reducedinasimilarpattern wten nneurchlastonacellswereexposed

to aluminum prior to fluoride stimulation. In onr system, 1P3

usually accounted for 5 - 10% of total incsitol phosphate products.

Given itsstcrtlife (abont 10 sec) and low level (Bannsal and

Majerus, 1990), determination of 1P3 was less accurate than that

of IP. In tte presence of lithium (10 mM), an inhibitor of

incsitol-l-phosphatase (Innclde and Conn, 1987) , the predominant

incsitol {resonate species was IP, accounting for abont 70 - 80% of

total incsitol phosnhates. Assuming that nest of IP was originating

from 1P3, and that mostIP3wasconverted to IP (Wcjcikiewicz

and Fain, 1988), the amount of total incsitol phosphate

accumulated, [IPT], where IPT = (IP + I1?)2 + 1P3), appears

to be a reasonable estinnate oftctalIP3productionwithin the

experimenntaltimefranenatanygiven time, tte quanntity of 1P3

measured appears to reflecttheinctantproductionofIP3 atthis

monent.

calonlation indicates that the ratio of a specific incsitol

phosnhate quantity over that oftctal incsitol ptnosnhates, viz.,

[IPJ/[IBr] : [Ile/[IPT] and [IP31/[IPT] : was

approximately constant irrespectiveofttepresenceofalmninumat

varions cocentratioe (Table 1). This fact oggests that aluminum



Table 1.

formation by aluminum.

Inhibition of GI'P[S]-induced incsitol phosphate

 

Incsitol phosphate production (con/well)

 

 

A1034)

1P IP2 IP3 Inn

0 33840 (80.8) 5860 (14.0) 2210 (5.3) 41900

2 32380 (79.5) 5960 (14.7) 2360 (5,8) 40700

5 29080 (80.3) 5130 (14.2) 2010 (5.6) 36200

10 27500 (81.1) 4600 (13.6) 1830 (5.4) 33920

20 22700 (82.1) 3410 (12.3) 1410 (5.1) 27650

50 16110 (80.8) 2860 (14.3) 980 (4.9) 19950

200 14020 (81.6) 2450 (14.3) 720 (4.2) 17180

500 12460 (78.2) 2590 (16.3) 870 (5.5) 15940

 

Perneabilized cells were treated with aluminum, then

incubated with 100 124 GI'P[S] as in Fig.6. Nunbersin

parenthesisrepresentttefraction, inperoenntage, of

individual inositol phosphate (i.e., IP, 1p: and I95),

elated to total incsitol [resonate aconnulation (IPT) ,

'viz., IEVIBT,

of duplicate samples in a

experiments.

IPZ/IPII. and IP3/IBT. Data are meanns

roaresentative of three



55

didnctinterferewiththesequential kinaseorphcsghatase

reactions afterIP3 formation. Inotherwords, the primary action

seemingly occurred at or prior to site(s) wtere 1P3 was

generated.

In intact cells, incsitol [hosghate formation was determined as

toitsdependenceontteduration of aluminum incubation (Figure

118, curve e). Cells were exposed toaluminnumforvaryingtiue

periods, tten washed with almninum-dnelating medium prior to

fluoride treatment. A brief treatment of cells for less than 5 min

was acconpannied by slight decreases (< 10%) inphosnhoincsitide

hydrolysis. Apart from that, inositol phosnhate production was

drasticallyreducedastheincnbation time was lengthened to 60

min.

Initiation of Entering—wed M121 My: Ermation py

elm

GI'P[S], a nohydrolyzable analogue of am, continually

stimulates GP protein and is widely usedininnvestigations on

signal transduction (Simonssonetal., 1991). Studies on GI'P[S]-

induced inositol phosphate formation were carried out with

digitonin-permeabilized cells, since application of GI'P[S] to

intact cells failed to sic» significant impact. Under our

experimental codition, incubation of moclayer cells in cytosol-

likemediumcontaininngng/mldigitonin on ice yielded over 95%

of cells porated, and maximal GI'P[S] stimulation.
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The. saturation level of GI‘P[S]-evoked incsitol phosphate

formationwas abont 2.5 - 3 times higher thanthebasal level

(Figure 6), i.e., less pronounced than fluoride-induced response,

althogh GI‘P[S]-treated cells were labelled with 2.0 uCi/ml of

[3H]inositol, i.e., twofold that used for fluoride-treated cells.

Asim'llarchservationwas reportedonratcorticalmanbranes (Liet

a1. , 1990) . Digitonin permeabilization did not cause leakage of

inositol phosphates to the extracellular milieu since 85 - 90% of

theseconponndswerefonndtobeasscciatedwithcells.

Ompared with fluoride-induced incsitol nhosphate formation,

the GTP[S]-activated process was more responsive to aluminum’s

action. The onset of inhibition of alnminum on incsitol phosphate

releasebecame distinctatanaluminumcocenntrationaslcwasZto

5 114, i.e., at cocentrations usually employed in fluoroaluminate

activation experiments; and IC50 shifted to 20 m. This ennhanced

sensitivity is expected because digitonin-porated cells were fully

accessible to aluminum. Moreover, in the absence of fluoride,

alnminum lost its activation capability, and more free aluminum was

available. In response to aluminum application, GI'P[S]-induced

incsitol nhosptate formation appeared to reflect a biphasic

dependence: a sharpdecreasebetweenO-SOnMandgradualdecrease

above 50 m of aluminum.

when [3H]incsitol-labelled cells were stimulated with crew]

in the presence of 0.5 nM non-radioactive "cold" IP3, an increase

in [al-IJIP3 formation was acconpanied by an equivalennt decrease

in [3H]IP accumulation regardless of aluminum stress. As shown in
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min, pH 7.4, in an imnbaticn medium containing 100 um GI'P[S]

( O ), ornoGI'P[S] (O), 37 C, inaCDz incubator. Inta are

nursecn! a typnofl.<aqerhmmm perflmued in cumuuonzwiimee

independent studies afforded similar results. *p < 0.05, **p

< 0.025 and “P < 0.01 vs. control (no aluminum addition).
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Figure 7, [3H]IP3 production in the absence of cold IP3 was

25 —3o % that in the presence of cold 1P3, and [3H]IP

productioninnthepresence of cold 1P3 was 35% of thatinthe

absence of cold 1P3 . Considering that radioactive 1P3 might not

be diluted alfficiently by "cold" IP3 employed, and that a

certain amount of basallevelIP3had been already accumulated

prior to ”cold" 1P3 introduction, the fraction of IP generated

from 1P3 might have been larger. Nevertheless, these findings

suggest:1).IPaccumlationcbservedincursystomisnot due to

directPIard PIP hydrolysis occurring ineperdentlyfromther

protein-mediated pathway, and 2) . application of aluminum lowered

inositol fincsfinate accumulation principally by inhibiting 1P3

formation.

Toteet whether the observedreductionofinositolnncsphates

resultedfromaluminum interference with thednromatograpnic assay

of these metabolites, in partionlar 1P3, experiments were

performed whereby aluminum wasaddedtosauplesaftertermination

ofreactionanlreuovalof'lm. 'Ihe results in figure8iniicate

that no interference withIP3aniIPzproduction was detectable

following such a "post"-incorporation of aluminum, even thougln a

high cocentration of aluminum (500 uti) was fourdtoslcwthe

elutionrate.'nneradioactivecountsoftheseconpomds (bars B,C

and D) were virtually identical to those from "negative" control

(barA),midnhadmtbeentreatedwithalumimum;butwere

appreciably higher than those of "positive" controls (bars E, F and

G) whichhadbeenexposed to thesamealuninumconcentrationprior



59

.
.
a

N

T 1

IP

IPZ

 

.
5

1

  (
3
!
!
)
I
n
c
s
i
t
o
l
p
h
o
s
p
h
a
t
e

a
c
c
u
m
u
l
a
t
i
o
n

(
c
p
m

x
1
0
'
3
)

         
 

O

ColdIP3 -.+-+ -+--+ -+-+

Figure 7. GI'P[S]-induced [3minositol phosphate fonation in

the presence of nan—radioactive IP3 . Digitonin-permeabilized

cells, either treated withSOnfialuminumorwithnoaluminum,

wereinonbatedwithloom GI'P[S] in the presence of 0.5mm

non-radioactive D3 or in the amenoeof non-radioactive 0;,

for 20 min.
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Figure 8. Effectsofalnmilmonthednmtogramic assay of

inositol pinsphates in cum-sum permeabilized cells.

"Re-aluminum" samples were treated with aluminumdosesof so

(a), 200 (C), 500 (13) um, prior to crew] (100 uni) stimulation.

"Post-alminum" samples werenzeated with identical doses

(E,F,G) afto: renoval of trichloroacetic acid. Sample "A" is the

control where alminumwasnotadministered, mitherbeforenor

afterGl?[S] stimulation. mta are means .1 saifromasingle

experiment with diplicate samples. *p < 0.05, “P < 0.025

and m? < 0.01 vs. corresponding control (sample A) .
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to GTP[S] stimulation. Qaantitation of IP levels was also

unaffected by "post"-addition of aluminum up to 200 uM, and it

became slightly reduced (about 10%) at 500 uM aluminum (37840 com

onbarDvs. 40140q1monbarA).

The effect of aluminum on inositol phosphate formation was

examined inaGI'P[S] dose-dependent manner (Figure 9). With no

aluminum added, inositol phosphate production attained its plateau

at 20 u! GI'P[S], arnd ECSO value for GI'P[S] was 2.5 uM. Following

application of 50 uM alunninum, the saturation level was reached at

so an crp[81, and ECSO shifted to the right slightly (5 uM).

Apart frumttme, additionofaluminumdidnotchange largely the

grarh depicting the relatio'ship of the induced inositol phosphate

formation vs. GI'P[S] concentration, albeit alumirnum reduced

renarkably the inositol phosphate level at a givenn GTP[S] dose. In

other mrds, theinhibitoryeffectofalumimumwasnotreversed by

increasirgGI'P[S] doseuptoSOOuM.

Similar results hereobtainedwithGI'P (inthepresenceof 100

m cums”. As shown in figure 10, application of are up to 5 nM

(100 fold class over aluminum) had practically no influence on

aluminum -related inhibition of inositol phosphate formation. At 5

mi! GI'P, the production of inositol phosphates decreased at

approcimatelythesamedegreeintheabsenceanipresenceof

aluminum,suggestingthattheobserved reduction was due to the

dilution of GI'P[S], a permanent Gp protein activator, by its

analog GI'P.
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Figure 10. Inhibition of aluminum on inositol phosphate

formationinthe presence ofencngenousGIP. Controloraluminum

(50 um)- -treated permeabilized cells were stimulated with 100

uM GrP[S] in thepresenceofGI'Pofvariouscocentrations in

medium. Data are means 5; son of duplicate samples. *9 < 0.05,

1”Tm 0.025and***p< 0.0lbypairedttest.
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At variance with stimulation of incsitol pcsphate formation by

agonists, in which maximalIP3enhancamentisseenwithinseconds

(Figure 11) , the response of incsitol phospnate accumulation to

G'I'P[S] was slower but lastinng much longer (Figure 17). The lag in

onsetoftheGI'P[S] stimulation fcunri here was also r'eportedon

other cells, andwasattributedtO‘thetimerequiredforGI'HS] to

endangewithendogenmsguaninenncleotideoncpprotein.

Accordingtoolrtimcourseexperiments,thekinetiosof

incsitol ptcspnate production followed basically the same pattern

regardlessofaluminum (SOuM) treatment. Inbothcases, responding

to GI'P[S] addition, 1P3 initially increased rapidly, attaining a

plateau at 10 min, followed by elevation of D2 level , which

reached itspeakvalueataboutBOmin,andIPgr-adually

accumulated. At 1 h, 1P3 levelbegantodecline, butIPwasstill

increasing with time. The presence of aluminum attenuated incsitol

phosphateproductionateadn time point, butthegeneralshapeof

the time course curveramainedunalteredconpared with that of

control cells. For example, IPz accumulations (Figure 11A)

reachedtheirplateau levels ataboutthe same time regardlessof

aluminum administration, but the height (2800 cpm) in the presence

ofaluminum declined to 40% of thecorrespoflingcontrolvalues

(5300 cm) .
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Figure 11. Time course of GI'P[S]-induced incsitol plcsphate

formationintheabsenceorpresenceofalnminm. Timecourseof

IPT (B:OO ). IP (B:AA), IP2 (A:AA ), aniIP3 (A: g o )

productionwasmeasuredinthepresenceonSOuMalnminmm

(solid symbols), or in the absence of addedaluminm (open

symbols). After treatment with alnminnnm for 15 min,

permeabilized cells were stimulated with 100 uM GI'P[S] for

varioustiunesfitnpanel A: The left ordinate refers to 1P2

(AA ), the right ordinate toIP3 fonnation(.o).‘1ypical

data are meansi-SEMofduplicate samples; three independent

experiments were carried out. *p < 0.05, **p < 0.025and

***P<o.01bypairedtest.

Temporal dependence of fluoride-induced total inositol

phosphate formation in intact nelrcblastona cells on

preincubation of cells withalnminm(B:curvee). Cells were

preincubated with 200 uM aluminum for various timesgthen

subjectedtostiuulationwith 5 mM NaF for 45 min. Dataare

means 1 SEM of duplicate sample from two independent

experiments.
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Figure 11. Time course of GI?[S]-inndnced incsitol pl'csphate

mime (minutes )

3
I

H
]
I
n
c
s
i
t
o
l
p
h
o
s
p
h
a
t
e

p
r
o
d
u
c
t
i
o
n

(
c
p
m

X
1
0
'
3
)

m:
s
,

~
*-

'
1

  
 

 

 
 

«so

5

.40

3

2

n

o

[
3
8
]
I
n
c
s
i
t
o
l
p
h
o
s
p
h
a
t
e
s

(
c
u
r
v
e

e
)

66



67

IBI. accumulated similarly to that of IP, increasing linnearly

within the time period of10t060mnin (Figure 113). The time

coursecurvesintheabsence anipresenceofaluminnumhaddifferent

slqnes: 34000 on vs. 14000 cpm. 'Ihe ratio of the slopes, i.e., the

ratiooftlneestiuatedaverageIP3 production in the absence of

alnminm vs. that in the presence of alnminnnm is 2.4, similar to

the ratio of instant IP3 production, 2.8, calmlated directly

fr'omtheIP:3 levels in 10 -60mninplateau. ‘Ihisfindingwiththe

temporal pattern of individual incsitol phosphate formation,

further sunport the notion that aluminm’s inhibitory effect occurs

at sites of IP3 formation rather than at evennts after 1P3

formation.

mm" efAL._tmunnn' inflafirwefgslmt' Assets

For experiments on intact cells (Figure 128),aluminunwas

pre-mixedwith dnelating agents, Marcitrate, at amnolar ratio

of 1.1 (dnelator/metal). Aluminm conplexes of these dnelators were

fou'd tobeenanluiedfromonteringcellswithintheshorttimeused

(Shiannd Hang, 1990, Guyetal., 1991).Afterremovalof aluminum

-containing medinm, cells were washed with dnelator-containing

buffer, then plain buffer, and finally exposed to fluoride. When

citrate (bar3)orEGIA(bar4)haspresentinthemedinm,

ptcsmate incsitol production wasashighasthatinthepositive

control (barO), i.e., incellswhich had not been treated with

alnminm. Danmining cells pretreated with alnminm alone (bar 1),



Figure 12 . Effects of alnminmum—dnelators on alnnminmum-iniuced

innhibition of incsitol nhosflnate formation. Alnminmm-induced

inhibition of fluoride-triggered, total incsitol phosphate,

IPT, annd 1P3 formation in intact neuroblastona cells (B) and

of GTP[S]-induced IPT annd 1P3 formation in permeabilized

cells (A), in the absence, or presence of chelating agennts. Bar

0 represents the respective control sample, i.e., without

alnminnm annd without chelator. Inntact cells (B) were

preincubated, 30 min, withSOOuMaluminnm (land 2), 500 uM

aluminum + 550 UN citrate (3), 500 uM ‘ aluminum + 550 uM EGTA

(4), 550 uM citrate (5), or 550mm (6), thenwashed with

incubation medinm containing 5 11M citrate annd plain buffer.

Finallythewashedcellswereexposedtostimnlation with 5 mM

NaF, for45min, inthemedinmcontainingncalnminumexceptfor

samples 1 annd 2, whicinwereincubatedinthemediumcontaining

500 uM alnminnnm. Permeabilized cells (A) were treated with 200

uM aluminum (1), 200 uM aluminum + 220 uM citrate (3), 200 an

aluminum + 220 mm (4), 220 uMcitrate (5), or 220 mm

(6) prior to G‘I'P[S] stimulation (100 uM) . 'IYpical data are meanns

i SENof duplicate samples; two independent experiments were

*

performed. *p < 0.05, **p < 0.025 and “p < 0.01 vs.

corresponding control (sample 0)
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inhibition persisted after washing cells with a ,chelator-containing

medium: m1. (12500 cpmvwell) and I193 (1060 cpm/well) levels

were abont 30% ofthe respective control value (bar 0,44390 annd

3720 cum/well, respectively).

auriucting similar experiments on permeabilized cells (Figure

12A), cells were simply incnbated with aluminum prechelated with

m or citrate prior to GI‘P[S] stimulation. 'Ihe spectra of the

alnminm's inhibition were differennt from those in inntact cells.

When citrate was onployed (bar 3), inhibition of incsitol phosphate

formation by alnminm (bar 2) was only slightly reversed (13220 cpm

onbar3vs. 10550cpmonbar2). 'Ihis observation suggestedthat

the chelating agennts were eliminating theinhibitoryeffect by

preventing alnminm's interiorization innto inntact cells. If

alnminm waspranixedwithm (bar4), theinhibition of incsitol

ficsphaterelease in the presence of aluminm (bar2)waseven

potontiated (8600 on onbar4vs. 10500cpnonbar2). Such an

FETA-relatedreductionwas also four! in theabsenceofalnminnm

(19200 cum on bar 6 vs. 25600cpmonbar0), it is apparently

caused by chelation of physiological cations, like hg‘z+ and

ca”, by m. Unlike citrate, mom does not selectively chelate

alnminum, and it has high affinity to bini various divalent

catioc, in particular (22+.
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Effg 9f Aluminm 93Wpf Inosito Hno_s;§olipids

To further examine alnminmm's putative action site alog the

signal transduction pathway, the impact of alnminm on incsitol

{icspholipid turnover was investigated (Figure 13) . With nc

aluminm added, stimulation by GI'P[S] (sample B) resulted in a 40%

PIPZ annd 30% PIP 1088, respectively. 'Ihus, conpared with

GI'P[S]-inrluced increase in inositol pcsphate production,

GI‘P[S]-induced PIP2 annd PIPturnover were significantly snmaller.

Similardatawere reported in other systems like ratpituitary

tumor cells (Wojcikiewicz annd Fain, 1988) and mouse keratinocytes

(Iee annd Yuspa, 1991).'lhisresult is expected because only a

portion of the phosphoinositide pool is hormone-sensitive

(aerridge, 1987). The coconitannt depletion of PI after GTP[S]

stimulationwas evenn less pronounced (about 10 %), probably because

of a larger size of cellular PI pool, annd mobilization of a snnall

portion of PI appears sufficient to replenisln the PIP2 pool for

hydrolysis.

Amlying alnminm prior to GI'P[S] stimulatioc, PIPZ and PIP

levels appreciablyincreasedwhereas the PI level was elevated

marginally. At 50 m alnmninm (sample C), thelevels ofPIPand

PIPzwerereversedtothecorresporiing control levels. Above200

uM aluminm (sample D andE), PIPzandPIPlevelsattainnedtheir

respective plateau, abont twice as high as their control values.
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Figure 13. Effect of aluminum on GIP[S]-inriuced phospl'cinositide

turnover. Permeabilized cells were treatedwith0u4(A,B),50

mm), 200mm),anr1500n14(E) alnminm, for 15 min, then

samples (B,C,D,E) were subsemently exposed to stimulation with

cup[51(loo in), for 60 min. Control Awasncttreatedwith

GTP[S] airing 60min incubation. attraction annd analysis see

descriptiminhaterians and Methods. typicaldataaremeansi-

senofduplicatesanples;twoindependentexperimentswere

performed.
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Effects of guminnum on mitol Mic Formation Evoked E!

Various D;v_a_l°ennt Cations

Application of divalent cations, no”, ca2+ and an+,

stimulated phosfinoincsitide hydrolysis in different ways (Figure

14) . DgZ+ stimulation on incsitol Wm production was only

observable in the presence of GI‘P[S] (bar 3), whereaseffects of

Ca2+ or an+ appeared to be independent of Gp protein

activator, i.e., enhancedformationccolrredtoapprocimately the

samnedegree inthe absence (Figure 13A) andpresence (Figure 138)

of GTP[S]. Application of Mn2+ (bar 5) increased IP and IP2

formation by a factor 2 - 3 but failed to elicit a detectable

increaseinIP3 formation. This finding is inaccordwithreports

that nnn2+ eniances phosphoinositide hydrolysis by stimulating

incsitol headgrcup exchange in Matidylinositol (PI) in an

agonist-insencitive pool, which is apparently inaccessible to

PIPz-specific phospnolipase c (Sdmoepp, 1935) . Addition of ca2+

(bar 7) caused remarkable increases in 1P2 accumulation,

accounting for 40% of total incsitol phospnate, which is believed

to be a characteristic of (EH-stimulated phosphoinositide

hydrolysis (Bramlmer et al., 1988).

Interestingly, when modulated by these catioc, production of

incsitol ptcspnate responded to aluminum stress differentially

(Figure 14). Upon 192+ stimulation, production of all three

incsitol phosphates was inhibited in a parallel mannnner in

alnminum—stressed cells (Figure 14B, bar 4). line inhibition of
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Figure 14 . Effect of alnminm on “32+": Ca2+- , or Mn2+-

mediated incsitol phosphate formation in the presence (B), or

absence (A) of anew]. After pretreatment with 50uMaluminnm

for 15 min, permeabilized cells wereinncubated with 5.0 mm

192+ (bar3and4),or5.0mMMh2+ (bar 5 and 6), or 0.5mm

Ca2+ (bar 7 annd 8), orconbinatios oftherespective cation

with 100uMGI'P[S] (100114), for 60min. Samplesrepresentedby

even-numbered barsweretreatedwith alnminmm, as opposed to

col-numbered bars which were not treated with aluminum. Samples

representedbybarslandZarethecontrol, inwhichnno

divalennt cation was administered. Typical data 1- SEM of

duplicate samples: two independent enqneriuents were carried out.
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ca2+-mnediated inositol [hosphate production by alnminmum was found

to be dependent onfreeca2+ cocenntrationandincsitol phosphate

species. mmsm ca?" were applied (bar 8), 11:3 releasewas

depressed more than50%underalnminmmstress.&ntIP2 production

decreasedonly10%, annd IP formationwasreducedmnoderately (25-

30%), andbothweremchlesspronucedthaninhibitionof

alnminm on DgZ+/Gp-related inositol pnioqhate formation. 'Ihis

differennt response implies that a large proportion of Ca2+-

innduced IP2 wasderivedfromotherscuroesthan dephcsnhorylation

of IP3, whidnis a major source for m2+-related IP2 annd IP

accmmnlatim. Upon application of 14:12, all three incsitol

ficsfinatesarenctalloratmostmarginallyaffectedufler

alnminm stress (bar 6).

line different response of (22+; annd ngztmediated incsitol

phosphate formation to alnminm action was verified in cation dose-

dependenceoqneriments.'lbcontrolfreecaz+cocentrationin

medium, ca2+ (0 t63.0mnn) was premixed with 3.0 m m,

affording a calcilated submicronolar cocenntrations of free Ca2+ .

