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sU\m MA RI

Tiuo nsoodificat it on oof o myt 1510mcvte rnonibnamio pro oteihi aniimso o groups by t ninsitrobeuzensesul-

fonic acid (TNBS) was stimulated by a variety oof obivabonst catioons. Omie group oof catiouss

(Mn�+, Mg�’, (‘a’�, and Sr��) appoared to act by itsf enact big wit hi, auio1 alt eriusg the struc-

ture of, niombrane phsosphsolipiots, auid this was proopo)so(l too restilt in ams alt eratioint o)f nsem-

brane l)roteimi strucf are as roflocfed ius ensisansced roacti�’ity of pnofeini amimsoo groups toowarol

TNBS. A secoomsd gn’ontj) of cationss (Zns++, C1d#{176}�,amid Ni#{176}’)insferacted directly with mem-

brause proof cuss, pnobably via pno)Xurnal l)ains of thiod gromups, too produce enhancement (of
TNBS inco)rpt orations. A uiumben’ of drugs, iuscluding chsio orpromazmtse amid local anesthetics,

also) interacted with membranse phospholupids, minsuickinsg the sfimulator�’ effects of divalent

cations oui TNBS imsc(orpo)nafio)ms. Tlseso studies set-ni too refloct soonie f’umsdamental aspect of

niembnanse lipid-pro teinu ursferacfioms, amid offer ani approach foor flit chsaracterizaticoni of drug

aOtiO)ns at the niembranse level ims terms of porturbatiommss its nionibmanse structural componeusfs.

nN’rmoo)m)UoTTroN

‘Fist miat ant oof tii( iniftractioomss bet woens flit

liioid ansd jomoiteims coonspoomsoists cof bioological

nittsibratst-s is thso, nutosf ftmusdanieustal ques-

tions to bo approachsod before tue relationship
betw’oons membranso st n’ucfuro amid ftnmsctioms