As shown in Figure 15, at l mu C22+onelatedwith3mMEDIA,

starpincreasesinIPandIPzaccnmulation were acconpanied by a

cocomitant IP3levelincrease,anrlallthreespecieswere

sensitive to alnminm's inhibition, thus 1P2 annd IP apparently

originated from IP3. Astineca2+doseadiedincreasedfrom 1 min

to 31:14, IPZanndIPlevels were continuously enhanced, but 1P3

maintained its plateau level. 'Iherefore,thecbservedincreasein

1P2 and IP formation was likely derived from PIP hydrolysis.
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Figure 15 . Response of caz+-nmediated incsitol phosphate

formationtoaluminnm stress.AfterexposuretoSOuMalnminmm,

permeabilized cellswere incubated for 60 min in an medium

containing Ca2+ of varions concentration; Ca2+ had been

prechelatedwith3.0mfi EDIA. A: IP3productionintheabsence

(0) WW (0) of alnminnm. B: IPZ (DI ) andIP (0.)

productionintheabsence (Do)orpresence(|.)of

aleinmm. *p<o.05arri*l=<o.025bypairedtest.
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Figure 15 . Response of (my-mediated inositol phosghate

fa‘tion to aluminm stress.
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In this mi“ cocenntration range, inhibition of 1P3 by aluminum

was virtually not affected, but inhibition of IPz became less

pronuced. Finally, when 3.5 min caz" were premixed with3mnn

EDIA, i.e., therewere0.5mflnonEDIA-onelated (22+ existing in

the medinm, inhibition of IPZ production was alunost conpletely

eliminated. These facts snggest that Ca2+-related mp2

hydrolysis is sensitive to aluminmm’5 action, but (by-related

PIP hydrolysis tends to resist alnminmm inhibition, especially at

high free ca2+ concentrations (micromoles/ml) .

'Ihe inhibition of aluminm on the ugz‘vcp protein-mediated

incsitol pcsnhate formation was affected by the ngz+doseina

differenntial mannnner (Figure 16). After the innduced formation

attaineditsnaximal level at 4 mM 1192+, further increase in

H32+ cocenntration only partially alleviated the aluminm—

associated inhibition. Using the ratio of total incsitol phosphate

production, (rerun, inthepresence of 50 uM alnminm over,

that, (IPT)-Al' intheabsence of aluminm as an estimate of

inhibitory efficiency of alnminm. Calculation in Table 2 indicates

a slightly negative correlation between m2+ cocentration annd

allminm's inhibiting ability. With an increase inhg2+ dose from

4 ml! to 8 mid, the alnminm—related reduction, (IPT)+A1

“11%).“, increased from 0.34 to 0.50. Ebfperiuents couldnct

be corlucted at the high [1492“], where reduction of incsitol

nhosghate formation was found.



80

   
 

50- '-50

a:
“A

«in

at. 40- -40
IUH

o

:x

o.

HE30r «30

oo
JJV

”4::

3020- .20
cw-l

”‘6
"5::

(3.4.8 10b .10

HH

no.

*8
E. o LLLLIL 0

0 2 4 6 8 10

Mg+2 concentration

(mm)

Figure 16. unfi-dcse dependence of GI'P[S]-inrlmed inositol

phosphate formation. After preinclbated with 1132" of varions

mntratiosinthepresenceofsomaltminm(.)orinthe

absenceofalminm(‘),pernnabilizedcellsweretreated with

100 uM GTP[S] for 1 hair. lypical data aremeansismof

duplicate sanpleS, Uninriepenflentexperimntsm per-famed.

*P<0.05, 1""'n><0.025ennnd"""“'p<0.01bypaimdtenst.
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Table 2 . ugztdcee dependence of aluminm-relatedimibition of

GI'P[S]-stinulated inositol phosphate production

 

Total inositol phosphate production (cpn/well)

 

 

[McBfi

(11M) [IR-31.151 [IPS]+A1 [DS]+A1/[IPS].A1

0 7370 i 170. 5640 i 290 0.76

1.0 19260 i 680 8600 i 30 0.45

2.0 30620 i 1100 10110 i 1550 0.33

4.0 38470 i 1700 13010 i 290 0.34

5.0 36890 i 1670 14400 i 0 0.39

6.0 38420 i 2180 17450 i 750 0.45

8.0 37380 i’ 230 18650 i 1550 0.50

10.0 33510 i 280 17780 i 1030 0.53

 

mta are derived fron Fig.16.

inositol

[3%er represents total

Mutepmductionintheabsenceofalmninnm;

[IPT]+A1 rqaresents that in the presence of SOuMalumimmn.

Nunbers in column 4 are the calculated ratios of values in column

Boveroorreqnondirgonesinoollmnz.
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Effect of gmnimmn gin Mata l—PB Production and

Intracellular Q3+ gease

Stimulation of intact cells with bradykinin, a muscarinic

receptor agonist, resulted in immediate increases in 1P3

formation and intracellular calcium release, in accord with

previous findings ('Iakamra annd anthey, 1989, Mcuillac et al.,

1989). Application of 20 uM bradykinin brought the 1P3 level to

itsmaximalvalue of 4040cpnconparedwitha basal level of 1090

on within 15 s (Figure 17A). 'nnetimihgofincreaseinninntra-

cellular Caz+ concentration (Figure 178) resettled that of 1P3

leveldnange: peak value of 142123»: (n=5) Ca2+wasobtainned

inls-zos (basalleve159113nfi).

'nne cell's ability to respond to bradykinin stimulation was

howeverimpaired by pre-exposure toalnmninmn. Inalnmninnmn-treated

cells (Fig 17A and 17C), bradykinin-induced IP3 level was lowered

to 2170 mandintracellular[Ca2+]to9Oj_-18nfl (basallevel 64

i 8 nu, n = 5). After permeabilizition, cells became insensitive to

bradykininstinulation, presumably because the receptors onthe

cell surface were injured by digitonin treatment.
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Figure 17. Inhibition of aluminm on bradykinin—triggered

inositol phosphate formation (A) and intracellular Ca2+

release (B,C) inimtactcells. A: Gellswere treatedwichOOuM

aluminm (0|) orwithnoaluminm (00), 30 min, followed by

stimulation with 20 m4 bradykinin. IP3 (.0) aniIPz (‘0)

production are shown. *p < 0.05annd**P < 0.01 by paired

test.BanriC:I-ura-2methy1esterbloaded cells were incubated

with 200 114 alnmninnmn, 30 min, thenwashed. Forfluorescence

studiesatSOOnm(excitation at 339 m), bradykinin of 10114

final concentration was added into 3mlcellsuqnennsion(5x

105 cells/ ml). Stimulation and calibration are indicated by

arrows: (1): 20 1M bradykinin, (2): 12 ug/mldigitonin, (3):

3.3wm+2ow'rris.
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DISQISSICN

Previous work had demastratedthattraceamnmtsofalmnimmn

inndeed activate G protein-mediated incsitol pnespnate production in

the presennce of fluoride (Gilman, 1987). ‘Ihe results from this

sbxiydemonstrate for the first time atthecellular level that

arplication of aluminum at higher concentrations reduces inositol

phosphate formation. Our data suggest that the observed inhibition

of inncsitol phosphate formation results fron aluminum’s

interference with fincsfinoinositide signnalling pathway, presnmnably

atfileprimlytargetsGPPmteinarfimliPaseC-

Incurstudies, aluminumconcenntratios varied fron 0 tozoo

014, within arangefomndinthebrainafterdnronicadministration

to animals (Ganrot, 1986). In experimental intodcation, total

brain alnmninmn cocentration average about 100114, anndinsone

nalroal pqmilationsalmninmlevelsmayreadntloo 114 because of

its nouniform accumulation in different neurons. (Nixon et al.,

1990). Incursys‘tan, ATPwasusedasarincsphatescurce as'well as

chelator to buffer aluminum. Inthepresenceof 2.5mm, the

total free 1113+ in the inncubation medium was 10"10 - 10‘12 M

based on model calculation (Martin, 1986). Kinetics of aluminum

exchange between various intracellular chelators is not clear. For

innstannce, alnmninmn in the soluble hydrated form crotherbonnd

forms may be able to dissociate quickly enough to be available to

interact with the target(s) in the signal transduction pathway.
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'Ihereforewearehereusingasparameter the total aluminum dose

added in the extracellular milieu.

Fluoride forms a series of aluminum-fluoride chelates (Martell

anniibtekaitis, 1989). Amog the colplexes, AlF4' isthoughtto

be involved in activation of Gp protein (Gilman, 1987), leading to

enhanced incsitol pcsphate formation. In the presence of milimolar

fluoride and micrmclar alminum, A1F4" is. apparently a major

fluoroaluminnate species. On first thought, the daserved inhibition

of incsitol pcsphate formation with increasing almninnum doses

mightbeattributed to changes in glaciation of fluoroaltmninate

conplexaes. 011‘ results dispute anchanexplanation because the

inhibitionpersisted desqnitetheremcval of external aluminum in

the medium by washes with debtor-containing buffer, priorto

fluoride adiition (Figure 128) . More convincingly, in the absence

of added fluoride, acomulation of incsitol ricsphates triggered by

GI'P[S] (Figure 6) or bradykinin (Figure 17) administration has also

depressed in alminun—stressed cells.

mile lessening incsitol [insulate production alnmninnum

application slowed GI'P[S]-stimnlated PIPZ turnover in

nnanrcblastona cells (Figure 13). therefore, aluminumnappearsto

block a site (8) responsible for PIPZ hydrolysis alog the

signalling patlmay, ratherthanupstreamordcwnstreamsitesdistal

toPIchydrolysis.'nnisrctionisfurthersurportedbythe

following cheervations. Firstly, alnmninnmn reduces the total

incsitol pcsphate level principally by inhibiting 1P3 generation

fron PIPZ hydrolysis. 'me observed lower IPandIleevels in
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thepresenceofaltmninmnseenedtooriginatefron the reductionof

1P3 production rather than fron depression of degradation of

respective [hosrinolipid precursors, PI and PIP. this was suggested

by the temporal develqnnent of individual incsitol phosphate

products (Figure 11) and by the coconitant increasein [3111193

level and decrease in [3311p level following addition of "cold"

IP3 (Figure 7). Hand PIP may serve ashydrolysis substrates if

Mg.ATP is nct available. MnenATP is addedto maintain incsitol

lipi® in the phosphorylated state, PIP2 is reportedly the main

substrate for hydrolysis (Cockcroft and Taylor, 1987) . Secondly,

alnmninmn failed to measurably interfere with ant- or Ca2+-

stinnlatedIPandIPzrelease,whicharenortccnupledtoGp

protein-mediated phosphoinositide hydrolysis (Figure 14) .

'nne fact that aluminum reduces either fluoride-induced incsitol

[hosrhate formation in intact cells (Figure 5) orGI'P[S]-innduced

incsitol ficsghate formation in permeabilized cells (Figure 6)

suggests that the inhibition is amarently taking place at site(s)

distaltoreceptorsatthecellularsurface.‘1hisnctionis

consistont with the finding that the aluminm-related inhibition of

incsitol pcsrhate formation was dependent on the metal’s

interiorization. Firstly, binding of almninnnmn onto the cellular

surface is conpleted within a for: minutes following alnmninnum

treatment of cells (Shi and Hang, 1989). If allmninnmn acts on

receptors at the cellular surface, its effect on inositol phosphate

production would be seen immediately, similartothose of receptor
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agonistsorantagolists including metal cations (Smith et al.,

1989); moreover, the inhibition sholld nct bedependent onthe

preincubation time of cells with alnmninnmn as log as surface-bound

aluminum is removed. Pullover, in our experiments, appreciably

longer preircnbationtimnesnerereqniredforalmmimmntobecone an

effective inhibitor, and the extort of inhibition increased as the

preincubationtimewaslogthoned up to 60min (curveeinFigure

113) . Secondly, inhibition of inositol phosphate formation by

aluminum caild be averted if cells had been preincubated with

aluminm dnelatedtoEGIAorcitrate inmnedia, thereby preventing

surface binding and interiorization (Figure 128, bar 3 and 4).

Inhibition hmever persisted if cells were first treatedwith

aluminum, then washed with a chelator-containing medium, in which

only surface—bong aluminum was removable (Figure 123, bar 1 and

2) . Dbreover, when permeabilized cells were employed, the reversion

of aluminm-related inhibition by citrate— or mm-oclation was

hardlyorno logerobserved (Figure 12A).

Apntativetargetforalnmninmm interactionismanhrane—boundcp

protein coupled to phosgholipase C, whose activation is thought to

be the rate-limiting step in phosphoinositide signal transduction

(Gilman, 1987). Within our knowledge there has been nc direct

evidencefor inactivationoprproteinbyalmninmmn,buta

similarmechanian has been reported on othersigral-mediatingG

proteins like transducin (Miller et al., 1989), and small molecular

vweigntGI'Pbinriingproteinslikembilin (Macdonaldetal, 1987).
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The molecular nature regarding inactivation of G protein by

alnmninmnisnctknown. Ourdatasuggestthataluminmmmdcesnctbind

directly to GI'P[S], because addition of G'I‘P[S] in tenfold excess

over aluminum couldnnot reducethe aluminum-related reduction of

incsitol phospnate release (Figure 9). compared with phoqinate, the

sulfur atom ofthephosphorothioate is more moleaphilic towards

”soft” ligands (Eckstein, 1985). Itnerefore, the "hard" aluminm

aquo ion (Hartley et a1., 1980) is probably only weakly bound (or

rctat all) tothesubstituentintl'cgammapositionofGI'HS]. In

addition, the probability of aluminum binding to GI'P was

drastically redncedsinceonreuperiments were conducted in the

presenceofa great excessofATP.lbreover,wlanerasaddedin

20-100timeshighercocentrations than aluminum, the alnmninum

-induced inhibition could nct be reversed at all (Figure 10).

'Iherefore, aluminm inhibits Q protein-related incsitol phosphate

formation amarently not by forming a unusable Al-GTP conplex,

which would lead to depletionofthe GI'Ppoolrequired for Q

protein function. More likely, aluminum occupies a site at or near

the nucleotide binding center onGpprotein, the formation of

aluminm-ligandederoteinhinders binding of Mg” or/and orp

on Q protein, or prevents activationoprproteininresponse

to ugz“ or/and orp binding.

As a rhysiological ligand for the formation of the functional

GI'P-bonmnd Gp protein,hgz+iscruciallyinnvolvedin the

regulatory cycle of Gp protein-coupled signal transduction

(missinrthetal., 1989). Having similar ionic radii (Hangand
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Weis, 1986) alnmninmn may conpete for thebinding site of 192+-

Because the ligand enmhangerateofhydrated alnmninmmm is abont

105-fold lower than that of hydrated n32“ (Hang and Weis,

1986), kinetic features of (5p protein regulation are expected to

be altered dramatically if 1492+ is displaced by alnmninnmn ion.

'Ihis is illustrated by findings that almnninum inhibited the

intrinsic GTPase activity of tubulin through A13+/n~ng2+ enadnange

at the E site of the protein (Macxianaldet a1., 1987). line

inactivation of transducinbyalnmninmmn was also reportedlydueto

alunninnnmm's oonnpetition with Mgz+ on the metal-free transducin-

guanine nucleotide conplex (Milleretal. 1989). In our system,

moms mfl) was added together with 1192+ (Shininexcess

over aluminum (50 an), the aluminum-related inhibition could not be

reversed (Figure 10). 'Iherefore, the observed inhibition is

amarently nctduetotheconpetitionofbdometalsforGI'Pbutfor

the binding site on GP protein. The verification of the pntative

alnmninmn/Q protein interaction requires investigations on purified

Qproteinmidnhasnctbeenavailableinanysystem.

Inhibition of incsitol ptcsnhate formation by alnmninmn was only

partially abolished with increasing "J24. dose (Figure 16 and

Table 2). 'Ihis daservation might beexplainnedbythefact that

”J24- amlication up to 10 ml! was perhaps inefficient in

displacing alnmninmn bond on high affinity sites on the metal-Q

protein-nucleotide conplex. 'nnis notion is in accord withdata

that the association constant for aluminum in metal-GI'P-tinbnlin

conplex is amroximately 107 times higher than that of Mgz+
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(Macdoald etal., 1987). Anctherpossibility is that aluminmmn

mayhave,besidee Q protein, an additional target alogthe

[hospicincsitide signal pathway.

This multitarget hypothesis is further supported by our

findings that aluminm also interferes with C22+-innduced

incsitol phosrtate production. Two separate pathways have been

implicated in stimulating phosphoinositide hydrolysis (Chandler

and Crews, 1990). They apparently enploydistinctnhosfinolipase C

isozymes having different substrate specificity (e.g., PIPZ vs.

pm and (22+ sensitivity (Rhee et al. 1939) . Besides the

big/Gp protein-mediated classical pathway, phosphoinnositide

hydrolysis canbealsostimulated directly by an increase in

intracellular Ca2+ concentration, thus bypassing receptor and

Q protein involvement (E’oertard and Holz, 1991). (Mr experiments

indeed corr'choratetheexiste'ceofthesetwopathwaysin

nelrdnlastona NzA cells.

According to our data (Figure 14 and Figure 15), the

substrate preference of phospholipase 0 activity in the Ca2+-

mediated pattmways is seeninglydepedentonintracellular free

(22+ concentrations: PIP hydrolysis becomes more pronouncedat

high (22+ cocentration (micronsles/l). It is not known whether

both PIPZ- and PHI-hydrolysis activities reside in a single

enzyme protein, or whetherthereareactuallydifferentisoners

of phosoclipasecinvolved. The dependence of PIPz and PIP

hydrolytic rates on ca2+ cocentration may have its physio-

logical significance. At high Caz" cocentration, cells can
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employ PIP-specific phosrholipase C activity to generate DAG, a

messenger sigalling protein kinase C activation, without formation

of unnecessary IP3 and expediture of anadditioal ATP. The

inhibitory action of aluminum apparentlyisinclined towards PIPZ

hydrolysis over PIP hydrolysis; at micrmolar free Ca2+, PIP

hydrolysis retains either unaffected or even slightly enhanced in

the presece of alnmninmm.

Nevertheless, in ourneuroblastona cells, PIPZ hydrolysis in

both m2+/Gp protein- and o2+-nnediated pathways are

susceptible to alnmninnmn inhibition. Therefore the PIPz-specific

phosfinolipaseCreactionappearstobealikelytarget for

alnmninnmn. We postulate that the biphasic inhibition curve of

GTP[S]-mediated incsitol phosphate production (Figure 6) may

renresent the events occurring on these owosites.Presnmmably,

inhibitionatlowalnmninmmncocentratios (<50 ml!) is caused by

inactivation oftterproteinmidnisseeninglyamcre

vulnerable, and at high cocentratios by direct innhibition of

phospholipase Creactionbyalnmninmn.flerewedonotruleontother

means by which aluminum disonrbs o2+-nnnediated incsitol phosphate

release. For instance, aluminum may impair Ca2+-calmcdulin-

depedentpcqnlclipase C activity (Ievine et a1. 1990, ) by

indeingstrncmral changes inalmodulin (YuanandHang, 1988).

he putative manipulation of alnmninnmn on phospholipase C

reaction may cperate a different mechanism. At substrate level,

theoretical evidecepredictsanavidbindingofalmminmm to PIPZ

on 4’- and 5'1hosri'ate groups (Birchall and Chapell, 1988),
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This alnmminmn-liganded PIP2 might be less vulnerable for enzyme

digestion. Such alnmninmn—nhosphoincsitide interaction was

reportedly related to aluminum-caused inhibition of PIPZ

hydrolysis by purified phospholipase C from bovine heart (McDonald

andMamrack, 1988). Atthe enzymatic protein level, alnmninnmn may

interact directly with phospholipase C, or indirectlythrcugh its

perturbation of menhrane lipid environment. The hydrolyzing

efficacy of ptnosrholipases is known tobeinpartdepedent on

rhysico-dnenical properties of their microenviromnental lipid

milieu (Dennis, 1983).

The presece of alnmminnmnuptoSOOuMshowednoeffectonthe

incsitol rhosghate assay in colnmmn dnronatography (Figure 8). This

doesnctnecessarilymeanalnmninmdoesnctbindtothese

metabolites, particularly IP3 , in vivo. Some investigators

predictedthatsnxmnbindingwtnldalterthekineticsofIP3

metabolisnandthe binding of IP3toitsr'echtors. Forinnstance,

a prologed half-life of alnmninmn—bound IP3 may potentiate the

ability of 193 to release (22" from the stores (Schofl etal.,

1990). Brtinonrsmdy,a1mninmnstressvirtually diminished the

bradykinnin-indlced inntraoellular (22+ release while reducing the

bradykininr-triggered 1P3 production (Figure 17). Also, the

inhibition of the 3-kinase or S—rhosfiatase reaction of 1P3 by

aluminm hasnctobservedinonrneurdnlastonacellsandottercell

systens (Shears etal., 1990).
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Stunning up, regarding adverse effects ofalnmninnmninneuro—

blastona cells, our data denostrate tlat application of aluminum

reduces incsitol pcsphate formation possibly through interactions

with elements of rhosrhoincsitide signal transduction. 'Ihis

aluminum-triggered malfunction of the universal signalling pathway

in enkaryotic cells may be related to primary manifestations of

alnmninum toxicity by impairing the cell's ability to properly

respod to diverse stimuli.
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Alnmninnmm uptake in viable nneuroblastoma cells was largely

depedent on the medinmm pH. At physiological on, cells were

apparently unable to incorporate detectable amounts of alnmminnnmm in

theabseceofprcper mediators. Alnmminmmm uptakeincreasedasthe

o1 decreased, attaining a plateau ataboutpH 6.0. Performing

experiments on 2 x 106 cells/ml, pH 6.0, and 25 uM alnmminnnmm in

the medinmm, alnmminnnmm incorporation reached saturation at 5 nmmol

aluminmm/ mg cellular protein, acconmting for 60-70% of alnmminnnmm

added. At pH6.0, cellsshowedalarge capacity of accumulating

alnmminmm: abont 70% of inntracellular alnmminnnmm was associated with

the postmitoonodrial fraction. At neutral pH, application of

transferrin seened to facilitate alnmminnnmm translocation into cells

via transferrin -transferrinreceptorrontes. Fatty acids were

also capable of mediating aluminum uptake at nnentral oi, probably

by forming aluminum-fatty acid conpleaes. low molecular weight

aluminum onelators, like citrate, inhibited alnmminnnmm uptake with

different efficiency, whereas on?” failed to alleviate alnmminnnmm

intoxication by inhibiting either alnmminum incorporation innto cells

or alnmminmmm superficial binding onto the cellular surface.

Treatment of cells with eergy metabolism inhibitors had virtually

no influence on aluminum uptake, indicative of passive medanisms.

Theresultssuggestthatalnmminmmuptakeocolrs viadifferentmodes

depedentongrowthcoditiossudnasmedinmnpl—I.
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Alnmminmmm toxicity inplantshasbeenkncwnfor a log time,

whileitstoxiceffectson hnmnans and animals Iaveonlyrecently

major targets of toxic aluminum, and high level accumulation of the

metalinthesetissueshasbeenimplicated in a number ofnemal

diseases like dialysis ecerhalcpathy, Alzheimer syndrone and

Parkinsonsyndrome (Ganrot, 1986; Crapper McIachlanandDeBoni,

1980).

Althoghalnmminummisarparentlyinvolvedin abroadspectrnmnof

physiological disorders, meoanisms of its toxicity retain largely

onloown.'lwogenera1hypotheseshavebeenadvancedintermsof

primaryinjury sites. Acmrdingtotheextracellular lesion model,

the plasma menbrane is believed to play aroleastheprimary

target. As to the intracellular lesion model, different organelles

and macronoleonles, e.g., chromatin (Walker et al., 1989),

cytoskeleton (Macdxald etal., 1987), enzymatic proteins like

hexokinase (IaiandBlass, 1984), and regulatory proteins like

calmodulin (Siegel and Hang, 1983) are potential targets for

aluminum intoxiation. In this case the plasma menhrane plays a

role in the manifestation of alnmminumm toxicity by controlling

alnmminummentry.Ineithercase,the interaction of alnmminnnmm with

theplasmamenhranerepresentsttefirststageofalnmninmmn

cytotoxicity. Therefore, irrespective of the target site, detailed
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information abont alnmminnnmm uptake by living cells is important for

understanding medanisms of alnmminnnmm toxicity.

Alnmminmmm uptake in plantshasbeenextesively studied, and

therehavebeenanumherof reports on alnmminnnmm accumulation in

hmman and animal model (Slaninna, et al., 1986, Domingoetal.,

1988). But until recentlyfewattemptshave been made regarding

alnmminmm uptake at the cellular level partly because of technique

difficnlties, this only scant data are available on cellular and

moleollar processes of alnmminnnmmuptakeandtransport, e.g., the

translccatable alnmminumm species, potential mrriers, cell '8

capacity of accumulating alnmminnnmm and intracellular alnmminnnmm

conpartmentation. In this article, we are therefore reporting

results, datained by atomic absorption spectroscopy, onalnmminnnmm

uptake bymurinenenroblastoma cells. Neuroblastona cells were

selected as the biological model because elevated aluminum is found

in neural tissues of patients with neurological disorders

(Forrester and Yokel, 1985), and because rneuroblastoma cells

express many of the daracteristics found in normal differentiated

nenros (de Iaat et al., 1984).
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MATERIALSANDMEII-DIB

Chemicals

All tissue culturealgplieswereobtainedfron Gibco Co.(Grard

Islard, NY). Omical reagents used were all cfthenighest quality

available. Plastic ware, washed with diluted nitric acid ard then

with redistilled water, was employed to prevent alumimlm

coltaminatiol fron the usage of glassware. All mffers ard solutions

were preparedfronredistilledwaterwhidlhadbeenpassedthrough a

(melex-loo colurm to remove residual aluminm.

9.211%

C1300 mouse neuroblastore cells, clole Nero-2A, were obtained

fron the American-Type Culture Collection (Rockville, MD) . Cells were

cultured in Dilbecoo—Vogt's Lbdified Eagle Medium (1145M) supplemented

with 5% (v/v) fetal bovine serum. Cellswere grown in a mmidified

atmosphere of 10% (Dz/90% air at 37°C.

lbnolayers of namialastona cells were washed with Spiner salt

solutiol ard subsequently treated with a 0.2% trypsin solution. The

trypsinized cells were related by aspiratiol of incubation buffer,

followed by centrifugatiol at 100 g for 5 min. The sedilnerrted cells

were resuspended in and washed withtheincubatio'l buffer three

tines, ard were then available for experimental use.
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Cell viability was examined by using a vital stain, viz.,

trypan blue. 'Ihe initial viability of cells was abort 95%. Prior to

aluminm uptake experiments, the effect of a given experimental

coditiol (e.g., pH, fatty acids, energy inhibitors) on cell

viability was evaluated. Coditiols were selected whereby viability

of treated cells resembled that for untreated cells.

W.9: Aim—I'm!!! 999112

‘Ihe following stardard procedure was applied for measuring

(Figure 1). Eaployingan inolbatiol medium colsistilg of 140 11M

Nac1,5mMI<r:l, 1 ma cac12, 10 11M NaHCD3, and 3011Mglucose,

and buffered with 10 um Tris, mas, crimprs,dependingmthe

desiredpfirange,neurob1astcmacellswere mspended toafforda

cell titer ofabom2x106/m1.1tealspetdedcellswere stressed

with aluminm fron a freshly prepared AlCl3stocksolution, ard

were theninwbatedina37°Cwaterbathwith gentle shaking for

the desired period of time. The final concentratiol of alumimlmwas

25 uM unless specifically irdicated. Each sanple was replicated

four times.

'1!) remvealmninnnbolrdolcellularalrfaces, thecell

suspexsiol waswashedwithcitrateorm. 'Ihereactiolsystemwas

allowed to stand for 5 min, folloed by centrifugation. The pellet

waswashedltoZtines more withthechelator solution.

Supernatantsfronthewasheswere usedforthedeterminationofthe
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Neuroblastoma cells grown in DHEH culture

I

Rinsed with Spincer solution

Trypsinized (0.4%)

washed with buffer solution 3 times

Cell counting and viability examination

V! 6

Cells suspended in the incubation buffer (1 x 10 lml)

 Exposed to aluminum

The Al-treated cells

Hashed with Al-chelator buffer and

Centrifuged at 1009, twice

 

Superna ant The washed cells

Acid-heat digestion

  

Atomic absorption Ato-ic absorption

assay assay

V s! '

Extracellular free Al Intracellular Al

and superficially bound Al and tightly bound Al

(Heasued directly or

after acid-heat digestion)

.l

Alternately u

The Al-tteated cells

  

 

Hashed with plain buffer

Supernatant' The washed cells

(Extracellular free Al) (Intracellular Al and ALL bound Al)

Fficnnne 1. quoerineuncal pnxxaaiure:tknraaluudrnnn‘urnrfloe.
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aluminm fraction which had remained outside the cells. This

washing procedure removed virtually all superficially bould

aluminm! fron the cell surface, whid'lwasfurther verified by

witicnal washes with dielatcr hiffer (Table 1). Therefore, the

amomt of intracellular aluminm couldbe determined indirectly. In

solecasee intracellular aluminm wasalsodetermineddirectlyby

washing cellpellets-2-3tineswith citrate or m solution,

followedby hot acid digestion (Pettersso'l et al., 1986). Within

experinentalerrorsbothnethodsyieldedthesamerallt.

Aim

The aluminm cortoit wasquantitatively assayed by furnace

atonicabsorptiolqaectrqidtonetry. “nesanplaswereanalyzedola

Hitachi polarized Zealen qaectrophotoneter (model 108-80) exploying

a wavelength of 309.3 m. Performing pre-experinents, the optimal

furnace program msestablishedbymdifyingaprooeduredscribed

(Krishnan, et al., 1976).
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TABlEl.Recoveryofalmnimlmbywashirgprocedure£

 

pH wash lstwash 21dwash 3rdwash pellet total recovery

agent (us/m1) (us/ml) (no/m1) (us/ml) (ugfmll (%)

 

7.4 citrate 630:45 25:2 13:0 43:6 716 106.1

(6.0%)

Home 633:3 3:3 3:3 53:3 697 103.3

(7.6%)

6.0 citrate 253:13 48:11 25:4 335:23 656 97.2

(51.1%)

EDTA 205:20 65:9 33:7 412:3 720 106.7

(57.2%)

 

Nolroblastonacellsweremspesded in pH 7.4 or 6.0 incubation

buffer containing 25 m (i.e., 675 mm aluminum forlh. ‘Ihe

*asheswereperformedinthe presence of 5 udwashimagentsard

thealmnirunneamredislistedinlg/ml.‘mepellets were

subjected to hot aciddigestioiflmemmbersinparerrtlmismder

the pellet fractioireptresent internalized allmlinum, i.e., the

fractiol of aluminm cqorecipitated with the cell pellet relative

to total aluminm measned. Recoveryismlcllated by dividing

totalalmninnnmeaslredbyaliminmacded(675ug/ml).
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Microscopic examinatiol of cells stained with trypan blue

shaed that cell viability slightly declined at either pH 7.4, or

[ii 5.5, during 4 h incubation but the viability was not affected

by 50 mi aluminm stress (Table 2). Asacontrol, all cells died

withina favmin following exposure to 11141-1902. 'Ihus, aluminum

apparently exerted its toxic effects rather slowly, which is in

accord with findings oi nelroblastona cells NIB-115 where aluminm

toxicity became nanifaet oily after 24 - 48 h (Roll et a1., 1989) .

mam

Inpititratiolexperiments, cellswerewashedz-3timwith

incubation buffers of variols pi; the initial pl of cell suspension

wascarefullyadjusted.‘lhesanple’spi wasalsocheckedattheerd

of the incubation period. 'Ihedifferencebetween the initial and

final pH usually did mtexceedOJunit,andm1ytlmesanples

werecoisideredinthestudioe.

Inthefilysiologicalw regiol (7.0-7.5),ardalsoatpH7.5

- 8.0,neurtblastm1acellsapparently did not take up aluminum

measurably, and after 1 h inoibatioi, the intracellular aluminum

contentwasualallylsesthan 10% oftotalalmninquSuM) added.

pH titratioi experiments (Figure 2) indicated that aluminmn uptake

bycellswasenhanceddramatically whenthepraschanged froan-I
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Table 2 . Viability of neuroblastona cells following

incubation with aluminm for several hours. Viability was

assayed by the trypan blue method.

 

 

Incubatiol Al added Viability (%)

pH (uM) 0 h 2 h 4 h

7.4 0 93.0 i 1.4 89.8 i 1.2 87.0 i 2.6

50 90.0 i 3.4 88.0 i 1.2

5.5 0 94.1 i 1.1 90.7 i 0.9 82.7 i 4.3

50 85.6 + 2.4 84.0 + 1.3
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Figure 2. pH-deperdence of aluminum uptake. (a) neuroblastona

cells were twice wasted with incubatioi buffer of various pH,

thenresusperdedand ireubated with 25 uMaluminuminbuffers

for 1 h. (b) cells were first incubated atthe pH value

indicated, in the absence of allmirnlm,t1enresusperded ard

incubated with 25 uM aluminm for 1 h, in pH 7.4 inol- batioi

buffer. (c) sameas (a), exceptcellswere incubated in buffer

containirg 25 1m aluminm and 3.0uMapotransferrin. (d) net

transferrin-associated almninum uptake in the neutral pH range,

obtained by subtracting data (a) fron data (c). (e) Superficial

birding of aluminum onto the cell surface; after incubation with

aluminm for 10 min, cells were centrifuged without wash.
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7.0 to 6.25.'Iheenhareedalmnixmuptakecamnotbeattrih1ted to

differences inwashing efficiency as the pH is lowered, because the

stability constants for the aluminum deletes with citrate or EDI'A

renairedpracticallyconstant (Rajah et al., 1981), withinthepl-I

region tested. Mermre, at a slight excess of citrate or m,

almnimnnincorporationbytlecellwaspreventedregardless of the

medium pH. maximal aluminm uptake reached aplateauwhichwas

maintained up to pHS.5;beyodthisvalueexperiments were not

coductedbecausemore ardmore cells died. Curresults are

roughly consistent with otterfildirgs. MullerardWilhelln (1987)

reportedthataboutlfi ofadded aluminm (100 uM, lhincubation)

wastakenupbyrathepatocytos(5-6x106/ml),ath-I7.4.

'Iio furtherinvestigatethepndepeldence of aluminm uptake,

neurcblastona cells were first incubated inbuffers of various pH,

for30min, intheabsenoe ofalumixum. ‘Ihencellsweretransfer'red

to pi7.4hlfferardd1allonged with aluminm. The experimental

results showed that almimwasamarontlymnabletoentercells

atw7.4, regardless oftheoriginalpitreamerrt (Figure 2).

Time Course and Mcellular Subdistribution

‘Ilo measure kinetics of superficial birding and internalization

of aluminm, alminm—stressed neuroblastoua cells were wasted with

incubation buffer containing citrate, or coitaining no washing

agent, respectively. Aluminm binding to the cell surface appeared

tooocurveryrapidly. Withina few minutes, about90% ofadded
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aluminm was adsorbed onto the cellular surface (Figure 3) . Unlike

aluminm internalization, this superficial bindinng was largely

pH-independentinttetostedpflrange (onrveeinFigureZ). an the

other hand, assumingabiphasicuptakeprocess, theinitial rateof

aluminm uptake was estimated as 0.3 nmol aluminm/11g cellular

protein/min (innnner panel in Figure 3). Following this initial

(abont 20 min) process, therateofuptake decreased remarkably

with time. After abont 1 h, metal uptake nearly attained a plateau,

mnidninturnwasacconpanied byaslightinncreaseinintracellular

metal content. Undercurstandard experimental coditions (2 x

106 cells/ml, 25.0 uM A1, and 1 h incubation, at 37°C), the

aluminum uptake readed saturation at about 5 nunol intracellular

Al/nng cellular protein,acoounting for about 60 - 70% of the metal

initially applied to the medium. In control cells, incubated in

aluminum-free saline, the background level of aluminm was found to

belessthan0.2u4, indicatingthatthe aluminum uptake neasured

was not interfered withbymetalcontaminationdurinnggrowth and

mnipulationofthecells. At #1 7.4, aluminm uptake was not

measurable within a nmitorinr; period of 4 h.

The intracellular aluminm distribution (Table 3) was

determined following slightly modified methods recently described

(Miller and Wilhelm, 1987): after honogenization and differenntial

centrifugation, the heat-acid digests of the cellular fractions

were assayedforaluminum. After2hineubation, agreatproportion

(70%) of intra-cellular aluminm coprecipitated with post-

nnnitochodrial conponents, consisting of endoplasmic reticulum,
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Figure 3. Timeconrseofanperficinlbindingofalminmonand

incorporation ofaluminnninnenrcblastcnacells.1nnnbatedwith

zsmaltmimmin ii! 6.0 HE'S innonbation buffer, cells were

removed for aluminum assayatvarionstimas.Cellswerewasted

withhnffercontainnings.0 w citratetoascertaininternalized

aluminnnn(.),andalsowithplainn buffer toestimtethesum

ofinternnalizedalnminmandsuperficiallybond aluminum(o)

Innerpanelzhluminminoorporationduringthefirst 20min.‘Ihe

incorporated alminmn is shown as nmol alnminnm/‘nngcellular

protein,ortlepercentageoftotalalnnninmadded.
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ME 3. Inntracellular subdistribution of internalized

aluminum in neuroblastona cells

 

Fraction A1 0:111:6th (ng A1/ 35 0f 31. ntra-

ng cellular protein) cellular Al

 

650 g pellet (nuclear, 28.3 : 4.8 20.2 1- 3.4

cell debris)

10500 g pellet 15.3 i 4.2 10.9 1- 3.0

(crude mitodnodria)

10500 g supernatant 96.5 i 10.4 68.9 1- 7.4

(endoplasnic reticulum,

lysosones, cytosol)

 

Cellswereincubated with 25 m alnminum in pi 6.0MES

buffer,for 2 h. Aluminum content in each fraction was

determined following honogenization, differential

contrihgation, and heat-acid digestion. Aluminum initially

added was 3.40 ng (in 5.0 mlcell suspension). 2.34 ng

alnnminunnwasinternalized, accounting for 68.8% of aluminum

added, while 0.92 mg aluminumwasmeasured extracellularly.

Reooveryoftheaddedaluminumwas 96.0%.
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lysosonos andcytosol. Abont 20% of inntracellular aluminum was

associated with the 650 9 nuclear pellet. 10% was located in crude

mitochodria,avaluemlch lowerthanthe 40% in hepatocytes

(Muller and Wilhelm, 1987) , and the difference may result fronn

hepatocytes having a highly develcped mitochondrial system,

accountingfor20%ofthetotalcellvolune.

Aluminum Iitration

Dose—uptake experinnents were performed at increasing

extraCellular aluminum concentrations fron 0-200 UM (Figure 4). The

internalized aluminm was fond to inncrease quasilinearly in

responsetoaluminnm dosewhilettepercentageofalmninum

acomnlated in cells amarently declined slightly. In otherwords,

saturation of aluminum uptake wasnotobserved. onr reonlt is

onalitatively consistennt with that fonnnd on hepatocytes (miller and

Wilhelm, 1987) hntnotwith thatoncyanobacteria (Fettersson et

al., 1986). Asto the later case, ahigherextracellular aluminum

doserosultedinalargerperoentageofaluminumacomnlated

inntracellularly.

momma

Asmentioedabove,aluminum wasvirunallyexclndedfronuptake

bycellsatnantralpiinonrsystan. However, whenniron-free

apotrannsferrinwasprosent, the metal uptakewasgreater. Inthis
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Fignne4.Dose-effectofalnminmnptakebynenrtblaston cells.
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study, 25 an aluminm were preinonbated with transferrin (Tf) of

increasing concentrations fron 0 to 12.5 uM in incnbation buffer,

followed by suspension of cells in buffer containing alnmninum—‘I'f.

Anincreaseinintracellularalnnninnnnnwasseenatdeose aslovas

0.2 - 0.5 uni (Figure 5). At 2 mi Tf, a significant ancunt of

aluminnmnwas internnalized, nannelyabont 30% of the total metal.

Whenever transferrin was used, thecellswerewashedwith lOOuM

ferric ions, in addition to citrate, to displace aluminum bond to

If molecules adsorbed at the cellular surface ('Ihorstensen and

Ronslo, 1984), since tie association coetant of Fe+3-’I'f is 7

orders higher than that of alunninnnm-Tf (Cochran et al., 1934).

When transferrin was rneutralized by its imnnnoglobulin, or

saturated with iron, the increase in aluminumnptalcedecreased

agnreciably, viz, by 50% or35% (innerpanel in Figure 4). In

anotherexperiment, cells weretreatedwithproteinaseK (100micro

units) for 15 min, which only affected cell viability slightly, and

aluminumuptakewasfonndtodecrease rather than increaseint‘re

presence of Tf. 'Iheproteinapparently failedtoenunanoe aluminum

uptakeatpi6.0: this reallt agreed with thenetTf-associated

aluminm uptake (Figure 2, onve d), obtainedby substracting

alumimmuptakeintleabsenoeof'rf (Figure 2, curvea) fronthat

in the presence of if (Figure 2, curve c) in pi-titration

experiments.
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Figure 5 . Effect of transferrin on aluminum uptake.

Neuroblastona cells were suspended in pi7.4 Tris innonbation

mffercontaininganaluminum-apo- transferrin mixunre, prepared

by preinncubation of 25 oh! aluminum with apotrannsferrin at

varions concentrations. After 2 h incubation, the cells were

wasted with buffer containing 5.0 11M citrate and 100 mi FeCl3.

Inner panelz‘Iteenqnerinnentswereperformedsimilarly to those

above, with 3.0 uM trannsferrin, exceptsanplesweretreatedas

'fcllowszhscontml,ce11s were incubated in the absence of

apotrannsferrin (Con). Cells wereinonbated with apotrannsferrin

(Tf) , with apotrannsferrin which had beenn neutralized with

anntibodyforlSmin(Tf+Ab).Cells were incubated withiron-

saturated transferrin inthepresenceof loomiFeCl3 (Fe-Tf).

Cellsweretreatedwithloo micromits proteinase for 15min,

andttenirncubatedintteabsenceofapotransferrin-(Pro), orin

thepresenceof apotrannsferrin (Pro+Tf).



120

 

   
        
  
 

F

g 30 - /§

a: 30 I .E 20 s rP
a, - E
:3 a." w .

2 = +F++FP

”-

10 - ' K

i" F}-.1| 9. 1., 1’! mm to

L 1 1 L [m m m 1

1.0 3.0 6.0 9.0 12.0

Transferrin concentration (pH)

Figure 5. Effect of transferrin m aluminm wtake.
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Effect _o_f my Acids
 

When cells were exposed to preformed fatty acid (FA) -alumim1m

ccmplexee (Figure 6) at pH 6.0, mterified fatty acids inhibited

aluminum uptake, but were appreciably less effective catpared with

citrate or m. For instance, application of linoleic acid at 200

uM, i.e., at an 8 times higher concentration than that of alumimnn,

caused a decrease in metal uprtakefrun55%t040%.W1en methyl

esters of mwere applied, the inhibitory effect became nuch lees

pranmced. 0n the contrary, at {H 7.4, mterified FA, at low

ccncentratias (O - 200 mi), generated a moderate increase (fran

10% to 25%) in aluminum uptake, followed by a further increase at

higher camcentratiaus (ZOO-8001M) whereupmmanycellsweremt

alive. There exists apparmtly no correlation between the efficacy

of fatty acids as almixum uptake mediators and. their unsaturaticn

degree, because all m tested, viz., oleic, linoleic, linolenic,

and arachidcnic acid,prcducedpracticallythe same extent of

irxzrease in altminum incorporaticn. But applicaticn cf

ccrrespaadingmethylesterscfmhadvirtiallymiupactcn

aluminm uptake (Figure 6).

Alternatively, cells were loaded with fatty acids (Merrill et

al., 1986) ardthereaisperded for aluminm stress. Inthiscase,

at pH 7.4, aluminmuptakewas apparently unaffected by loading

cells with 50 - 200 114 of either fatty acids or their methyl

esters. loading with 1.0 mmmntedinaranarkableincrease

(fran 10% to 50%) in aluminm internalizatim while causing cell
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Neurcblastan cells were- susperded in hunbatim buffers

curtainirgzsmaltminn,wtnse stock sclutim hadbeenmixed
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death. 'Ihis high cornentration FA-caused increase may be attributed

to severe netbrane damage caused by "detergent-like effects" of FA.

'nlefactthatdqaletimofPAfruncellswichOmg/ml bovineserum

albumin (Sinpsm et a1., 1988) did not affect aluminum inter-

nalizatim argues for such an irreversible membrane damage.

Chelator Egg,

A umber of aluminum chelators, either cellular metabolites

such as citrate, tartrate and malate, or the lipid soluble carrier

8-hydroxy- glimline, or the artificial cmpamd mm, were tested

for their roles in aluminm transport. '1!) form metal-chelator

cmplexes, aluminm had been preircubated with a given chelator at

a molar ratio of [1 A1]:[1.5 delator]. At neutral pH, all

daelatirr; agents studied were unable to facilitate aluminm uptake

by cells (Figure ‘7). At acidic pH, they differentially inhibited

aluminm uptake. Citrate, tartrate, and m almost cmpletely

preva'rtedtheircorporatim of the metal, and the intracellular

aluminm diminishedtolessthanlm ofalmninnnadded. B-Hydroxy-

quinoline was less effective, and the cmplex of aluminm with

fluoride mly partially inlfibitedthemetaluptakemxether this

observation is of any biological significance is not known. Recent

in vitro experiments dancnstrated that specific aluminm-fluoride

cmplexes are required for the stabilization of hepatic microsanal

glwcee-e—mcsphatase (Large et a1. 1986), and for the activation

of guanine rucleotide birding proteins (Gilman, 1987) .
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Figure 7. Effect of lwmleallardxelatingagartsmalmirm

uptaJce.Neuroblastma cells wereimubatedinrfls.ouis,orpfl

7.4'Iris,ca'rtainin;25tflaltmirm in the absenceofchelator

(Om), andzsmalumimmwhidihadbeencmplexed with 37.5uM

NaF,lmfluuze(Mal),cfixzate «an», tartrate can», Euma,<ur ZS‘NM

BWIim (112). Inner panel: alumimnnuptakebycells

in ri-I 6.0 MES irnlbatim buffercontaining 25 114 aluminm

precalplexed with NaF of various canentratims.
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Effects 9f My Metabolism Inhibitors

The energy dependence of aluminumtransportwas studied by

measuring the uptake by cells treated with chemicals like azide,

2,4-dinitrq3henol and cuabain, which specifically block cellular

energy metabolic pathways at different points. Prior to the

aluminm challenge, nalroblastana cells were pretreated with a

given inhibitor of 10 uM, for 30 min, which did not influence

cellular viability. At {it 6.0, application of 10 uM inhibitors

stowed at most narginal effects on the cell's ability to take up

aluminm (Figure 8). Similar resultsweredatained with 250 nM

inhibitors. W, at pi 7.4, it arpears that treatment of cells

with inhibitors (10 or 250 W!) decreased aluminm uptake. Whether

theamarentslightdeclineatneutralwcmld be interpreted as

an irilibitcry actim of blockersisuncertainbecauseofthelcw

baseline uptake level and relatively high experimental errors.

magicianmmmm.

Aluminmuptakewas also cmpared in thepresence andabsence

of (22+. In this experiment,harvestedcells were washed with

mom-cmtainmg buffer to remove (22“ bound on cellular surface,

then exposed toCa2+ of various calcentratims prior to aluminum

treatment. As shown in Figure 9A, when ca?“ of physiological

calcentratim, (1 n“ extracellularlly) was explcyed, aluminum

incorporatimwas little affected. In the presence of 10 - 100 m
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Figure 8. Effect of energy irhibitors a1 almimm uptake.

Neuroblastauacellsweretreated with 10 matergyinhibitors,

NaN3, dinitrorhenol (mp) ardcuabain (Oua), at pH 7.4 for 30

min, and then trarsferred into pH 7.4 Iris, crpH6.0MES

inhibitor-free imabatim buffer, for 1 h aluminm (25 uM)

stress.
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Figure 9. Effect of inoganic imsmalmnjnlm upkake.

A: Neuroblastana cells were preincubated, 30 min, in medium

containing 1.0 nu cac12, 5.0m Mgczl2 or 0.5 11M Na2HP04,

thensubjectedtolhaluminlm (25 uM) treatment. B: Cellswere

preincubated withow(.o),10nfl(AA) or 100 nu CaC12

(.0) priorto aluminm stress. Aluminm-treated sanpleswere

takenatZOchOmindurimtheincubatia-l for measuranent of

superficial binding (0A0) oruptakeofalumirnlm (0A.).
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extracellular (22+, superficial binding of aluminum to plasma

malbrane was slightly prdlibited. Such high concentrations of

(22+ only reducedalmninmuptakerate, but not the saturation

level of aluminum incorporatim (Figure 98) . Similar experiments

were carried out with 5 mM Mg2+ andO.5nMPO43', both ions

showed marginal inhibiticn an aluminum uptake (Figure 9A).

DISQBSICN

'Ihe major results of this investigatim are that aluminum

mtakebyneuroblastanacells largely depends m the pH ofthe

suspensim medium. Intheneutralarrlacidicri-Iregims,thenetal

isprobablytakenupby adifferart mode. 'l‘ransfer'rinand

namesterified fatty acids may facilitate alminum whales in the

neutral p-I range, while low mlecular weight chelators like citrate

always act as inlibitors of aluminm internalizatim.

To quantitatively determine aluminum uptake, chelator washes

havebeenalplcyed.misprocedurehasbeenwidelyused to

*istiuguish beuueenaur'facebanrianiintermlizednetals including

alumiuuninanimal tissues am cells (Bevan and Fallkes,1989;

Oalri et al., 1980).Applicatimof1mFDIAreportedly renoved

virtually all alminlm bound unto the cellular surface of
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cyanobacteria exposed to micranolar aluminum concentrations

(Petterssm etal., 1986). In our experiments, a highly potent

aluminum chelating agent was employed, viz., citrate, at a high

concentraticn to enhance the washing efficacy after dawnstrating

that brief citrate washes did not detectably interfere with

aluminm intake and exclmim. 'Ihe aluminm uptake cbserved mainly

represents a cellularly internalized aluminm fraction, even though

theremaybeaminormetal fractioncatprisingmetal tightly bound

onto cell surfaces. 'Ihis is cmfirned by the following experimental

observations: 1) then cells were stressed with 25 uM aluminum, the

netalreccvered,after lnore than two washes,waslessthan5%of

the metal inthemedium (Table 1); 2) the presence of a slight

emceesofchelator almost catpletely prevented metal uptake by

cells (Figure 7); 3) aluminm subcellular distributim iurlicated

that80% ofaluminnnwere associatedwithmitodnririalani

postmitocha'drial fractims (Table 3).

Intracellular piinanimalcells may vary fran 6.2 to 7.4

dependent (:1 blood flow (Guytcn, 1981). At neutral ard slightly

allaline xii, aluminumwasmttakenupneasurablybycells in the

absence of arpropriate external aluminum carriers, and the residual

uptakemayrqureeent an aluminm fracticn incorporated atalow

level ard/or specific birding m the cellular surface. 'Ihis

cbservatim irrlicates that, at normal physiological cmditions,

cells do not take uptoxicalmninnn.ncmever, this ability is

seriauslyinpairedasmedimn plidecreased (Figurez, alrvea). When

nalrdalastana cells, preincubated at various pH, weretransfered

 

r
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into pi7.4medium, trealmnimnnuptakewasiuriistinguishable fran

thatof sanples which retained in pi 7.4 medium. 'Ihisresult

suggests that the elevated aluminum uptakeatacidicpiis not

aused by anirreversibledlangeinmamrane properties. Rather,

thep-Idependence of almninumuptakenaybeattrihxtedtoaltmiumm

speciation or/ard reversible changes in Wane characteristics.

The potentially transloatable aluminm species have not been

identified clearly (Parker et al., 1989). In the micranolar

concentratim range, at pi 7.4, a predaninant species is

Al(ai)4’, which may not be readily transported across plasma

radar-anus. Atpi6.0, major muclear forms are 1L1(C1i)2+ and

A1(CH) 2+, besides small annunts of polymclear species (Baes

and Mamet, 1976). According to our pi titratim data, the

positively charged antinuclear species of aluminm are mom likely

involved in tr'ansloatim. Further characterizatim of

transportable species is hanpered by the fact that soluticns of

mac-ardpolymclearalumirm speciescouldbepreparedcnlyatpi

4.5 andbelow (Wagatsuma and Kaneko, 1987). however, at such lowpi

neurcblastcma cells are no lalger viable.

Transferrin (Tf), the chief irm transport protein in

vertebrate, has been lawn activelyinvolvedinirmuptakeinto

mlian cells (Morgan, 1988). Give) similar electrochemial

properties of Fe3+ andAl3+, e.g., imic radius and hydrolysis

behavior (Birdlall and chappell, 1988), Tfareabletobindboth

aticns with high affinities in 2 (metal) : 1 (protein)

stcidlialetry (Codlrane‘tal., 1984). misprctein hasbeenshcwn
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virtually a major arrier of aluminum, and 30% of binding sites on

its mlecules are occupied by aluminum (Tram, 1983). These facts

led to a hypothesis that transferrin-mediation provides a possible

route for aluminm uptake by marmalian cells (Harris et al., 1987).

on studies a neuroblastana cells showed that transferrin may

inieedmediate aluminum incorporatim atneutralp-I. 'lhedetailed

molecular nature has not been elucidated. War, the following

factssuggast thattheTfmediated-aluminnnuptakemaytake

metal-Tf-Tf receptor mechanism First, after incubation with

proteinase of low conoemration (100 tfl) , which presumably

inactivates transferrin receptors ('Ihorstensen and Ronslo, 1984),

cells were less apable of internalizing aluminm. Seccnd, after Tf

wastreatedwith itsantibody, aluminumuptakewasdiminished

rather than enhanced, presumably neutralization of If inpaired only

its ability of birding specific receptors. 'Ihe antibody-treated Tf

wasMy still able of chelatin; aluminm but was inapable

of interacting withitsreceptor m the merbrane surface. 'lhe

prtativealuminum—Tf calplex may be taken up persethrcugh'rf

receptor-mediated audocytosis (Morris et al, 1987) , or

alternatively, the netal-Tf-‘I‘f receptor caplet: may deliver

aluminum to a mane-associated arrier. Recently, Roskams and

Oauuor (1990) reported that alumimm iscapableofgainingaccess

to the cells inQBvian-Tfreceptorinteraction under normal

physiologial cmditim. The uptake of aluminum—bound on If was

also reported in mman erythroleukaania cells, and such

interiorizatim was amarently responsible for downregulation of If
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recqutoreuquressiaubyreducingthe receptor mRNA level (Mcgregcr

et al., 1990). mreover, Tf-pranoted almninumuptakewas found to

potentiate the antipmliferative actim of aluminum in

osteoblast-like cells (Kasai, et al., 1991).

Fatty acid (FA) -facilitated aluminm incorporatiau amears also

pi- indquendent (Figure 6). At acidic pi, fatty acids seem to

weaklyblcckaluminumuptakeasduelatim agents. At neutral pi,

nonesterified FA signifiantly enhance aluminm uptake as exposed

to esterified ale, inplying that the carboxyl group is apparently

inportant for mediating aluminum transport. Pfestmably, fatty acids

facilitate aluminm uptake at by forming a transportable

aluminum-FA couple-t, analogous to Fe3+ (FA) 3 which was

reportedly involved in irm uptake by intestinal brush-border

(Sinpsm et al., 1988).'Ihisnotimisfurther supported by the

fact that the mediating functicn of masterified m was truly

observable in thepresauceoffreeFAintheimubatiaubuffer. In

atperiunartswhere FA-loadedcellshadbeenwashedwithbuffer, most

oftheranainirgfatty acid molecules were incorporatedintothe

plasnamenbraneandprdaablymly favranainedin suspensim. Asa

result, mediatim of aluminum uptake was no lauger observable.

'Iherefcre,thenediatimflmctimofFAismtdue toits

mdifiatim a plasma namrane. As to esterified fatty acids, they

are unable to cmplex aluminum with duemial bonds, rather; their

mlecules taxi to form micellar structures which an trap aluminm

frunreaduingthecells, resulting in the imibitiau ofaluminum

uptake.

In
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It is uunlikely that cells have a transport device for non-

essential and toxic metal ations. Hypothetially, metal ations

antakeadvantage ofrm-specifictransportorco—transport

system. a2+channels were reported toprovideanentrysite for

aluminm (Coduran etal., 1990). Asto energy expenditure, in our

systan, naue of the energy blockers testedausedapronoumced

effect (:1 aluminm uptake (Figure 8). Thus, at acidic pi, aluuminum

internalizatiau occurs, at least in part, via a passive nechanisn.

'Ihesamecauclusim hasbeenreachedwithcyanobacteria (Fettersscn

et al., 1986). Fcuulkes (1988) proposed a model for the transport of

mu-essentialardtoxicmetals like admiumacrosscellmsubranes.

According to this model, metal uuptake first involves rum-specific

binding auto nuaubrane sites, followed by metal trarusfer into cells

via maubrane arriers. Causidering similarities between admium

uuptake (Planas-Bdune and King, 1988) and aluminm uptake processes:

1) high and rapid superficial bindirg on plasua neublane, 2) high

level intracellular accumulaticn ofmetals, and 3) resistance to

auergyblockers, the Fcuulkee (1988) mdel may in part explain

aluminum uptake atacidicp-Iinouursysten. 'Iheputative arrier,

ifany, ismtknown. Sane lipidcmpauentsinplasramenbraneare

presumably andidates. To illustrate, interaction of aluminm with

plospuatidylduoline wasreportedtoplayaroleinalunninunn uptake

(Akesm et al., 1989).

In our experiments, neuuroblastana cells apparently accumulated

a causiderable amount of aluminm. Recently, Guy at al., (1990)

reported that human neuroblastana cells (DIR-32) were able to
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establish a saturatisu level of 10 - 20 11M intracellular aluminum,

againstloouisrternalalmninminthemedimn.lheaccumulation of

alargeamcuntofaluminnninnsuroblastanacellsismt

necessarilylinked to active transport processes, anditanbe

also attributed to large labile intracellular aluminm-delating

pool, including inorganic ard organic polyphospuates, binding

proteins, ardlow molecular weight ligands (Birchall andcuappel,

1988) . Presumably, aluminm binds to its intracellular chelators

rapidly aftersrteringthecells, andfree aluminum concs'rtraticn

inthecell remains very low, shifting the equilibriumforthe

influx of aluminm. Beause a great portim of intracellular

aluminmwas recovered fronpostmitoduaudrial couponsuts (Table 3),

aluminum may be potsrtially associatedwiththecytoskeleton in

cytosol.'lhisinteractiauisillustrated bythefiniing of

aluminum-induced tangles cauposed of straight neurofilaunents (Perl

and Pendlemry, 1986).

Cellular metabolites with low molecular weight arud aluuminuum

-duelatirq ability, like citrate, are believed to play inportant

rolesinalumirunmetabolisninliving cells. There havebesutwo

cauflicting models: facilitation model ard detoxifiation model.

Facilitatiau mdel suggests that cauplscatims of aluminum with

duelatin; metabolites provides an effective means for aluminum's

trarslcatim intocells (Bartz'm, 1986). Inanimal tats, citrate

chelaticn reportedly shanced aluminm accumulatim in plasuua of

human (Slininaetal., 1986) andinbrainandnervetissues of rat

(Slanina et al., 1984). Hwever, therehavebesumorescperiunental

3
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evidence for the detoxifiatiau model. In aluminum-tolerant plants,

cellsreducealumirmuptakeby releasing increasingamountof

chelating metabolites to trap aluminm sctracellularly (Kcyama et

a1., 1988). In experimental animals, citrateardotherchelating

nuetabolites significantly increased aluminum socretiau ard reduuced

aluminm caucentratiau in variousorgansandtissues (Daningo et

al., 1988). Liposane studiessuggest that the permeability of

bilayercmsubrane to neutral alumirum-citrate is very shall (Akescn

ard Mums, 1989). 'nuedataofthissbudyarein accord with the

detadfiatiau model: all chelators tested were fcurd to inhibit

aluminum uptake by neuroblastara cells (Figure 7). A similar

firdingwasdutainedwithl'nnnanneuroblastma cells (Guy etal.,

1990).

Annug metal atiaus, a2+ is a well-known effective

ameliorator to relieve aluminm intmciatiau. on the other hard,

cellular a” netabolisn is interfered with by aluminuminan

idlibitory manner. 'menegative interplaybetweentwoelsnents has

been explairal by "displacement" hypothesis, i.e., they carpets for

birding site aucrucial cellular caupauents like receptors au

plasnamenbrane (Parker etal., 1989). However, inaursystsn, the

presence of a2+inthemedium did not reduce the superficial

biuding of aluminm au cellular surface. The reductiau of aluminum

uptake rate is only observable at extracellular <22”

caucsutratiaus 10 - 100 times higher than the normal puysiological

level (Figure 9). 'nueoretially, the size of (22+ in its favored

8-fold coordinatiau is 9 times greater than that of Al3+ in its

 



137

6-fold coordinatiau, the substitutiau of sue for another appears

inprcbable (Maaiauald ard Martin, 1988 ). Therefore, it is

uunlikely that Ca2+ ameliorates aluminum toxicity sinply by

displacing the latter au the cellular surface, thuus prevsuting

aluminm uptake or other evsuts. Similarly, the downregulation of

aluminm au cellular (22+ metabolism may not occur at outer

cellular surface but at intracellular site(s). This hypothesis is I

causistsrt with recsut firdiugs that aluminum interferes with

Ca2+ regulatiau through its interactias with intracellular

Ca2+ signalling pathway (Wukei et al., 1990) .
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The aimofthisdisser‘tatiauistoexplorecellularaspects of

altminumintoxiatiau in anefforttosuhanceourmderstardingof

interactiaus betwesu altminum ard living cells. Using cultured

neuurdolastana NZA cells as biologial model, the study focuses on

alumintm uptake by cells ard modulatiau of alumian au inositol

phosphate formatiau.

Aluminm accumulatiau has been dsnaustrated clinially ard

experimsutally in tissues, inpartiaularbrainardcsrtralnervous

systsn,of patisutsaud animal models.'Ihedatainthis

dissertatiau present informatiau regarding potsrtial uptake of

altmimm by neural cells:

1. In the physiologial pi regiau, neurdulastana cells did not

incorporate measurable amouunts of aluminm, suggesting that cells

domttakeupthetoxicelsnenturdernormalpuysiological

caditiaus.

2. Withtheaidofpropernediators, neurolulastaua cells are

apable of accumulating large amounts of aluminm. Amug the

possible arriers, trarsferrin, a major altminum ligaud in plasma,

may have biologial inportance intransporting the metal into

neuraus, possibly through a trarsferrin receptor-mediated route. On

the other hand, low molecular weight cellular metabolites with

almninm-dlelating ability perhaps protect cells by inhibiting

aluminm internalization.

3.Frhancedaluminm uptakebycellswasobservedasthemedium

pidecreased. Cells incorporate altminm at acidicpiprobablyby

 L
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a different medianism fran that at physiological pH, likely through

a non-specific carrier-mediated passive pathway.

(hoe almnirum isinternalizedinto naircblastana cells, our

data suggest that a potential primary cellular lesion for almm’num

intoxicatim is inositol ghosphate metabolism, which serves as a

major device to regulate intracellular Caz+ mobilization and

protein kinase C activity:

1. Distinct fran the activation mode of the phosphoinositide

signal pathway by fluoroaluminate, aluminm reduces inositol

phosphate production stimlated by Gp protein activator GI'P[S] or

f1uoride,or triggered by the receptor agonistbradykinin.Asa

consequence, bradykinin-evoked intracellular (22+ release is

depmsed.

2 . Acompanying inhibitim of inositol [insulate foraation,

aluminm lessens IP12 and PIP depletim. Experimental results

indicated that aluminm realms inositol magnate productim

mainly by idlibitirg 1P3 generatim frun PIPZ by phospholipase

Creactim.Almninnnapparentlydoesmtinter-fere withthe

downstream kinase orphosmatase reactims after 1P3 formation.

3 . 'Ihe inhibition of aluminm m inositol Mate production

is dependent m aluminJm’s interiorization. 'Ihe alminum's action

(11 phosphoinositide signal pattmay probably occurs at site(s)

distaltcreceptorsmthecellularsurface.

4. Phosphoinositide hydrolysis in neuroblastana cells can be

stimulated directly by an increase in intracellular <22“
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concentratim, bypassing Gp protein mediation. 'Ihe C32+-induced

IP3 production, like the big/GP protein-induced one, is

sensitive to the inhibitory effect of aluminm, but Ca2+-induced

1P2 producticn is not affected by aluminm.

S. Prqaosing a mechanism, our results canbeexplained by

ascribing changes in inositol phosphate formation to aluminm

interacticns with elanents in the inositol phosphate signalling

process. Presumbly, aluminum birds at or near the mnleotide'

birding carter of 6p protein, ard the formation of rmfm'ctional

almninm-ligarded up protein impedes my“ cr/and srp binding,

or prevents the activation of Gp protein in respasetomz"

cr/and GI'P binding. stpholipase C is also a possible target.

6. Finally, our study shows that the nurine neurdalastana NZA

cell lineNZAamldbetBefulcellmlture, inadlitialtc

culvert-dually used neuroblastana cell lines human SH-SYSY (Ianbert

etal., 1991), nurine NIE 115 and nnrine neuroblastananliana

hybrid halos-15 cells (Glanville et a1. , 1989) , in investigation of

phosphoinositide signalling pathway in naml cells.

Towardstheeriofthisdissertatim, itisinportant to point

out that mnyquestimsrelainopenintheaboveareas. Hopefully,

fiIrther investigatim will yield insights into the cellular pm

of aluminm intoxicatim ard generate more knowledge in developing

astrategy forantherapyofthealtminnntoocicity syndrcme.

'Ib explore the detailed process of aluminum’s inhibition,

mlecular levels are certainly needed, which largely rely m
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isolaticn ard purificatim of key elanents associated with the

phosphoinositide signal transductim pathway. 'Ihe attatpt to

isolaterproteins has not beensucoassful,butinrecentyears,

anunberofdistinctploqholipases C molecules, includingiscmers

of the major enzyme foundincnltured neuroblastcmn cells, have

beenpurifiedfran a variety of mlian tissues, andseveral

forms have beam molecularly claled andseguenced(Rheeet al.,

1991). The expression ofcmmsmichencode phospholipase C and

Gp protein and usage of immological nethodologies will be a

pranising molecular approadl to elucidate the putative pathology of

almninlm in the signalling pathway.

Vhen functional preparatims of phospholipase C or and/Gp

proteinare available, aperimrts an be designedincell-free

reactim systans,whid1cmtaintherelevantenzyme activities and

essential factors, to reexamine aluminm’s effect. Alternatively,

experimentsmnbeperformd in netbrane vesicles, eitherplasna

menbrane prqaaration or lipid mdel manbranes, which are

recmstitutedwithreceptor,6p protein, phospholipaseCand

othercmpaarts,h1taxilreoastimtim has not beensucosssful

yetinanysystan(Nozawaetal., 1991).

‘me purified proteins provide agaroadns to probe into

molecular nature of interactions between alnminum ard its targets,

especiallybyphysico-dlenical means. For instance, the guanine

mnleotidebixflingdatainofcproteinscontainatryptophan

residue (Kama, 1991); by monitoring intrinsic tryptophan

fluorescence, informatim will be provided as to any almninum
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birding, andluvthisbindingdiargesthelocalenvirmnnent around

themcleotide birding center. Based cnthefluorescencespectra

and lifetimmeasurenentandflmrideNMR data, Hazlett et al.,

(1990) shwed that fluoroaluminate did not bind to the nucleotide

birding site of ”little" runner GI'P birding proteins like EF-Tu. A

similar ccnclmim was reached in a biochemical study which

indicated that fluoroaluminate did not change proteolytic

sensitivity ard the aminoacyl-tRNA affinity of EF-Tu which is

brought aboutbyGTP[S] (Kraal et al., 1990).

At the cellular level, only one arm of the phosphoinositide

signalling pathway, namely IP3/Ca2+ messenger systan, has been

investigated in terms of the aluminm effect. It would be

interesting to find whetherand how aluminm modifies protein

kinase C activity through the diacylglycerol (ms) arm. The

resporse of ca2+-irduced phosghoinositide hydrolysis to alminum

stressisanother abjectworthyoffurthersunies,becauseofits

distinctim fran Gp protein-coupled pathway. For instance,

Eberhard and 3012 (1991) recently proposed that (22+ pranotes

generatial ofIP3animGnota11yby‘ acting at phospholipase C

butalsobyincreasixgthesynthesiscfhydrolyticmbstrate

picsphoinositides. 'Iheexperinentstnildbeczrriedartinasystan

where intracellular Ca2+ cancentration is well-defined. ‘Ihe

informtim will beusefultolocatemoreprecisely the putative

acticn site(s) of aluminm in IP3/C.‘a2+ regulatial, e.g., the

direct inhibition of plospholipase C enzyme.
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As toalumirumuptake studies, the role of transferrin in

aluminum transport will remain asahotspotofthisarea,e.g.,

what are the destinations of almninum—carried tramferrin on plasma

membrane? Is it indeedbanritocoatedpitswhere it is inter-

nalized by energy-deperdent erfiocytosis? In which intracellular

carpartment (s) is aluminm located following interiorization? What

is the fate of tr'arsferrin following alumirum-diassociation, is it

recycled to the cellular surface, or degraded in lysosanos?

Dcperimentally, these quostionsmaybeansueredbymuitoring the

uptake and recycling of aluminum-loaded [12511apotransferrim

usingprcnasedigastimofcellstodistirguish surface-bound fran

internalized Al-trarsferrin.

It is believed that individual vulnerability to aluminm

toxicity may depend (:1 genetic factors influencing intake,

transport, or excreticn (Birdlall and Clappell, 1989). 'Iherefore, a

possible approach toreveal the interrelatim between aluminum

wtakeandaltminmintmcicatim is toscreaualuminm—tolerantor

resistantcelllinss,andtocmparea1mninnn uptakeinthesecells

withthatinalmninnnsensitivecells.‘mismethodhasbeen

exployedinailmredplantcellstoanalyzetheerdogeous mechanisn

to protect plants frunalumirum injury (Koyanaetal., 1988). It

mayalsofirditsuseinrairalcellsuumevaltlnighthe

screeningof aluminm-resistant mannalian cellsisexpectedtobe

mredifficilt.
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Omphnsphata are the most widely used mdcs in

ourenvironment Despite thesliorthalf-lifeoforganophos-

phat: in soil and water. humans and animals are continu-

only exposed to low levels cfthese chemicals in dieenviron-

ment and in the diet (Gartrell er of. l986). Associated with

exposure to organophosphates are potential health risks such

as those involving the reproductive capacity. Little is known

about mechanism by which organophosphate exposure re~

suit in reproductive dysfunctions (Gallo & Lawryk l99l).

Orngphosphau-s have been suggested to affect sperm mo-

tility by binding to spco'l'ie receptors (Nelson I990). probably

rcsidingon theplasmarnernbraneThesediemicalsmay

therefore interfere with mernbranemcdiated processes of

mammalian fertilintioo. e.g., W capac'tation and the

aernsnrne reaction. Ca” inoszariagimachi lMandmem-

brute-bound inositol phospholipids (Roldan & Harrison

lMappcartnplayakeyroleintlieprepantionofspcr-m

for fertilization. Sina these phosphnlipids are partio'pating

in transmembrane signalling pathways(Rasmussen I990). we

havetherefore investigated diangesin levelsofinndtol phos-

pholipidsinepididymalspermasaresultoflnng-termnr-

ganophosphate feeding to mice.

um. Apart from thceonuol mp. male 3602?! mice

weregivenamiatureoforganopliosphatesaslistcdinuble

l.

Murineepididymalspermwerecollcctedmbonrrel.

1989) in Brinster’s medium (Brinster l97l). modified to

anuinlpcrcentbovinemdbmanhismcdiumre-

portedly permits in vitro apacitatiori and fertilization in

take place in murine gametes (Yanagimaehi 1988). Sperm

cocentration and motility were detenniried iaider a Zeiss

microscope using a Mahler cotmting chamber (Sell-Medical

Instruments. Haifa).

Murine epididymal sperm (L! it “1’ ails/ml) were labell-

ed with 200 uCi/uil ’P-ortliophosphorie add (Dupont) and

incubated for 2 hr. at 37' ii a CO, incubator. The reaction

was stopped with l0 percent trichloroacetie acid and lipids

were extracted sith various solvent mixtures composed of

chloroform]methanol/RC! (Hon-it: d: Perlman I987). The

estraetwas thendriedunderastreamofnitrogengasand

the phospholipids separated by thin layer chromatography

on silica gel plates. using ehlorofonnlmethanollammoniurn

hydroxide/water (48:40:75) as a developing systerri. Using

developed autnndiographs as a template. lipid spots were

visualized by autnndiography. then scraped off. reestracted

with ehloroform/methanollconc. HCl (200:100:0.7S). and

dried in a stream of nitrogen gas ('Horwitz & Perlman l9”).

The molecular identities of phosphatidyl inositol, Pl. phos-

phatidylserine, PS. phosphatidyl inositol-Lphosphate. PIP.

and phosphatidyl inositol4,$—bipliosphate. PIP, were as-

utained by eomigration of appropriate standard phospho-

Bpids. As to the correct identification of phosphatidyl inosi-

tnls. additional information was obtained by labelling sperm

ails with myo-{Z-‘l-n-inositnl (Dupont). followed by analy-

sis on thin layer chromatography plates.

WNW Labelling ofiiositnlphospholipids

mamineduponexpomtn’P-hbcldphnsphanCnm-

prcdwiththelevclsofl’landPlPJhelevelofPngwas

significantlydecreasedinspcrmfrnmmicuatedwith

nrpnophosphates (table l). As to [”PlPi incorporation into

Dal phosphatidylinositol lipids of control murine sperm.

onrdata (table l). ifnnrrnaliacd to l0‘ cells. arecomparable

tothoaedeterrnimdinamedimmposcdofKrebs-Ringer

solutioointhepresenceofbovineseroaalbinninmnldanl

lee I.

Oan'sin'llabellingnfinnitnlpbnlpboipidsinefididyntal

”(mimatbsnldmica lduicepwmfedorganoplioa-

”albedailyéet. Fromwaiiingwlmonthatbedidlo.‘

mtg/day) contained a minute ofW l‘lno

ialinonzdimcthnatcmalathinntpantbioa-MGQWMO (w!

w). and a diet (0J5 ugltglday) at a “wading ratio of

lfit‘mflw from 3 months to 8 months Sperm from each mouse

warebicabatedwitbmlfithcnlipidsestractedandnparatcdby

this layer chromatography. and radinaetivity in aeh lipid counted.

The inositol phospbnlipid data listd aresi'gnil'nnt at the 5 plant

kvclnfa'gnifieanaaaordingtnthet—tu. lesultsanmfnr

fimteupmulwemmaandardmm

between lOtOZO'Anfthemanuhummndfityvaluaanm

of sperm exposed for 95 min. to Irinster's modified medium.

 

 

Percentage of I'l'olabcllitig

(counts per min.ll.l ii If ails) Motiity

PlP, Pl? Pl percent

antrol group “)0 lm IN 32 7

016) (592) (SM)

trusted group 14 85 IO! )9 3 3

( l0 l l l503) (6050)
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Harrisonl989).1helatternicditnnandthatnscdinnnr

snidics.i.e.. Brinsta’smedimareapablenfsnsta'aiing

apeitation ofmtninespcrmflanagimaehi lMMto

['HPi incorporation bin individual phosphatidylinositnl

Bpidsofcontrolinnrinespcrm,onrvalucs(tablel)are

significantly lower than corresponding vines obtained on

sparminamcdiumcompoandofsalinemoldantflanison

I989) which does not support apacitatinn.

Alargenumberofcllnnfacemceptoraegafornenro-

tsansrninemareknowntocoupletophosphoinositideby-

drnlysis (Gilman I981). Following rnuptoomcdiatcd acti-

vationnfphospholipaserreakdown productsofl’ll’,are

hcaitol phospliatesanddiacylglyuanboth ofwhich play

anirnportant role in cellular regulation. e.g., during thespcrm

aerosorne reaction (Roldan & Harrison I989). Considerable

activity of phospholipase C in bovine spermatozoa has been

reported (Vanha-Perttula & Kasurinen I989). Since sperm

cells were found to exhibit membrane-bound cholincsterase

actifity (Bishop et nl. 1976) and because organic phosphorus

insecticides are potent inhibitors of this enzyme (Gallo & Lao

wryk l99l). the enhanced breakdown of PIP, (table I) may

thus result from organophosphate binding to membranesur-

fan receptors ofmurine sperm. Amer-ding to the pathway of

inositol phospholipid metabolism (Berridge I987). this bi-

phnsphate originated from PI whose level remained virtually

nnehangedinu'eatedoellsrclativetotlntoftliecontml

gsnup.Atthistimeweannotdiscardthenotionthatorgann-

phosphatesmayalsobinddirctlytol’ll’kinasethnsinbibit-

ingphosphorylation ofthe phosphn'aiositide.

In summary. crunopliosphate binding to membrane-

bound compounds probably impacts phosphatidyl inositol
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Abstract

To be considered in this treatise are recent developments on biochemical aspects of aluminium

tolerance and toxicity. Advances in aluminium biochemisz are best illustrated by knowledge gainedin

the area of aluminium uptake across the plasma membrane and by the putative role of aluminium'in

transmembrane signalling pathways.

Initial studies indicate that aluminium is taken up by endoqtodc mechanisms. either via non-

saturable. fluid-phase endocytosis or through satin-able. membrane receptor-mediated endocytosis

involving spedfie carriers. These uptalte modes are respectively exemplified by aluminium internaliza-

tion involving polysaccharides and carriers. perhaps present in the rhizosphcre. Regarding aluminium

interiorization. a working hypOthesis can be formulated whining endocytotic uptake followed by

processing along intracellular pathways that in part determine aluminium's final destination. Given the

'compledtyofmdoqtodcproeemm.geudeddecunmephmam-bnnewumtandmemm

probably lead to defic'cncies in aluminiuni's uptake and intracellular routing. respectively.

As to cellular communication. aluminium fluoride has been implicated in being a ligand for

membrane-associated G proteins which hinction as intermediaries in signal transduction. G proteins in

part control phosphoinositide hydrolysis which in turn is crucial for the release of second messenger

molecules. Aluminium-related interaction with components of signalling pathways is expected to aficct

the cell‘s capability of processing sensory infonnation.

Findings are also presented on aluminium-enhanced membrane lipid peroxidation. aluminium

interference with cytosltcletal elements. almodulin. and the chromatin structure.

The challenge will be to elucidate biochemical mechanisms of aluminium toxicity as a basis for

designing aluminium tolerant plans. .

Introduction resulting in understanding the molecular basis of

aluminium toxicity and toleranc.

Sincespacedoesnotpermitanextensivereport.

regarding the biochemical basis of aluminium

toxicity and tolerance. this review is an interim

account of current research as of the last few.

years. Within this framework it is our objective

to focus on specific biochemical aspects which

are beginning to emerge. r.g.. primary steps in

the internalization of aluminium by cells. Via

this discourse we also hope to stimulate interest

for future research along novel lines. ultimately

In the last two decades a considerable bodyof

evidence has accumulated impliating aluminium

ionsinvarousdisorders.‘l'hisincrcascininfor~

mation is in part summarized in reviews and

aluminium toxicityltolerance in plants (Fay er

al., 1978; Hans. I984; Haug and Caldwell. 1985;

Taylor. 1988; Taylor. 1988) and man (Ganrot. '

1986). Within the same period of time. the

chemistry of aluminium has received consider-

able attention as to the metal‘s role in our on-
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vironment and in biology. his is reflected in

publications concerned with physico-chemical

properties of aluminium compounds (Akitt.

1989). the aqueous chemistry of aluminium in

soil and water environments (Sposito. 1989). and

the environmental chemisu'y and toxicology of

' aluminium (Lewis. 1989). As apposed to these

fairly comprehensive surveys. we prefer selecting

particular facets of aluminium biochemistry as

paradigms to center attention on current and

future directions of research.

Tbecellwallasbarrier

The. cell wall is a charged surface containing

pores with a diameter of about 4 nm. which is

roughly tenfold that of the hydrated aluminium

ion. Behaving as an ion exchanger. the cell wall

may therefore alleviate metal toxicity. At this

time, there exists a paucity of data on interaco

tiomofaluminiumwthtbecellwalLCellwall

material isolated from aluminium tolerant wheat

cultivars reportedly showed variances as to ti-

ttable charges and aluminium binding regardless

ofthepresenceorabsenceofcaldumions

(Shaun and Beach. 1988). In depth studies are

required on well-defined fractions of cell wall

constinients. e.g., in terms of surface chem'mry

of genetically different cultivars. Regarding pro-

duction of extracellular polysaccharide. various

cereal leaf protoplasts reportedly synthesized a
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ted to influence cellular transport processes and

hence cellular metabolism (Weis and l-laug.

1989). This was illustrated by studies on intact

roOt cortex cells of northern red oak. Applica-

tion of aluminium decreased water and enhanced

non-electrolyte permeation across the membrane

(Zhao et al,. 1987). Dramatic membrane changes

have also been observed in phosphatidylserine-

containing lipid vesicles exposed to micromolar

aluminium concentrations. Aluminium ions re-

portedly induced membrane rigidifieation and

membrane fusion (Deleers et al.. 1987). For

comparison. membrane iigidification was only

observable at Cd” and Mn” concentrations at

least tenfold higher than that used for aluminium

(Deleers er al., 1986).

Aluminium ions reportedly bound to the sur-

face of phosphatidylcholine vesicles with an al-

most GOO-fold higher affinity than Ca" does;

mono- and divalent aluminium fluoride complex-

es did nOt bind measurably. Bound Al” would

be expected to cause a membrane surface poten-

tialshiftfiom-BOto +11mehichintui-nmay

lowerthepassive diffusion ofcationsaaossthe

membrane (Akeson er al., 1989). This conclusion

is in accord with observations that K’ uptake

was markedly decreased following treatment of

pea seedlings with lmM AlCl, for 16h; the

decrease was alleviated by the presence of

to mill ct" (intimate and vmyi. 1986).

However. aluminium-induced changes in K’ up-

. talte are probably not primary factors conm‘but-

beta-(l-r3) glucan in reponse to aluminium, .

stress (20) pH) at pH 6.0. after 24 h incubation.

However. there appeared to be no correlation

between aluminium tolerance and polysaccharide

production (Schaeffer and Walton. 1990).

Plum membrane structure

11ieplasmamembranelimitsthecellfromits

environment. Upon interaction of aluminium

(20 pH) with erythrocyte white ghosts labelled

with a fluorescence probe. the rotational rates of

the membrane probe were apreciably decreased.

Initial aluminiumoinduced changes at the mem-

brane surface are apparently translated deeply

into the apolar portion of the membrane. These

kinds of changes in lipid packing may be expec-

ing to aluminium sensitivity as judged on two

genetically closely related wheat cultivars with

different aluminium sensitivity (Pettersson and

Said. 1989).

Because aluminium becomes mobilized at

acidic pH. it is nateworthy that rice plants adap-

tively adjusted the phospholipid ratio to [.58

Stress while wheat plants showed less variability

in terms of lipid composition (Erdei et 01.. 1981).

Moreover. when rice roots were grown at pH 6.

roors exhibited an anomalous K' influx. prob-

ably as a result of proton-induced changes in

membrane structure (Zsoldos and Erdei. 1981).

At the present time. aluminium- and pl-l-

induced changes in structure of plant cell mem-

branes are poorly understood. Concerning

aluminium stress. questions of alterations in het-

erogeneity and biological spedficity of lipid and
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proteins. changes in immism'bility among mem«

brane components (Klausner and lCleinfeld.

1984). and altered lipid and protein dynamics

(Yuan and Haug. 1988: Yuan and Hang. 1988)

have to be addressed by employing well-defined

membranes. Pathological perturbation of lipid

immisdbility may provide the basis for

aluminium-related changes in nutrient uptake

and intracellular reorganization. An approach to

this problem may be to control membranr: of

cultured plant cells (Conner and Meredith. 1985)

bygencticandenvironmentalmeans.Thistype

of research on aluminium~related membrane

changes can be facilitated by recent develop-

ments in methodology (Chapman and Hayward.

1985). '

Membrane lipid peroxidation

Peroxidation of polyunsamrated fatty adm in

biological membranes is a free radial-maimed

reaction which muses chemical transformao'on of

fipids and producs a wide spectrum of products

(Xappus. 1987; Miquel er al., 1989). Formation

of peroxidation produce was acmmpanied by

changes in activities of membrane-bound en-

zymes and in membrane permeability (Itoh et

al., 1989). As to peroxidation processes.

aluminium reportedly caused subtle rearrange-

ments of membrane lipids that facilitated iron.

induced peroxidative reactions in phospholipid

vesicles (Gutteride er al.. 1985) and in erythro-

cytes (Quinlan er a1., 1988). Since a large frac-

tion of plant iron is found associated with por-

phyn’ns (Sandman and Béger. 1983). cyto-

chromes may be involved in the generation of

freeradicalssimilartothoseproducedinthe

presence of metrnyoglobin (Xu et al., 1990).

Polyamine (Schuber. 1989) binding to negative

charges of the membrane surface reportedly in-

hibited lipid peroxidation (Tadolini er al.. 1984).

To the best of our knowledge. no data are

available as to aluminium-accelerated lipoxida-

tion proceses in plant membranes. in this con-

text it appears worth noting that root hairs are

capable of accumulating large amounts of iron

(Branton and Jacobson. 1962). Furthermore. fol.

lowing exposure of young bean foliage to simu-

lated acid rain. radical-mediated peroxidation
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was detemable in membranes characterized by

the formation of gel-phase lipid (Thompson et

’11.. 1985). Clearly more studies are required to

stablish a firm bmis for aluminium's role in

membrane lipid peroxidation and the possible

remedial action of plant associated radial

scavengers.

Aluminiumandsignaltramduetiaa

Cellshaveaneedrosensctheirmicioenviron-

mentandtorespondtoexternalsignals.These

signal are detected at the cellular surface and are

translated into a ascade of intracellular second

messengers. One class of signal transmitters in-

volves membrane-bound guanine nucleoride

binding prOteins. or G prOteirts (Naccache.

1989). which play a predominant role in phos-

phoinositidc breakdown (Rana and Hokin.

1990). Among the hydrolysis products are two

aemnd messengers; viz., diacylglycerol and

inositol triphosphate. The latter menenger sig-

nalsthereleasc ofinna-cellularcalu’inn.presum-

ably involving calmodulin. The presence of phos-

phatidylinositol and phosphatidylinositol 4-phos-

phate kinase has been established in plant plas-

ma membranes with similar characteristic as

those found in various animal membranes. e.g.,

as to AT? dependence. ion requirement and pH

optima (Sommarin and Sandelius. l988). Poly-

amines have been shown to affect the formation

and metabolism of inositol triphosphatc (Ber-

ridge. 1987) and to play a role in Ca" homeosta-

sis (Schuber. 1989). Via a signal ascade. cells.

are thus capable of converting an external

stimulus into intracellular second messengers.

which in turn trigger metabolic activities and

eventually appropriate cellular responses.

G proteins could be activated by fluoride plus

aluminium. Alli: was bound to GDP and

seemed to mimic the role of the gamma phos»

phate of GT? (Gilman. 1987). Studying human

vein endothelial cells. stimulation of cells with

aluminium fluoride caused a dose- and time-

dependent generation of inositol phosphates and

a calcium-dependent release of arachidonic acid

(Magnusson er al., 1989). At this time it appears

rather , speculative to correlate aluminium
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fluoride activated G proteins with findings on the

stimulatory effects of aluminium on growth of

tea plants (Konishi er al., 1985).
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Since aluminium is known to bind to phos- '

phate groups (Hang. 1984). there are valid

reasons to assume that aluminium may also

strongly attach to adjacent phosphate groups of

inositol. In view of clecrrochemical similarities

between Al” and re" (Hartley er al.. 1980). it

is noreworthy that Fe" reportedly formed a

mmplex with myo-inositol phosphate and can

thusbcusedasamobilephaseadditiveto

enhance the detection of inositol phosphate iso-

mers by high performance liquid chromatog-

raphy (Henderson et al., 1989). As a result of .

the high stability of aluminium phosphate come .

'plexes. inositols chelated with aluminium are

probably less susceptible to hydrolysis. which in .

turn may be of great significance for signals .

triggered by external stimuli. Moreover. .

aluminiummfoundtoimpairincorporationof.

inositol into pbospbolipids (Johmon and lope. .

1986). .

Our knowledge on the involvement of .

aluminium-beneficially or pathologically-in

signal transduction is rudimentary. Studies on

aluminium interactions with plant membrane

phosphoinositides and G proteins warrant spedal

attentionastoearlyevents(ifany)inthe

aluminium toxidty syndrome.

Uptake olalumlnlum

Numerous studies have been performed regard-

ing aluminium uptake and distribut'mn in plant

tisne or in intact plants (Pay. 1988). Relatively

few data are available on the effects of

aluminium at the cellular and molearlar levels.

A fundamental question that ha to be resolved

is that of the mode(s) of aluminium uptake ac-

ross the plasma membrane. the interface be-

tween the cell and its environment. Any such

molecular study must take into account the

unique physico-chemical properties of aluminium

in the hydrated and complexed states (Lewis.

1989: Sposito. 1989). In the following we are

dismissing the role of pH and specific carriers in

aluminium uptake across the plasma membrane.

pH—dependem uptake

Examining aluminium uptake by multilamellar

phospholipid vesicles. maximal aluminium up-

take was strongly dependent on the lipid compo-

sition of the liposome and the pH of the suspen-

sion medium (Shi and Hang. 1988). Character-

ized by an aluminium uptake maximum in the

range from pH 4.0 to 5.0. low pH in the suspen-

sion medium facilitated aluminium entry into

vesicles composed of dimyristoyl phosphatidyl-

choline (DMPC) and acidic phosphatidylserine

at a ratio of 4:1. However. using DMPC lipo-

somes. which carry a zero net charge at neutral

pH. the maximum of aluminium uptake was

shifted into the range from pH 6.0 to 7.0. Viable

murinc neuroblastoma cells also displayed a pH-

dependent aluminium uptake pattern. Maximum

uptake took place around pH 6.0. whereas in the

physiological pH region. neuroblastoma cells did

net take up aluminium measurably. and after 1

to 4 h of incubation the intracellular aluminium

mntent was generally less than 10 percent of

total aluminium (25 pH) added. The time

murse of aluminium uptake (pH 6.0. 25 itM.

37'C) was biphasic and reached a plateau at

about 111. In the presence of millimolar Ca"

or Mg" concentrations. the initial rate of

aluminium uptake was substantially lower com-

pared with that in the absence of these bivalent

cations. However. as the incubation time pro-

greased to about lh. the overall uptake of

aluminium was indistinguishable from that ob-

tained with no bivalent cations present. The

phi-dependence of aluminium uptake was attri-

-. buted to aluminium spea'ation and/or reversible

changes in membrane properties. e.g., phase

separation. changes in nonbilayer lipid configura-

tions. relevant for aluminium transport (Shi and

Hang. 1990). Being most pronounced at slightly

acidic pH. a phi-dependent aluminium uptake

was also observed in cyanobacteria (Pettcrsson er

al., 1985 l. '

Regarding pH-dcpendent aluminium uptake.

these types of studies permit us to view the

plant-induced pl-l hypOthesis (for review see:

Boy. 1988) from a novel perspective. The origi-

nal idea was that certain plants can reduce

aluminium toxicity by maintaining a fairly high

pH in the rhizosphere or roOt apoplasm thus
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generating conditions favourable for the forma-

tion of less toxic aluminium species (for review

see: Taylor. 1988).

Taking into account the above results. we

suggesttoadvancethcexpandcdpl-l hypOthesis:

certain aluminium tolerant plants are capable of

modifying their membrane structure under acidic

Stress thus rendering the membrane less condu-

five to aluminium uptake. To test this hypoth-

esis. various avenues of experimentation are

available. Information on protein and lipid com-

position is required on well-defined membranes

as opposed to whole cell extracts (Zsoldos and

Erdei. 1981). Since membrane lipids are able to

adopt nonbilayer configurations (Cullis et al.,

1980). subtle changes in lipid composition are

expected to influence metastable lipid configura-

tions which in turn impact the membrane's func-

tional capability as to aluminium uptake. It may

sumce to point out that the membrane lipid

structure of erythrocytes can be modulated by 3

to 4 prostaglandin moleailes per cell (Kitty er

al., 1974). Spectroscopic tools (Chapman and .

Hayward.l985)canbeappliedtoeluddate

dynamicaspectsofmembranelipichandproteins.

inaluminiummlemntandsensinveplanmfor.

certain typesof studies. tissuentltures (Conner

andMeredith. 1985) maybeappliedtomodify

cellsbygeneticmeans.

Roleofaliunini'iundielaiors

An aluminium tolerant carrot cell line was found

to secrete large amounu of citrate into the.

medium containing millimolar amounts of insolu-

ble aluminium phosphate. Citrate secretion was

not detectable in the absence of insoluble phos-

phate source (Koyama er al., 1988). Since dtrate

is a patent aluminium chelator (Ghman. 1988).

and because neutral complexes are favoured to

permeate a lipid bilayer. the question arises as to

lipid permeation of neutral aluminium citrate.

Recent studies on multilamellar (Shi and Hang.

1988) and unilamcllar lipid vesicles (Akeson and -

Munns. 1989) demonstrated that prior alumin- .

iurn chelation by citrate virtually prevented .

aluminium from being taken up by the vesicles.

Hydrogen bonding between water and citrate

earboxyl groups and metal hydration apparently

are in part responsible for restricted diffusion of
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aluminiumln'trate complexes across the water!

lipid interface (Alteson and Munns. 1989). The

above findings on artificial membranes are con-

.sistcnt with results of aluminium uptake by via-

ble neuroblastoma cells in the presence of a

, slight excess of citrate or EDTA. at neutral pH

(Shi and Hang. 1990). In conclusion. exudation

of citrate by plant cells is a means of detoxifying

aluminium. albeit requiring considerable energy.

Speaking of chelator-assisted aluminium up-

take. nonesterified unsaturated fatty acids (up to

200 pH in the medium) were found to appred-

ably enhance aluminium uptake by viable neuro-

blastoma cells at neutral pH compared with up-

take in the presence of esterified fatty adds. The

mediating function of fatty acids was only detect-

able in the presence of free fatty acids in the

suspension medium. The types of complexes

formed are not known (Shi and Hang. 1990).

Conceivably. metal-fatty add complexes may be

similar to those found for re", viz.. 5:" (tray

acid),, which was reportedly involved in iron

uptake by internal brush border membrane vesi-

cles derived from murine small intestine (Simp-

son et al., 1988). Given the composition of the

rhinosphereintheproximityoftheplantroot.

(Lynch. 1976). there is the distinct possibility

that organic molecules. e.g., fatty adds. may

serve as instruments for aluminium transport

across the root plasma membrane.

Aluminium interiorization via aidocytosis

Concerning mechanisms of aluminium uptake via .

endocytotic processes. available knowledge is in

its infancy. bath in plant and mammalian cells.

There exist two distinct mechanisms of endo-

cytotic uptake. viz" fluid-phase endocytosis and

receptor-mediated endocytosis (Pastan and Wil-

lingham. 1985). As opposed to receptor-

mediated endocytosis. fluid-phase endocytosis is

not saturable with respect to the ligand. A classic

cal endocytotic pathway is that of fern-trans-

fertin internalization by receptor-mediated endo- -

cytosis inmammalian cells (Pearse and Crown

thcr. 1987). Given sinu‘lar electrochemical prop-

erties of re" and Al” (Hartley er al., 1980:

Nightingale. 1959). and the observation that

transferrin bound two aluminium ions per pro-

tein (lchimura er al.. 1989). we recently hypOth-
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esized that transferrin-mediated endocytosis is an

important mode of aluminium uptake at neutral

pH by mammalian cells (Shi and Hang. 1990).

By working with viable neuroblastoma cells. evi-

dena was established that aluminium uptake

reached a plateau upon addition of micromolar

amounts of apatransferrin. at pH 7. 37¢. Fur-

thermorc. aluminium uptake decreased consider-

ably when the arrier protein had been neutral-

ized by anti-transferrin antibodies. The antibody-

treatcd apocransferrin probably lost its ability of

recognizing and binding membrane associated

receptors. Geode proteinase treatment of cells

also diminished aluminium uptake presumably

by inactivating in part transferrin receptors at the

membrane surface. As to aluminium~assodated

apotransferrin. no information is available ad-

dressing questions pertaining to transit strucnires

involved and the initial destination of aluminium

(lysosome. Golgi apparatus). degradation (if at

all) of aponansferrin. recycling of apotransfer-

rin. pathways of iron vs those of aluminium.

Following difierential centrifugation. we have

demonstrated that in the absence of apotransfer-

rin (pH 6.0. 37‘C) the major portion (70%) of

inseriorized aluminium was mandated with post-

mitochondrial components. consisting of endo-

plasinic reticulum. lysosomes and cytosol (Shi

and Haug. 1990). .

As to iron uptake by animal cells. receptor-

mediated endocytosis may be briefly described as

follows (Pearse and Crowther. 1987): Apouans-

ferrin binds iron at neutral pH extracellularly.

then iron-loaded transferrin binds to specialized

membrane regions (coated pits). the receptor!

transferrin complexes are internalized and move

to endosomes mainly responsible for iron dis-

soeiation. whereas apotramfeiring attached to its

receptor. recycles to the plasma membrane

surface.

In plant cells an endocytotic pathway is also

operable (Coleman er al., 1988; Robinson and

Depta. 1988) as demonstrated, for example. on
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primary rents of maize seedlings treated with .

lead salts. Lead deposin were also found in the

Golgi apparatus and on small vacuoles (Hiibner .

er al., 1985). As to aluminium internalization.

histochemical and ultrastructural experiments

indicated that the first observable effect involved

the migration of secretory vesicles of the Golgi

apparatus following exposure of maize plants to

a millimolar aluminium solution for several

hours (Bennet er al.. 1985a). The presence of

acidic mum-polysaccharides appeared to play a

role in aluminium uptake (Bennet er al., 1985b).

Aluminium interiorization may have taken place

by a fluid-phase endocytotic proceess of alumin-

ium bound to polysaccharides. ln yen. for ex-

ample. dcxtran was incorporated by non-satur-

able. fluid-phase endocytosis and accumulated in

the vacuole in a time. temperature. and energy-

dependcnt fashion (Makarow. 1985). The in-

tracellular routes taken by the aluminium-loaded

polysaccharides and their fate are not known at .

this time. Genetic studies on cells deficient in

defined steps of the endocytotic pathway may be

valuable in analyzing moletnilar aspects of endo-

cytotic metal uptake.

Since iron is an essential element for higher

plants and most micro-organisms. it is reasonable

to assume that certain microbial siderophorcs

(Castignetti and Smarrelli. 1986; Neilands. 1981)

are also capable of delivering a nonphysiological

cargo. vi:.. aluminium. across the root mem-

brane possibly involving specific cell surface re-

ceptors. The notion that siderophores are ea-

pable of chelating aluminium is illustrated. for

example. by ferrisiderophores which are thera-

peutically used to efiectively remove aluminium

from patients suffering from high aluminium

levels in various tissues (Domingo er al., 1988;

Stummvoll et al.. 1984; Yoke! and Kosten-

baudcr. 1987). As to plants. hydroxamate

siderophorcs were found to significantly enhance

growth and reduce chlorosis of an Fe-inefficient

variety of sorghum. The siderophore presumably

acted as a shuttle agent between the iron pool in

the nutrient solution and the membrane of ab-

sorbing roor cells (Cline er al., 1984). Sidero-

phore concentrations in soils reportedly varied

from about 3 to 34nM desferrioxamine

methane-sulfonate equivalents (Castignetti and

Smarrelli. 1986). Grasses. exemplified by barley

(Marsehner et al.. 1974). can solubilizc iron by

their own iron chelators termed phytosidero-

phores. Ferrichrome reportedly served as a

source of iron for tomato and duckweed (Nei--

laads and Leong, 1986). This siderOphore also

formed isostructural diamagnctic complexes with

aluminium and has been studied by NMR spec-
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troscopy (Neilands. 1981). Taken together. iron

chelatorsprescntinthcrhiznsphercmayserveas

carriers for aluminium uptake by plants.

Aluminium and the cytoskcleton

The topographical arrangement of membrane

macromolecules is in part dependent upon un-

derlying cytoskcletal structures like micrOtubules

and microfilaments. As to interactions with de-

leterious aluminium ions. in vitro experiments of

tubilin assembly into micrombules demonstrated

that Al” efiectivcly competed with Mg' for

support of tubulin polymerization. Moreover.

the Al’oproduccd micrombules were less sus-

ceptible to Ca’oinduccd depolymerization than

micrOtubules produced in the presence of Mg”

(Macdonald er al., 1987). A major regulatory

wmponcnt of the cytoskcleton is calmodulin. a

pivotal caldum-regulating protein which has

been localized in microfilament bundles and in

mierombules (Piazza and Wallace. 1985; Stoclet

etal., 1987). Calmodulinisalsobelievcdtoplay

a key role in mitotic cell division (Rasmussen

andMeans. 1987).aprocessrequiringextensive

reorganization of cytoskcletal proteins. Interrela-

tionships between calmodulin and cytoskclctal

elements are further exemplified by recent evi-

dence suggestive of coordinate gene regulation

of calmodulin and specific tubulin genes (Slaugh-

ter er al., 1989). Aluminium-triggered changes in

microtubular structure. either directly or in-

directly by way of aluminium-altered calmodulin

(Hang. 1984). are expected to result in repercus-

sions on processes critically dependent on these

organelles. e.g., mitotic apparatus. intracellular

vesicle trafficking. These types of changes may in

part be responsible for aluminium-inhibited all

division in the roar tip meristem of cowpea

(Horst er al., 1983). Whether aluminiumorelated

alterations of cytoskcletal assembly constitute an

early biochemial lesion remains to be investi-

gated.

Aluminium in the cytosol

The final destination. or at least long-term res-

idency..of internalized aluminium is nor accu-
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rately known. In evaluating the nature of

aluminium's fate. a unique feature of aluminium

complcxation has to be taken into account. viz.,

kinetic routes and time required to establish true

equilibrium. For example. recent studies have

demonstrated that equilibrium times up to 6 h

may be required from the time of mixing

aluminium with dtrate until true equilibrium has

been reached (Ohman. 1988). Moreover.

aluminium complexes may be reversible. such as

those of Al” with transferrin (lchimura et al..

1989). or irreversible--or at most very slowly

reversible. lntracellularly aluminium is thus ex-

pected to eventually bind to ligands having the

highest affinity towards the metal; an important

factor is the intracellular pH dictating metal

speciation. As to toxicological aspects. ligands

formation and slowness of ligand exchange are

therefore of great import (Ganrot. 1986) since

aluminium toxicity may be underestimated in

short-term exposure studies of biological tissues. .

in plants. chelation in aluminium by addic

polypeptides (Putterill and Gardner. 1988) and

low molecular weight ligands like citric am’d

(Suhayda and Haug. 1986) have been suggested

as playing a role in tolerance against aluminium

(see also review: Taylor 1988). ATP is also a

strong aluminium chelator (Akitt. 1989; Lauasac

er al., 1983). This was illustrated by experiments

to assess the effect of aluminium on ATP pools

in a cyanobacten‘um. Addition of micromolar

quantities of aluminium enhanced the ATP pool

within 24h. presumably forming stable Al”-

ATP complexes which were no longer available

for cellular metabolism (Pettcrsson and Berg-

man. 1989).

Both in cyanobacteria (Pettersson et al., 1986)

and in neuroblastoma (Shi and Haug. 1990).

aluminium internalization apparently occurred.

at least in part. via passive mechanism(s) follow-

ing exposure of cells to aluminium at slightly

acidic pH. The intracellular accumulation of

large amounts of aluminium by neuroblastoma

cells. about 65 percent of externally added metal

(25 pH). at pH 6.0. is probably attributable to

an appreciable intracellular metal chelating pool.

In these cells. intracellular complexation rather

than transport across the plasma membrane

seemed to be the rate limiting reaction determin-

ing the interiorization process of aluminium. The
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significance of an intracellular melator pool as a

means for aluminium detoxification was also de-

monstrated on wheat roots. At sublethal and

lethal aluminium concentrations in the medium.

the tatal aluminium content in mitochondrial and

cytosolic fractions was about sixfold higher in the

aluminium tolerant than that in the aluminium

sensitive wheat genorype (Niedziela and Aniol.

1983). Considerable aluminium concentrations

have also been found in the leaves of aluminium

tolerant trees and shrubs in central Brazil. High

levels of aluminium in the leaves were n0t correo

lated with low levels of magnesium. iron. zinc. or

phosphorus as compared with native eerrado

species which do not accumulate aluminium

(l-laridasan. 1982; l-latidasan and De Araujo.

1988). Under the same soil and elimatiecondi-

tions. aluminium tolerant species of trees and

shrubs were identified which seemed to exclude

rather than incorporate aluminium (Haridasan,

1982). Aluminium exclusion wa also found in

aluminium tolerant blueberry (Wagatsuma er al.,

1987) and barley cultivars (Wagatstuna and

Yamualtu. 1985). There is obviously a need to

idenu'fy intracellular aluminium chelators and to

clarify molecular mechanisms of aluminium es-

clusion vs. those involving aluminium accumu-

lation.

Calmodulinisahighlyconservedproteineruo

cialforealcium regulationineukaryodccells.

This protein is mainly found in the cytosol.

where changes in calmodulin levels and intracelo

lular distribution may reflect regulatory pro-

asses involved in calcium regulation (Stoclet er

al., 1987). At present. NAD kinase is the best

eharacrerized calmodulin-dependent plant en—

zyme (Muto and hfiyachi. 1986). In pea root

apex. NAD kinase was reportedly present in two

forms. a calmodulimdependent and a cal-

modulin-independent form (Allan and Trewavas.

1985). In the presence of aluminium. calmodulin

underwent pronounced strucmral and functional

changes (Haug. 1984) that impaired the efficacy

of interfacing with target proteins (Weis and

Haug. l987). Therefore NAD kinase activity in

root tips of two wheat genOtypes of different

aluminium tolerance was examined. Genetic dif-

ferences were found to be reflected in the pro-

portion of calmodulin-dependent to calmodulin.

independent NAD kinase activity. Under aluo
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minium stress the aluminium tolerant wheat

genotype was apparently able to replace in part

the calmodulin-dependent enzyme by the cal-

modulin-independent enzyme (Slaslti. 1989).

Application of calmodulin inhibitors to rye and

wheat seedling inhibited root growth concomi-

tant with enhanced aluminium toxicity. lt cannot

be excluded. however. that some of the inhib-

itors tested interfered with the cellular mem-

brane rather than calmodulin (Slaslti and Aniol.

1987). To further elucidate the role of cal-

modulin in aluminium toxicity. there are several

directions of research. For example. with the

availability of calmodulin antibodies and immu-

nological techniques. calmodulin rediStribution.

such as translocation to the plasma or internal

membranes. can be studied under aluminium

stress. Moreover. expression of calmodulin and

calmodulin-related genes (Braam and Davis.

19%) by aluminium stress deserves particular

attention. As to almodulin dependent calm'um

regulation. the apparent relationships between

aluminium and mlcium are far from being under-

stood. These types of studies may be of import

to understand aluminium-related forest declme

whichhasbeenattri'butedinparttoaluminitttno

triggered calcium disorders (Godbold er al.,

1988; Shortle and Smith. 1988).

Concerning aluminium interations with cyto-

solic componenu. aluminium ions were found to

be required for stabilization and inhibition of

hepatic microsomal glucose-6-phosphatase by so-

dium fluoride. The apparent dissociation eon~

mat for interaction of the enzyme and Ale was

0.1 uM (Lange er al., 1986). Yeast glucose-6-

phospbate dehydrogenase apparently bound

1 mol of aluminium per mol of enzyme subunit.

The enzyme was inhibited by aluminium by

pseudo-first-otder reaction (Cho and Joshi.

l989).

Aluminium and the nucleus

Confirming findings on beans (Deufel. 1951).

numerous studies (Taylor. 1988) have demon-

strated that application of aluminium salts can

inhibit cell division and produce chromosome

‘
.
1

‘
(
I
E
:
?
.
'
I
'

A



- aberrations in plant cells. Blocking of cell divi-

sion was attributed to the interaction of

aluminium with DNA (Matsumoto er a!.. 1976).

Chromosome aberrations may partially originate

from aluminium‘s action of the cytoskcleton as

dismissed above. Binding of aluminium to the

phosphate backbone appeared to be mainly

driven by ionic forces. taking place at all pH

values. Regarding interstrand DNA cross-linking

with aluminium. saturation of cross-linking has

been observed at a 0.4 ratio of aluminium to

nucleoride phosphate; cross-links were brolten at

elevated pH (Karlik and Eichhorn. 1989). At

micromolar concentrations. aluminium reported-

ly caused considerable alterations in the struc-

ture of chromatin Bolated from rat brain and

liver. Of all the dio and trivalent cations tested.

aluminium ions were the most relative as to their

ability to induce precipitation of chromatin.

Some of the toxic effects of aluminium may

therefore result from disruption of the physiolog~

ical processes of gene exprem’on (Walker et al.,

1989) since a uanseriptionally competent

chromatin structure is crucial for controlling

gene expression. Such a chromatin structure is

necessarytorenderthecodingDNAstrandac-

asst'ble to RNA polymerase. Structural changes

were also observed in pea chromatin following in

viva or in viva treatment with aluminium. lnter-

estingly. analysis of the melting profile indicated

that chromatin prepared from aluminium-treated

pea roots were more stable to thermal changes

than chromatin from control roots (Matsumoro.

1988). Employing energy-dispersive X-ray analy-

sis. a considerable amount of aluminium was

detected in mitotic chromosomes of mays com-

with that of control regions (Whallon and

Flegler. 1986). Data suggest that aluminium

might bind between the linker historic and DNA

(McLachlan. 1988). Studying aluminium teatcd

rabbit brain. experiments also dem0nstrated that

aluminium severely reduced messenger RNA

levels such as those of calmodulin and tubulins

(MaeLachlan. I988). Whether these changes in

RNA levels are a consequence of direct

aluminium effects on gene transcription is not

known. Since differences in calcium nutrition

reportedly altered pea chromatin structure (Mat-

sumoto. 1987). the interplay between aluminium

and calcium has to be further examined.
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.Future direction

In this review we have proVided an appraisal of

.recent biochemical developments in the field of

aluminium toxicity. Although a large back-

ground knowledge has been built over the years.

our fundamental understanding on the temporal

development of aluminium toxicity '5 rudi-

mentary.

Nevertheless. the last few years have appar-

ently heralded a new phase in the study of the

modes of aluminium uptake. viz.. aluminium

interiorization by endocytoric mechanisms. Ap-

plication of improved biochemical/biophysical

techniques and genetic engineering methods is

thus expected to provide new insights into the

role of the plasma membrane and into intermal

membrane traffic promoting aluminium internali-

zation and distribution. Genetic defects in mem-

brane receptor structure or in proteiiu crucial for

intracellular processing may lead to deficiencies

and/or changes in the intracellular itinerary of

muicaluminiumions.What.atpresent.appear

to be pleiotropie aluminium eflecn in the plant

cell. may in the end prove to emerge from a

basic. underlying molecular mechanism erum'al

for the' pathogenesis of the aluminium toxicity

syndrome.

Recent discoveries in the field of transmem-

brane signalling pathways suggest a scenario

whereby aluminium ions are capable of interfer-

ing with key elements of signal transduction. In

plants. research on signalling pathways and their

modulation by aluminium ions must be further

pursued. The challenge will be to identify some

common prinm'ples by which aluminium possibly

interferes with the cell's ability to communicate

with its environment. The expression of cDNA's

which encode G protein subunits and usage of

immunological methodologies are promising

molecular approaches to address putative benefi-

cial and pathological functions of aluminium in

signalling pathways. Given ealm'um's recognized

role as second messenger and experimental evi-

dence implicating calcium as being part of trans-

membrane signalling pathways. there is an

urgent need to analyze intracellular calcium fluc-

tuations in response to aluminium stress in

genetically different plant cell and in intact

plants. Understanding the significance of

m
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aluminium-induced changes in calcium regula-

tion will certainly yield insights into the likely

involvement of signalling pathways in aluminium

tolerance/toxocity.

Finally. these considerations may contribute to

our knowledge of molecular aspeczs of alumin-

ium tolerance thus permitting development of

aluminium resistant varieties by biorechnolop'al

means. Research on the biochemistry of

aluminium tolerance will continue to fuel the

interest of sm'entists from diverse fields.
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The intracellular free Ca2+ concenncentxz'atiori 1n ejaculated, porcine sperm was

determined with a fluorescent, Ca +-speci.£lc probe, hire 2. Following

“pension of sperm in a medium cup-time2of sustaining capacitatlon and the

acrosorne reaction, the intracellular [Ca2*1 increased true an initial value

otabcut75rfltoapealtvalueotnom, arterabcut4to5hotincubation.

withintnispericdoftin, apealsvalueof 246 nltuasattainedvlienmemtms

incubated in seminal plasma. Ca 1' is presumably not associated with

methampoterrtial-dependentcharuLeIs..‘nieresults iridlatethatapronotmced

increaselnlntncellularfreem oocurstoamrdstheendotthelnmibntlon

periodwhenrathersyrvchrmmusacrnemaerenctlonstakeplacelntbespern

population, either in capacitating sodium or in seminal plan-a.

 

mnedlately following release firm the male reproductive tract, mullet:

npernerelncepehle ot fertilizing eggs. Aaeries otaequerrtlalprocesees,

mnelycapncltatlmandtheacroemerenctlm,mnttaheplacetommterupm

spenttmhrllfctillzingpotmttial(l).1ntlmonnseoteperuactivatimthe

cellularaurfacelaprototusllyalternd, lnpnrtbythelnteractionofnacro-

nalemtlesardlcnspreserttlnthefenale reproductivetrnct (1,2,3).Porecane

mllan species/1n vitrosystenehavebeenestabllshed (11. than facilita-

tquresurdimnechanimmlmolvedlnthecapncitationardaaoeanerenctim

phases of sperm activation. In the coordination of sequential phases Ca2+

appears to play a key role. brtracellular Ca2+ is essential for triggering

mmmeumrtiunnemflmwyrmuymupimmeou

involvedattheendotthecapecitaticnphaseasopposedtoearlystages(4).

on- knowledge about blochmalcal mechanism or cai2+ entry and regulation in
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woo-291x190 $1.50

Capvn'glu 0 I9” vaceda-u’c Press. Inc.

All rights afreproducsion in onvfinn reserved.



165

Vol. 172. No. I. 1990 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNCATIONS

sperm is rather fragmentary. Concerning Ca2+ uptake, Na+/Ca2"' antiports

(5), calcium channels (a), and calmodulin-dependent, clergy-requiring <22"

trassporters (7) mayberesponsible. 'mesetypesofuptakemechanismsmay

quatealmorinmismdn'isgvarimspmsesofspermactivatim. wident-

ly, informatimismededmtheroleofczfiinintegntingseqtmtialprb-

cesses of sperm activation.

mmmmmmdammmmmmmm

intracellular Ca” concentration. [Ca2+] i' of ejaculated boar spermatozoa

dsring imubation in a capacitating medium and in sainal plasma. mploying a

highly selective fluorescent Ca2+ indicator, mra 2, [Ca2+]1 was found to

vary dramatically after 4 to 5 h of inmbation, especially in the preserve of

seminal fluid.

mm AND MODS

’ : (a) Physiological medium (PH) canprises us ’1 m, 0.5

13114950 , SIHKCI, lmNaZHPO‘, InflCaCJ. , Sluglucose, “IOU!

urn-:5 fer, pl! 74. (b) Capacitation medium (02) caprises 88 mLmedium 199

(cram, Gaithenbtmg, m). nmLfoeulcalfserIn, 2.3 gbovimserualhmin,

2.9 uncalcium lactate, 7.5wpem'cillinc (1670 Way), 5 I; streptalycin (750

UM). 100 mm, $7.8. Boarsperm reportdly enquired fertilizisg ability

after 4 to 5 h o$+incubation in this medium (8) .

'mefluorescentCa chelator, mnz/m, wasmrchasedasthecell-per-

rant ester, (l-[Z-(carhmcmaol-z-ylke-amismczzofuan-s-uyll-Z- (2'-nino-

S’mthyl-phenoxy)-ethane-N,N,N',N'-tetraacetic acid, pentaacetoxy- methyl

ester), frunblemlarprcbes (ages-n, GR). MaZ/mwasnintaisudasalm

stock solution in dimethyl sulfoxide, -20°C. All chemicals were of the

highestgradeavailable. Dublyglass-distilledwaterimsusedtopreparethe

buffer systems.

W:Reshlyejaanatedspemnrecollectedatmtqe—

rature from 2 years old Yorkshire boars (weight about :70 lg) at the swine

Research Center of Michigan State University. Sanen samples were inediately

filtered through Miracloth (Chlbioduem, la Jolla, Q) to remove semen gel, an!

maintained at 38°C. Using a hakler counting chamber (Sefi-hedicel Instru-

ments, Haifa), sperm concentration and motility were measured with a Zeiss

bright field microscope.

Filtered spermweremsI'IedtIdcewith physiologial medium (PM), followedby

further incshation in the same nediun, or in a capacitatig medium (on. In

experiments dealing with the effect of seminal fluid on <2 uptake, filtered

spermwere first ' folloadbyimuhatimwithsuiml fluid. nume-

ted sperm (3.4 x 10 cells/ ml) were maintained at 38°C in an atmosphere of

5 percent carbor5+dioxide in air.

W :‘me relative fluorescence internitywas measured with a

Perkin-Elmer luminescence spectruneter, model ls-SB. ‘lhe excitation wavelength

as set at 339 nm with 5 nm slits: emission was recorded at 500 nm with 10 m

slits.

mammal-aware isnxbatedwithmrazmua final mtration of l

uh, 38°C, 1 h. 3 at. of hire 2-loade9 sperm were transferred to a quartz cu-

vette (final concentration 1.7 x lo cells/ll), thermostatically maintained

at 38°C. The concentration of dimethyl sulfoxide in the mra 2/m loading

48

m
i
.



166

Vol. 172. No. I, 1990 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUWTIONS

solutionwasOJSpercent (w/w). Control miments showednode le

influenceofdimethylmilfoxideonspermmotilityandintracellular (n+1,

atmsolvu-Itmtimsusod. ngardlessoftheimxbatimmedia (PM. OI.

seminalfluid) andtimeesployed, mbsequentdyeloading (din-ationlh) and

fluorescence studies were always performed in the presence of medium.

In dye-loaded cells, the intracellular Ca2+ concentration, [Ca ”3811.

determisuifollowirqaprocdmrecentlydescribed (9). Briefly, thepresesne

ofeoctracellularmraz (irnlmimlealageofmraZ) msascertainedbyafii-

timofMOJufl) anithen‘n’is (20w), atp38.2.'mefltnrescencemini-

, wasobtainedbydyereleasefransperminthepresenceofdigito-

nin(o‘Sé‘nq/m. Polka-rim addition of 8:1 (20 IKE" the fluorescence maximum

’max' wasmeasuredinthepresenceof3.3afl¢a added, p87.$ (Fig. l).

mamrescenceusspeccally subtracted. Gunrallytheautofluorescnce in-

tensity was less than 20 percent that of P . autofluorescence intensity

crgimdcustantreganfleesofmepnseme ,‘k'is,digitrnin,m,and

. Thaintzrzlcellular(concentration ofCa * was calculated from the

relation [Ca )1 - Itd( - )/(F

the dissociation constant of lPcafciumlIainding to Pure (10).

RESULTS

Wtea“); Wish (F19- 1) . A: the «at at incu-

bation, [c1311 amounted to 70-30 m. with an increase in incubation time,

[(2311 increased concrnitantly, its associated rate and pea): value depen-
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219,4. Woffluintracellularfreemflconcentratiminejmmlated

porcine sperm on immatim time, in the presence of a firysiological medit-

I)’,acapcitatimmedim (A), orzsuinal plasma (Q), respectively. 1.7

‘ x lo cells/ml were loaded with a on -specific, fluorescent chelator, hare

2(1 III-I), 38°C. following incubation in the respective medium spectral mea-

surements were always performed on cells amended in physiological media.

Inert: Iypical time dependence of damages in relative fluorescence ism-sky

(A!) of tut-a 2-loaded sperm following additim of m (3. 3 II), Iris (2. 2

If), digitonin (0.05m, andml (20am. Ruthesevaluestheminimmand

maximum values of fluorescence intensity were derived.
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m4. ResposueoftrxeinuacellularfzmeCa2+cosIcentrationinejaailated

poi-cine sperm. husband in a physiological medium. to the application of a

m—specific iomphore, mm (25 pH), thenfollowedbytheappliaticm of

wn...(33afl)andn'is(22ln) respectively.‘meeespermnrewashedcaice

aftermllecticshwitinstmypmomiirqisuabetim, spermarelomdedwithrura

castigIlh),folloI-Iedby4\23187t:reatmmt. Iottazheponseofintra-

cellular“: )m-Itheorderofappliatimoftheeeegentsusrevermd.

dentonthetypeof inmbationmediumemployed. Upon incubationinsmainal

plasma for 5 h, a pea): value of [C113] 1 #46310 nu was obtained which was

almostcliceashighasthemrrespondixgpeakvalues inthepresenceofthe

artificial media tested.

As determined in a physiological medium (pm, the pee): value of [Ca2+];

wasindependentofthepresuaceoraheenceofmonovalentxa+orl+inthe

mums-dim. miswasillusmted, for entangle, by findings thatina m

(mediumdevoid out“ (ISOmHNa’addedtomaintainonolarity), themaximal

value of (Caz+]1 was found to be 126117 compared with the corresponding

value of 12934 measured after _4 h of incubation in the full PK medium.

Dcperiments were also performed regarding (Ca2+11 in response to incu-

bation in a medium deficient in Ca2+: to this end 3.3 III! M were added.

Following incubation in urn-containing seminal plasma for 5 h, [Ca2+]1 was

1083;? an, as opposed to 2463,10 m in the absence of the Ca2+ chelator. A

50
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similar reaction in [c2311. viz., from 129 nu to 02 nu, was measured in

sperm incubated in PM supplemented with 261‘). (3.3 m3).

intracellular [CW]W.Sinc- an.

acroeane reaction was reportedly (11) inducible by the application of a a”

specific ionophore, H3187, the intracellular Ca2+ concentratim was deter-

milmdinrespumetotheamliationofmln (25pm tothespermsuspension

in!!! (Fig. 2). 'nIesespermwerewashed twice aftercollection. Without any

preceding incubation, spermwere loaded with nira 2m: (duratimlh, no.

Starting at a basal value of 75:5 nu, upon M3187 application [Ca2+]i

pruptlyircreased (inabouthin) toawdmalvalueof791337u4. Subsequent

administration of m (3.3 III!) and Tris (2.2 an) diminished [Ca2+]1 to a

value of 125123 m, within less than 4 min. The latter ca2+ contamination,

125 m, is higher than that evaluated prior to the application of the iono-

phore, viz. 75 nu. Prenmbly, eonecaz‘Fbecanetr-apped inintraoellularcoa—

Wronwhugarpliatimottheciz+chelatoramuismiohm

mflwadmatsligmlynmmfimimtheuqtmofmp

viz., iris/m first, then Iona-I, yielded a value of 2235 on for [@311

\fterabaltGIinGig.2).nIeprquceoftheiawplmreapparuuyfacilita-

ted Ca2+ efflux, thus lowering the interior [Ca2+].

W.Simesp¢maqdrewdqumtilitypattenminducmrseof

apacitatimasrlthemibeeqmtacroeanereactim (2, 12), spermmotilitywas

evaluated. Irrespective of the imzbation medium employed, 80-90 percent of

spenwasfanitobemotileattheonsetof incubation.$pe.rmmotilityde-

'lirmdtoabast4o-50pccentafter5hofisnibationinartificialudiam

moo.1ntlmprmofm,motilitymdeclimdtoavalueof30-40

mahbmmnflitymmwimfimisinmwithm

fim1ragsmboarsperminasimilaryreconstitutedmedim199 (13).0ponincs-

bation of sperm in seminal plasma (5 h), however, motility remained at 70-80

percent, avalue only slightly lower than that found at the Onset of incuba-

tion. When cell viability was assessed with the Trypan blue assay (14), the

initial viability was about as percent, and after 5 h of incubation (m, 5H)

approximately 89 percent.
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Atthemsetofincubatim, thespenmotilitypatternwasdiaracterizedby

limrswimirq.hfter5hofirnlbatim,thispattemwascuwertdintom

typifiedbyru'progressive, umblisqspermmowuents, called “hyperactivatim'

(1,2,12).

kjudgedbymotilityu'dviabilitycriteria,themicrumlarnna2cum-

mtimmdoartedmdetectabletadcinntmsneupmspemfmismtion

ismistmtwithmotilitysflsiiaqloyingaclceelynlateddymglinm

for measurements of (Ca2+] in boar epididymal span (1.5).

W:Sh¢easpemtozomiscuparmmtalized,mqastion

arises as to the incacellular localization of free Ca2+ which is mmitored

inboarspermbythefluoraoentdye,mra2. Usingafluorescencemicroscope,

omimtimoffresuynmaz-loadedspematozoamaggestedthatmspermhead

msmifomlystahmdwithtrudye.misq\nlitativereslltismistmtwith

dataobtainedinrespasetodigitminapplicetiaipig.i).itthelovcmoen—

untimmed,thismnbranrdisruptiveagmtreportedlynl¢sedwltihmts

orcycoplasaicntherthansitocbaariaioriginus).itse-thererorethat

niraZmaisuymonitoredtInCaficmcmtrationinthec/tosolofthesperm

head.Inthiscontmttitappearsnoteworthy thatrecmtultrastrmturalfime

mgsdeoautratedthatbaracaficmbedetectedinthemteriorregiaeor

thesperntozomheaddsringvariunstagesoftheacrosaereactim(17).

DISCUSSION

inthisetudyvedaomtratedteaporai changes of intracellular [Ca3+] in

ejaculated porcine sperm exposed to a capacitating medium, or to seminal

plasma. Compared with [Ca2+]1 at the onset of incubation, enhancement of

[Cay'li is pronounced after 4 to 5 h in the media tested, especially upon

immatiminseainalplasm. ‘misperiodoftimeisinaocordwithreomtdata

on boar sperm capacitation (8, 13) . The dramatic increase of [Ca2+]: of

sperm in seminal plasma is perhaps related to several claims asserting that

sperm capacitated in vivo are more effective in fertilizing ova than sperm

capacitated in artificial media (1).
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’me pron-unload increase (4-5 h) in [Ca2+]1 appears to coincide with the

tinreqliredtoadlimsmdnlfertilizisqahilityofboarspenhnlbatedin

vitro (8). A relationship between emu-Iced [Ca2*]1 and the acrosome reac-

tion is indicated by the manifold increase of [c2311 in the presencaof

A23187, aCa2+ionophoreknowntorapidlytriggertheacrosaaereactimin

sperm in the presence of extracellular Ca” (2,11) . Besides morphological

parameters (hyperactivatial, across-e exocytosis), the emancad [Candi may

tmnbealnafulbiochuicalnrhrmggestiveofsparmfertilizingability.

The virtual independence of [Cazji on the presence of extracellular

[IO] argues against a major involvement of voltage-gated channels in Ca2+

uptake by boar sperm because at the millimolar at") employed depolarization

of the x+-dependent membrane potential is to be expected (18) .
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Aluminiumupukeamddghthimdimgwcremudiodiamuldlaymdphorpholipid

ipoeomaamoddlorcllularupuheoldmioaaMomonhesssrudiuwcre

conducted with an initial aluminum consecration of IOIIM. while aluminum super-

Idenyboumdlolipoeoaeswurmmovedhydmchdauoahduimuaupukeamd

fish! binding of aluminium were pH-dcpcmdcor. In dimyristoyl phosphaudylcholime

(DMPOIipooomlhhmuunumoomnedimlhcmcuualpHrcfiOAVhileitwas

shihcdwwardsmonaddicpflvaluuiaDMPChposomcsoomIaiaimgzo’Aoladdic

phosphaudylscrine. The initial rateof aluminum uptake was apparently dcpcndealom

dicphysicalflatedlhchpoooammemhramefiiorbrmahoadanalunimum-duau

chdatcprevcntcd aluminum uprakeaaddghthiadimgloDMPCIipm

KEYWORDS: Almfluniaun-c‘truealumimuaupnkeamicahoorpdon.

Spore-umbrellas

INTRODUCTION

Recently, aluminum has been implicated as a potentially toxic agent

for various cellular constituents Chromatin and DNA.‘ enzymes}

regulatory proteins like calmodulin.’ cytoskcleton,‘ and cellular

mcrnbrancs’ seem to emerge as critical factors in the expression of

aluminum toxicity.

Irrespective of the primary lesion site. the plasma membrane is

involved in the expression of aluminum toxicity by controlling the
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entry of aluminum prior to its interaction with intracellular targets.

A body of information suggests that in the plasma membrane

aluminum is capable of altering physico-chemical properties of

membrane lipids. For example. perturbations were observed in the

plasma membrane of Thermoplasma acidOphilum.‘ in oak root cells’

and in phospholipid liposomes.‘ Membrane constituents such as

proteins and carbohydrates can also act as lesion sites of

aluminum."m Gross features of aluminum accumulation and distri-

bution in plant and animal tissues have been investigated.“°“ Only

recently has aluminum uptake by individual cells been investigated

with rat hepatocytes” and cyanobacterial cells.“

There is a profound lack of experimental data regarding cellular

and molecular mechanisms of aluminum transport. e.g., the trans-

located aluminum species. the carriers involved (if any), the limiting

reactions for the transport. and the role of the membrane‘s physical

state and external factors. In this article we are therefore reporting

on the application of phospholipid liposomes as model membranes

in studies on aluminum interactions with membrane lipids.

MATERIALS AND METHODS

Chemicals

Phospholipids. i.e., dimyristoyl phosphatidylcholine (DMPC). dimyr-

istoyl phosphatidylethanolamine (DMPE) and phosphatidyberine

were purchased from Sigma Chemical Co. (St Lou's. MO). Other

reagents used were all of the highest quality available.

Liposorne preparation

Phospholipids were dissolved in chloroform which had been redis-

tilled and treated with molecular sieve (hi-514, type 4A). The lipid

suspension was dried in a rotary evaporator under a stream of

nitrogen for 6 hours. The residual organic solvent was removed by

further evaporating the sample in vacuum for another 6 hours. The

multilamellar liposomes (vesicles) were prepared by the mechanical

shaking technique. Dried lipids were added in the apprOpriate

volume of PIPES bull’er (5 mM. pl-l 6.5), which had been passed over

a Chelex-lOO column to remove any residual metals, and the mixture
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was dispersed by violently shaking on a vortex rotamixer for 10

times. l min each. The resulting lipid vesicle suspension was diluted

to 0.5 mg/ml of lipid. The suspension was allowed to stand for 2

hours to facilitate liposome swelling. Examination with a phase

contrast microscope demonstrated the presence of large amounts of

lipid vesicles.

Aluminum assay

The liposome samples were incubated with AlCl,. at room tempera-

ture by gentle shaking. dissolved in SmM PIPES buffer. Aluminium

stock, AlCl,. was freshly prepared before the experiment. After

incubation the liposome suspension was centrifuged at lOOOOg for

10 to 15 min. A portion of the sample was treated with EDTA or

sodium citrate (final concentration lmM) for 10 to 15 min, followed

by recentrifugation at lOOOOg for 10 min to remove aluminium

bound onto the outer surface. The pellet was washed with lmM

EDTA or citrate buffer once more. Two supernatants were combined

for “the determination of the aluminium concentration outside the

liposomes. Another fraction of the sample was washed with chelator-

free bufl'er. Furthermore, liposome pellets were also washed with

chelator-containing buffer and subjected to acid digestion.“ and the

amount of aluminium coprccipitated with liposomes was measured.

Within experimental errors both methods yielded the same result.

The recovery was 93—1047. of the aluminium added.

Furnace atomic absorption spectrophotometry was applied to

quantitatively assay aluminum. The samples were analyzed with a

Hitachi polarized Zeeman atomic absorption spectrOphotometer,

model 180-80. and the 309.3nm wavelength was employed. The

Optimal furnace program was established in pre-experiments. An

aliquot of a 20 pl sample solution was injected into a graphite cup

(Hitachi Nr. 180-7402). Glassware was avoided for preventing con-

tamination with aluminum.

RESULTS

In all of our experiments an aluminum concentration of lOuM was

used. i.e., a value lower than aluminum levels generally found in

acidic soils." After liposomes had been washed with lmM EDTA or
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citrate. only a portion of aluminum added could be removed. and a

fairly large amount of the metal was found to coprecipitate with

liposomes after centrifugation. We attribute coprecipitated aluminum

to that metal fraction taken up by liposomes and tightly and

specifically bound to the liposomes. We define the latter fraction as

that where the metal specifically interacted with lipid membrane. and

thus distinguish this particular fraction from that characterized by

superficially bound aluminum which is easily removed by the

chelator wash. For convenient data analysis. we adjusted the experi-

mental conditions (e.g.. lipid conmntration and incubation time) in

such a manner as to produce 70-80% of coprecipitated aluminum.

pl-l effect on neutral phospholipid vesicles

In the neutral pH range both the major aluminum species“ and the

DMPC lipid have zero net charge. Regardless of the washing

procedure applied. the interaction of aluminum with neutral lipo-

somes was found to be pI-I-dependent (Figure I). The maximum

binding and uptake of aluminum appeared to take place in the range

of pH 6.0-7.0. Beyond this range the amount of coprecipitated

aluminum decreased remarkably as the pH changed in both the

addic and alkaline regions; in the alkaline region the decrease was

more pronounced. At pI-I 4.0 or pH 8.0. the majority of aluminum

(approximately 907.) was removed by EDTA treatment.

Liposomes were also prepared from DMPE. a neutral phospho-

lipid at neutral pI-I. Rather similar uptake and binding patterns were

obtained as indicated by a maximum of coprecipitated aluminum at

pI-I 6.0-7.0.

pH effect in phosphatidylserine-containing liposomes

Phosphatidylserine is an acidic phospholipid. carrying a net negative

charge at neutral pH. Acidic membrane vesicles were prepared

containing 207, phosphatidylserine and 80% (w/w) DMPC. The

peak of the curve shifted about ZpI-I units compared with that

obtained in DMPC or DMPE liposomes (Figure 2). In other words.

aluminum uptake by and tight binding to the acidic lipid vesicles

occur mostly in the pH range 4.0 to 5.0.
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Fug-e1 Aluminum copreu'pitation with phosphatidylserineenntaining liposomes

(007. DMPC+2tr/.(w/w) phosphatidylserine) at various pH values. Following expo-

sure to 10.0”! aluminum for I! hours. the liposomes were washed with l.0mM

sodium citrate in SmM PIPES. Error bars represent standard deviation.
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' Time course and citrate effect

The time course of aluminum-liposome interaction was followed on

DMPC liposomes at pH 6.5. For the aluminum assay an aliquot of

the sample was taken out at various incubation times. followed by

treatment with chelator-free or chelator-containing buffer. The

results are pmcnted in Figure 3. Superficial binding of aluminum to

lipid membranes seems to be fairly rapid. being completed within a

few minutes. However, the specific interaction of aluminum with

membrane lipids was relatively slow, as reflected by the extent of

aluminum coprecipitation. In the first hour there was a rapid phase

of aluminum coprecipitation although the reaction rate
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remarkably. After two hours the ceprecipitated metal quantity still

increased slightly and the reaction system did not attain equilibrium

even after 6 hours.

To determine whether citrate-mediated aluminum transport across

the lipid bilayer is taking place. aluminum stock was preincubated

with sodium citrate (final [AU/[citrate] molar ratio -l.0: 1.2) in

slight excess prior to application of DMPC liposomes. Most of the

aluminum was retained in the supernatant. and only a small portion

(approximately 10-20°/.) was detected in liposome pellets alter the

solution had been treated with either citrate-free buffer or buffer

containing lmM citrate. Consequently prior aluminum chelation by

citrate prevented aluminum from being bound to membrane lipids or

from being taken up by lipid vesicles. This inhibition was also

observed when other organic acid aluminum chelators. e.g.. malate

and succinate. were used. and the inhibitory effect of the organic

acids was in accord with their chelating abilities.

Temperature effect

Astotheinfluenceofthephysiealstateofthelipidbilayeron

aluminum-membrane interaction. experiments were conducted at

temperatures below and above the phase transition point for DMPC

vesicles. For our sample we confirmed a temperature of 22.5‘C as

the transition temperature by monitoring the temperature dependent

motion of a spin probe. viz., that of 2.2.6.6-tetramethyl-piperidine-l-

oxyl, incorporated into the lipid matrix.” Aluminum-treated DMPC

liposomes were incubated at 15‘ and at 37‘C, respectively. Initially.

binding and uptake of aluminium by lipid vesicles (Figure 4) were

faster in the liquid-crystalline membrane state. i.e., at the higher

temperature. compared with that in the gel state at lS'C. Within

experimental error. however. the total amount of aluminum co-

precipitated after 3 hours of liposome incubation was virtually the

same regardless of the incubation temperature. This indicates that

the membrane fluidity mainly influenced the interaction rate but did

not affect the aluminium distribution when the interaction equili-

brium was established at a given temperature.

Calcium effect

The effect of Ca” on aluminum-lipid membrane interaction was

also investigated with DMPC liposomes. For the duration of 2
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hours. the liposome suspension was preincubated with Ca" of

varying concentrations prior to aluminum administration. A higher

dtrate concentration was used in the washing proadure to prevent

the possible competition of Ca” for the metal-chelator. even though

the dissociation constant. IQ, of citrate for A101!) (10" to

l0"M")" is known to be 4 orders of magnitude lower than that

for Ca”." Results in Table l show that binding and uptake of

aluminium were not affected by the presence of Ca”. at a concen-

tration up to SmM. the normal extracellular Ca” level. It is_

noteworthy that Ca” does not interfere in atomic absorption

measurements of aluminum when the concentration ratio of

Rafi/[aluminum] is 50000: 1.30 We verified these findings by a

control experiment in which Ca”otreated DMPC liposome suspen-

sions were incubated with aluminum—free buffer and standard alumi-

num was added into the supernatants after centrifugation (Table 2).
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Table! Aluminummpreu'p‘tatioawithDMPClipo-

musesintheprmenmofCa”.Lipidvesiclesolutions

(PumwerepreinasbatedwithCaazsolutionforZ

hoursandthenstremedbleOuMAlCl,for6hours.

The liposomes were washed with l0.0mM dtrate.

bllowedbyasmyforalaminiubatalistedare
,

averages for values obtained in 10 independently

 
 

 

 

treated samples

[CW] ”cor

W150

0 ”.8125

“MM 193142

2.0 mM ' ".0: 3.1

5.0mM 83.1116

 

Table! AluminumrecnveryinthapresenmofCa".

Lipid vesicle suspension were preiacubated with .

Cad, solution for 6 hours and the Ca”-loaded

ipoeomeswereuearedwisthdeuauAfiermn-

uihtgadommuyhlnmiaumwmaddedtothempeh

mtantsandalunsinrunwmdeterminetDataaredIe

  
 

average of 8 independent caper-imam:

[Cn’°] ”enamel

0 m: 7.7“

l.0mM 190-51: ”I!

ZOmM 276.0tl3.0ug

S.GmM milling

 

DISCUSSION

In our experiments multilayer liposomes were selected as model

membranes for the purpose of simulating membrane systems of

eukaryotic cells. Incubating a liposome suspension with M0,, a

fairly large portion of aluminum could not be removed with chelator

solution but coprecipitated with liposomes. suggesting aluminum
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accumulation in the liposome lumen. To reach the liposome lumen.

neutral aluminum species are favored since the apolar portion of the

lipid matrix constitutes a barrier for the movement of charged

species across the membrane. At neutral pH and at micromolar

concentration. aluminium predominantly exists in the forms.

AKH10hl0Hh" and AllfizolelomzCl

This conclusion is in accord with findings that nonionic complexes

of mercury. I-IgClz. IrIg(OI-l)z and TlCl. traverse lipid bilayer: at

significant rates.n Passive diffusion has also been implicated in

aluminum uptake by plants” and cyanobacteria.“

Resembling somewhat cellular membranes in terms of hetero-

geneous lipid compositions and membrane properties. phosphatidyl-

scrim-containing acidic liposomes showed a maximum of aluminum

coprecipitation at pH 4.0 to 5.0. compared with a neutral pH range

for neutral liposomes. Probably different species and mechanisms are

involved in aluminum uptake by and interactions with phosphatidyl-

urine-containing liposomes relative to neutral liposomes. At pH 4.0 to

5.0, ionic forms like Al(I-I,O)2' and Al(I'i,O),(OI-I)’+ become

major species in solution.“ Appreciable diffusion of these charged

. ions across the lipid bilayer is only feasible via appropriate carriers

or by leakage of the lipid matrix. Increased liposome permeability

may result from aluminum-indueed phase separation and/or lipo-

some aggregation.” Aluminum ion transport may also occur with

phosphatidylserine as mobile. negatively-charged carriers. This type

of ionophoretic capacity was demonstrated on lipids from barley

root plasma membranes.’

Concerning our experimental results. the question has to be

addressed whether aluminum coprecipitation with liposomes may be

considered a valid estimate of intraliposomal accumulation rather

than that of binding of the metal to phospholipid molecules on the

liposome‘s outer surface.

For the purpose of removing aluminum ions we used most of the

time citric acid, a potent aluminum chelator. Aluminum-citrate

chelates are characterized by a dissociation constant of

lO"—lO"’M“." As to phospholipids. phosphatidylserine forms the

most stable complex with aluminum typified by a dissociation

constant varying from 10“ to 10"M"," i.e., 3 to 4 orders of

magnitude lower than that of the citrate-aluminum chelate. Noting

that in our studies a molar ratio of about l.5:l for [citrate]/
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[phospholipids] was used. and because that of [citrate]/[aluminum]

was at least 100:1. it seems that lmM citrate is sufficient in

removing bound aluminum from liposomes effectively. This notion is

supported by several observations: (a) No further aluminum was

removed in the supernatant when the citrate concentration in the

washing solution was increased up to lOmM. (b) Preincubation of

aluminum with a slight excess of citrate almost completely prevented

metal binding to phospholipid vesicles (Figure 3). (c) Adsorption of

metal by phospholipids occurs rapidly” while diffusion of aluminum

through the lipid matrix is expected to proceed much slower, as

reflected by the time course curves (Figure 3). (d) Application of

Ca“ of up to SmM (i.e., 500 times that of aluminum) caused little

displacement of aluminum from phospholipid liposomes (Table 2).

(e) Generally associations are less likely as the temperature rises. On

the other hand, permeants seem to traverse the membrane at a faster

rate at higher temperatures, presumably facilitated by a more fluid

matrix of the liposome. Our results on the temperature dependence

(Figure 4) are in general accord with temperature-facilitated alumi-

num permeation.

Neverthless. probably not all aluminum adsorbed on the outer

surface of liposomes was removed following application of a chela-

tor. For example. aluminum might be trapped by phospholipids at

certain sites or might have altered the lipid bilayer conformation in

such a manner that aluminum becomes inamessible for washing

agents.

We therefore suggest that aluminium coprecipitated with lipo-

somes. after chelator wash. is composed of two fractions. viz. a

major fraction taken up by lipid vesicles and accumulated in the

lipid lumen and a minor fraction of specifically and tightly bound

aluminium on the liposome surface. Only superficially bound metal

can be easily removed by washing with chelator solution. Because of

the low aluminium concentration used. it is reasonable to assume

that multilayered lipid vesicles can incorporate the bulk of metal

administered. even though the exact amount is not known.

In studies on aluminum uptake by cyanobacteria. optimal re-

covery of cellularly bound aluminum was achieved by incubating

cells with lmM EDTA for lOmin.“ EDTA-washing was also widely

used to distinguish metals adsorbed onto the cell surface from metals

taken up by cells. Dilute EDTA solutions (molar ratio of [EDTA]/
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[metal]=2:l) rapidly removed in a few min 98—100‘/. of adsorbed

Cd. Cu and Zn by the blue-green alga. Chroococcus paris.” This

technique was also employed to separate bound aluminum from

intracellular one. It appears more difficult to remove bound metal

from the intact cell surface than that from the phospholipid membrane

because of the complexity of biological membranes and the presence

of cell wall constituents.

Results from our experiments also indicate that application of‘

citrate. as low as lOuM, greatly inhibited both binding and uptake of

aluminum by phospholid vesicles (Figure 3). These findings are in

general accord with results obtained on plant membranes. Both

membrane-bound ATPase activity and membrane structure could in

part be protected from aluminum injury when citric acid was

administered prior to the metal." Furthermore. aluminum-tolerant

carrot cells reportedly reduced aluminum uptake by releasing

increasing amounts of citric acid to chelate the metal in the

medium.“ On the other hand. when rats were fed aluminum citrate.

distinctly elevated aluminum levels were found in the brain com-

pared with animals similarly treated with aluminum hydroxide.

indicating that aluminum citrate may be a chemical form preferen-

tially taken up and transported.u
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Channel-closing activity of porins from Escherichia coli

in bilayer lipid membranes
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Keywords: Penn: 1onchannel: Planarbilayermembranezficefi)

The opening and closing of the ompF porin from Escherichia :06 JF 701 was investigated by reconstituting

the purified protein into planar bilayer membranes. The electrical conductance changes across the mem-

branes at constant potential were teed to analyze the size and aggregate nature of the porin channel

complexes and the relative number of opening and closing events. We found that. when measured at pH 55.

thechanndmdiminkhedmdmeuumbaddodngaenoincusedwhudsevdmgewn

greaterthan 100 mV.1hereadBmggestdtatdtenumberofsmafl«sizedmnducmnadmnndsinaases

abovethispotentiaLTherewasalsoaninceseinthesmallersubunitsandinthedosingevenrswhenthe‘

pammaumssmmmmtmwwwmmmmmm

bodbwefingmepflanddmdngmepamddammemanhnesmbahethepubhamdormafion

hwfidmemhnucmlasdghdyuwdmdawmeWBopmhaWem.Thee

sameenoditionsalsoappeartostabillzetheclosedstareofthepore. »

Incoduction

The porin proteins in the outer membranes of

mitochondria and Gram-negative bacteria have

been studied extensively in recent years [1]. These

porins. which are thought to have evolved from a

conunon ancestral protein. function as molecular

sieves. allowing small hydrophilic molecules to

pass across the membrane. The best characterized

porin is the ompF protein of Escherichia coli. The

primary sequence of this protein is known [2). Its

secondary suucture. as revealed by circular di-

chroism of detergent solubilized prOtein [3] and

Abbreviations: SOS. sodium dodmyl milieu: CIF. curreru

'merementevents: CDEmtmtevenuzPCphos—

phatidylcholincPEphnsphatidylethanolantine.

WDr. EJ. Hears-fly. Department of hit»

eheu'suy.Mielugaa State University.hstLansing.M148824.

USA

X-ray diffraction analysis of crystallized protein

[4.5]. is high in B—structure.

Electron micrographs of bacterial porin [6.7]

and conductance measurements across bilayer

membranes containing porin suggest that. in the

membrane. the protein exists as trimer-is units of

three identical polypeptides [8.9]. However. infor-

mation on the tertiary and quaternary structure of

these porin aggregates and conformational changes

that occur in these complexes is still far from

complete. Analysis of the structure of the ompF

trimer in the electron microscope has indicated

that three openings exist on the outer face of the

complex. These channels appeared to fuse in the

middle of the membrane. forming a single channel

exiting on the inner face of the membrane [7).

Such a branched channel model would predict

that the porin subunits. if separated from the

other subunits. would be unable to form a chan-

m27J6/86/SOJJO C 1986 Elsevier Science Mlishers IN. (Brewedical Division)
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nel. Furthermore. in such a complex. the central

constriction would be limiting for the movement

of ions (1]. Closing of only one of the three

external portals would decrease the current across

the pore by only about 5?. and closing a md

external entrance would decrease the current by

anather 10-20% [1). In contrast. if each of the

porin subunits within the trimer contained a com-

plete and separate channel through the membrane.

closing one or two of the subunits would decrease

the conductance by 335 or 66%. respectively. of

that for the entire complex. In this study. we

detected conductance changes of the ompF pro-

tein in a bilayer membrane of 33S and 66?: of

that of the main channel event. Our results suggest

that units containing three channels are the major

conductance channel. but monomers and dimers

had channel-forming activity and that these

smaller conductance channels increase under con.

ditions where the interactions between the sub-

units within the trimer were weakened. In the

present study. we have also analyzed voltage con-

trolled properties of bacterial porin channels. The

size of the porin channels of the mitochondrial

outer membrane has been shown to be voltage-de—

pendent: that is. the size of the single-channel

conductance decreases and the number of closing

events increases with increasing voltage [IO-12).

Also. Schindler and Rosenbusch [8.13) found that

bacterial porins inserted in a bilayer lipid memo

brane close when the electrical patential exceds a

threshold value of about 140 mV. Other: (14.15].

however. have been unable to show such effects

and some investigators have asserted that the small

number of channel closing events is unaffected by

the sign or size of the membrane porential [16).

In this study. we analyzed conductance across

bilayer lipid membranes containing ompF porin.

We measured more than 10’ discrete electrical

current increment events (CIE). presumably re.

fleeting channel opening. and current decrement

events (CDE). representing channel closing. We

found that the size distribution of the channeh

and the percent of total events which were ClEs

decreased with increasing membrane porential.

Material and Methods

Porr'n preparation

The ompF prOtein was isolated and purified

from E. calf strain 1F 701 [17) The bacteria were

grown and the proteinolipOpolysnccharide-pepti-

doglycan complex was isolated as described by

«bus [18). The isolation and purification of the

proteinwassimilartothatusedbyBenzand

co-workers [14) with some modification. The

trypsin treatment was repeated four times to re-

move the peptidoglycan layer. A CL~Sepharose-48

column was used for the fractionation of the pro-

tein aggregates. The prOtein content in the eluted

solution was monitored by measuring absorption

at 280 nm. The main pretein-containing peak

eluted as an aggregate of about 800 kDa [19] and

was collected and stored at -20'C. The isolate

produced a single band on sodium dodecyl sulfate

(SDS)-polyacrylantide gels. Before addition to the

membrane system. the sample was solubilized in

solution A. comprised of 0.1% SDS. 3 mM NaN,.

5 mM Tris-RC1 (pl-1 8) and frozen and thawed

multiple times (> 20). Between 1 and 5 ul of porin

insolutionAatZOOpg/mlwasaddedtoa7ml

solution of 0.1 M NaCl or of 0.1 M KCl (pl-I 3.5

or pH 5.5) for 30 to 120 minutes prior to analysis

in a bilayer lipid membrane.

Bilge! Epid membrane

Theprincipleandtechniquesusedtostudy

bilayer lipid membranes have been described pre-

viously [20]. The lipids used to form the mem-

brane included oxidized cholesterol. soybean

phosphatidylcholine (PC. Sigma Chemical Co.).

and ton-phosphatidylethanolamine (PE. type V.

from E. roll. 51ng Chemical Co.). Oxidation of

cholesterol (Eastman Chemicals) was performed

by the method of Tien et a1. [21]. The membrane

was formed by applying a 1.5% lipid solution in

e-decane to a hole in a teflon chamber submersed

in a bathing solution at pH 3.5 or 3.5. The lifetime

of the bilayer lipid membranes was > 0.5 h and

the resistance was > 10‘I 0 - cm: in the absence of

porin. The pH was adjusted using RC1 and mea-

sured with a pH meter. The membrane was moni-

tored with a microscope until it turned black.

indicating that a bimolecular leaflet had formed.

Porin was added either before or after the mem-

brane became black. Constant voltage was main-

tained during all experiments. and the current

across the membrane was measured using a Keith-

ley model 610 electrometer.
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The stepwise conductancechanges. A. across

themembraneweremeasuredanddividedbythe

specific conductance. e. of the solution. Assuming

thattheporinchannelisahollowwater-filled

qlinder. then A/o-arz/l where r is the inner

radiusofthechannelatitsnarrowestsectionandl

istlrechannellengthlnthisstudxmostconduc-

tancechangesarereportedas thesizeparameter

A/e since this parameter is proportional to the

cross-sectional area of the channel and corrects

for the changes in conductance at different pH

valuesandindifferentsaltsolutions.

Results

Abruptstepwiseincreasesanddecreasesinthe

current across the bilayer lipid membrane in the

presence of porin were recorded from the elec-

trometer. as shown in Fig. I. We assume that the

CIE represent opening of porin channels. while

the CDE represent closing events (arrows. Fig. 1).

The size parameter. A/e. represents the conduc-

tance change of the membrane (A) divided by the

specific conductance of the bathing solution (a)

'0“ .;

Fig. I.Stepwisemcb-gaaereuamernbranecerwriaed

ofPC/eaidiaedcholeseer'oldzll'mlbepraenceoqu/ml

ofcmprroeein'raabafln’qaolrnioeefllMSaCHpHSJl.

Theporinwasptetratedbyrepeaaedfre—fngandthawiqin

aolutionhfollowedbypreinabatien'nthebatlungsdution

erOto‘OnnnatroommaameeenrrentdecreI-ents.

indicated by arrows. peaceably represent channel ddng

eventsofporin trimersandhevethesareesizeasthemq‘eriry

ofincrenrentmi'hearrentchartgeiedicatedbyhtha

magninrdeone-thirdefthe-ajoriryofeventsandisasned

toindieantheoperiqdaaingkehndi'bevoltageacreas

themernbranewaSOIV.Tbebuelieeefthetraciqwa

omitted.

and is praumed to be proportional to the cross

sectional area of the channel at its narrowest point

(see Material and Methods). At low voltages (<

100 hill). the majority of conductance changes

had size parameter values of approx. 3.I A. While

afew smaller current jumps. indicated by M (Fig.

I). were detected which had size values approxi-

mately one-third of the main conductance change.

The size parameters of bath CIE and C05

were recorded at different transmembrane poten-

tials. In these studies the bilayer lipid membrane.

comprised of a 2:1 mixture of PC/oxidized

cholesterol (by weight). was bathed in 0.1 M NaCl

(pl-I 5.5). and the tnnsmembrane potential main-

tained at values between 25 and 150 mV. At each

voltage. approximately 200 individual events were

measured. and histograms of the relative number

(P) of C18 and CDE events were planed against

the A/e values (Fig. 2). One can see that at all

voltages studied. the main channel size was ap-

prox. 3 A (Table I). However. with increasing

voltage. smaller channel events became prominent

(Fig. 2. Table I). At a transrnernbrane porential of

125 mV. three distinct pepulations of channels

wereevidenttthemainchannelofsize3.1A.and

twosrnallerchannels.0.9andl.7Ainsize.These

smaller channels have cross-sectional areas ap-

proximately one~third and two-thirds the size of

the main conductance channel. Above 75 mV. the

number of large conductancejumps (A/o > at A)

increased. which may reflect prOtein aggregation

TABLE I

SIZE (A/e) OF SINGLE-CHANNEL EVENTS AT pH 5.5

FOR ompF MEASURED AT DIFFERENT MEMBRANE

POTENTIALS

 

 

 

Voltage CIE 9C05 ('05

""v’ as. peak . n ' 17'; '

(I'll (Al tin

3 3.1 2., Id. ‘

so at 2.9 a.d.

7S 3.! 2.1 ML

1m 3.0 2.9 2.6

125 3.1 2.4 2.!

 

‘ AvesgeiadalCIEandCDEemallathanJLasshown

'mFig.‘.

.AveragesiaecfaICDEasshoweinf-‘igl

' uLnotdetern‘ned.
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inducedbythehighpotentialaAMtheunifcrm-

ityinthesizeoftheccnductanachannelsde.

medatthehighpmentiakashasbeenre-

 

 

 
FglbnuibudenefthehmA/e.b-F

prefinaddeduabilaychid-anbr-emefw

caidiaedcholesaarnlC:l)aifI-Ilmpeleo

tials. A is handmade-pale they“:

ondeetaneeofthebatfithtionhilbim—V.h

therelativenuntberofev-tswiththeiveiaem

“WWW“hmah

dauibedqutgLexceptthattbeperh-dhhw

histogramflSmWwasaddedaaoamnuan’eaefnq/d

andth’sprota‘nwasaddelbhebhycfiid-dm

fiMthfi-dddqmn

'meludediethehistcgram

ported in studic of mitochondrial porin [ll].

FromtheertperimenudescribedinFiglthe

CDE menurements alone were platted as separate

histogramandareshowninl-‘tgl'l'henumber

of CDE was relatively snail when the transmem-

brane potential was under 75 mV. but increased

above this voltage. At 1m and 12.5 luv. the aver-

age sizes of the C03 were significantly smaller

than the size of the total evcms (Table I). Further-

more. the average size of the CDE shifted to

arnallervalueswbenthepotentialwasraised from

IN to 125 mV (Table I).

In preliminary studies. we have found that the

size distn'but'mn of the ompF porin channels was

essentially identical when the bathing solution sur-

rounding the bilayer lipid membrane was changed

from 0.1 M NaCl to 0.1 M KCl (pH 5.5) (unpub-

' lished data). However. when the pH of the bathing

solution was lowered to 3.5. a treatment which

reportedly decreases subunit interaction within the

porin trimer-s [16]. the size distribution of porin

channel conductance is dramatically altered. The

size distribution histograms of ompF porin chan-

nels inserted 'mto bilayer lipid membranes bathed

inOJ MKC'l(pI-l3.5)areshowninI-'tg.4.When

the tr-ansanernbrane potential was maintained at
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D

25mv

M'ML h
g a 3 Ale (a)

p 75!!”

I r a a w (A) 
mama-ummhh. fortheean

IQQ/measinarbatadiatbbadingnhtionolMM

KOuHJfoorOJIozhatroor-tunpu'anueprierto

addideatothebilayerlipidmembranelfieventsmeasundat

thencvnltageswere

25 luv the majority of channels (both CIE and

CDE) had a size of 1.6A.while there werea

significant number of channels with one-third and

two-thirds the size of the major peak. Further-

more. when the voltage across the membrane was

raised to 75 mV. the channel size distribution at

pH 3.5 shifted to even smaller values (Fig. 4 75

mV').and memjontyofchanuhnwhadasize

of 0.6 A. approximately onethird the crosrseeo

tional area of the channel at 25 mV.

Not only did the size of the channels decrease

at- low pH values. but the number of closing

evenuaboincreasedFigSshowsthepercentof

total events that were CDEL At pH 5.5. using

transmembrane potentials below 100 mV. the

CDE were less than 5% of the toul events. While
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Fig 5. Voltage of porin channel closing from

omprroteinsuspendedatpHSJinOJMNaCHowrath-I

35in0.lMKCl(l)-Thebilayerlipidmernbranesyste_msused

forthcpHSJstudieswereasdmcrtbedforfipzwl. and

forthepH JJstudiaasdccribedforthe.

at pH 3.5. the CDEs were > 25% of the total. and

approached 50% of the total at 75 mV. The results

indicate that lowering the pH and increasing the

transmembrane potential both decrase the size

distribution of ompF porin channels and increase

the probability of channel closing for ompF porin

inserted into a bilayer lipid membrane. Further-

more. when the transmembrane potential was de-

creased from 125 mV to 25 mV. the number of

closing events decreased and the channel size in-

creased. indicating that changes induced at high

voltage were reversible (data not shown).

Discussion

The changes in conductance across a bilayer

lipid membrane containing porin protein are of

two basic types; increases in conductance (CIE)

and decreases in conductance (CDE). In most

bilayer lipid membrane studies of porirts the

majority of_events have been reported to be CIE

and are interpreted to represent the opening of

porin channels [8.13]. Others have noted infre-

quent CDE and suggest that. under the conditions

used in bilayer lipid membrane studies. porin

channels close relatively infrequently [16].
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Inourstudies.wehave notedtwotypesof

CDEThevastmajority of CDEoocurveryfast

(<0.3 ms) and are of a magnitude essentially

idenuealwtheCIEOnrareoccasionsatlopr

orinhighionicnrertgthwedetectedveryslow

closingeventswhichoccurredoveraperiodof

seconds to minutes. These slow events showed.

random fluctuations in the conductance during

this time. We propose that the fast CDE represent

a reversible conformational change in the porin

proteins from an 'open' to a ‘closed‘ state. The

slowprocessseenonrareoccasionisthoughtto

reflect an irreversible denaturation of an open

porin channel.

In analyzing both the CDE and CIE at pH 5.5.

the peakvalue of the channel size at all voltages

was3.1A.Assumingachannel length of7.5nm

{12]. we calculated that this size corresponds to an

interior diameter of 1.7 nm. consistent with ether

bilayer lipid membrane results [8.16]. Below 1m

mV. there was little change in the size distribution

histogram of conductance changes measured at

pH 5.5. Thus. the structure of the ompF complex

was unaltered by these changes in the electric

fiddlifithinthismngeOhm’slawhasbeenshowu

to be valid for porin single-channel conductance

mrernents [16]. However. above 100 mV. the

channel size distribution histogram changed dra-

matically (Fig. 2). In addition to the main channel

of3.1 A. twoadditional pealtsat approx. I andZ

A were evident.

We propose that the main conductance change

withasizeparametervalueof3.1Arepresentsthe

opening of a porin complex that contains three

separate channels which open cooperatively. At

. high membrane potential. the cooperativity be

tween the units within the complex appears to be

weakened and the channels more readily open

idependently. This would account for conduc-

uoce changes corresponding to channel cross-sec-

tienal areas of one-third and two thirds that of the

main complex. For the single channel with a size

parameter of 0.9 A. the calculated diameter would

be 0.9 nm. consistent with the size exclusion line't

oftheomprorindetermined byliposomeswell-

ing assays [19.23]. Our results. however. cannot

determine whether. in this model. the single chan-

nel with a 0.9 nm diameter represents a protein

trimerwithasinglefusedchannelorasingle

protein subunit. Channel conductance studies of

mitochondrialporinsalsohaveshown thatthesize

of the conductance channels decreases with in-

creasing membrane patentials [IO-12]. In these

studies. distinct size populations of channels were

also detected which changed in levels with mem-

brane patential [11.12]. These results. however.

were interpreted in terms of multiple conforma-

tions of the porin channel with different channel

sizes. We do not believe that the three populations

of channel sizes that we see for the ompF pretein

represent three conformations with three sizes of

channels. Ifthiswerethecasethepredominant

conformation with a conductance size of 3.1 A

would have a diameter of 1.7 run. much larger

than the exclusion limit of the ompF protein.

' In addition to the change in the size distribu-

tion of the channels. high voltage also affected the

stability of the open channel conformation. At low

voltage. the number of CDE was very small. and

below 100 mV. the size distribution of the CDE

was difficult to assess. However. above 100 mV.

the stability of the closed state increased with

increasing voltage (Fig. 5). The size of the CDE

was distinctly smaller than'that of the total events

(Table 1). suggesting that. for our model. the clos-

ingeventshowslesscooperativitybetweenthe

subunits than the opening event. A sinqu in-

crease in number of CDE with increasing paten-

tial has been noted for mitochondrial porins. and

CDE of the mitochondrial porins are also reported

tobesmallerinsiaethantheopeningevents

[IO-12].

Processes similar to those seen at high voltage

were also detected at low voltage when the pH of

the bathing solution was decreased to 3.5. As

shown in Fig. 4. at 25 mV. channels of one-third

and two-thirds the size of the main channel were

detected in sizable amounts. Furthermore. when

the voltage was increased to 75 mV. the mono-

meric channels were the major channels detected.

Thus. even at low pH. increased voltage further

reduced either the aggregation state or the cooper-

ativity in the opening of the porin channels. The

smaller size of the porin trimer at pH 3.5 (A/e -

1.6 A) compared to pH 5.5 (Ah-3.1 A) is

thought to reflect a spedlic phi-dependent alter-

ation in protein structure that significantly affects

the apparent channel size. The change in confor-
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mation that alters the diameter of the channel at

low pH is probably not the cause of the increase

in channel closing events. High voltage caused

these later change. but did act affect the size of

the main channel event. Furthermore. increasing

the voltage at low pli to 75 mV further enhanced

the level of monomeric units and CDE. but did

not alter trimer or monomer channel size.

At pH 5.5. there appears to be a threshold

potential. above which the porin subunits undergo

a reversible. voltage-dependent change in confor-

mation. This second. voltage-induced strucntral

change triggered above 75 mV and enhanced at

low pH induces two detectable changes in porin

function in the bilayer lipid membrane. The first

is an increase in the number of smaller subunit

channels (CIE and CDE). and the second is an

increase in the probability of channel closing.

Thee two change are likely caused by the same

structural alteration in the protein. We propose

that. bath at low pH and at high transmernbrane

potential. the proteins within the trimeric unit

become less tightly associated. In the loosened

complexes. the separate channels open and close

independent of the other subunits. and the closed

conformation become more favorable. This model

is consistent with the studies of Markovic-I-lousley

and Garavito [24] and Schindler and Rosenbusch

[31. who show that. below pH 4.5. structural

changes are detected which are at least partially

reversible and are dependent on the detergent

used to solubilize the sample. These pl-l-depen-

dent structural changes are thought to weaken

inter-subunit contacts and change the porin struc-

ture [241. and thus. may decrease the cooperativity

of the CIE/CDE of the subunits and increase the

stability of the closed state. Furthermore. this les

tightly associated complex is stabilized in a bilayer

lipid membrane by elevated membrane potentials.

Whether transmernbrane patentials control

porinactivityontheintactcellhasbeenacon-

troversial question. It has been ealculated that the

Donnan potential across the outer membrane usuo

ally doe net exceed approxirrtately 30 ml! [25],

Furthermore. in studies where the Donnan pOten-

tial was elevated toashighas 80mV.therateof

cephaloridine diffusion through the porin chan-

nels was unaffected [26]. However. we found that

such a potential may have been near the threshold

h

value needed to induce an alteration in porin

structure. In addition lowering the pH may

dramatically drop the threhold potential required

to induce channel closing events. Thus. several

environmental factors. such as pH and salt con-

centration. may dramatically affect porin-channel

activity and allow for voltage-dependent control

of diffusion across the channel. We found that we

could detect distinct size papulations of porin

subunits and CDEs when the porin samples were

pretreated by repeated freeze-thaw cycle. fol-

lowed by preincubation in 0.1 M NaCL In the

absence of such pretreatment. the histograms were

very broad and almost no CDEs were detected.

even above 75 mV (data not shown). We believe

that the pretreatment did not denature the pro-

tein. but allowed for dissociation of porin aggre-

gate to trimeric units and perhaps weakened the

interactions witltin the trimers.
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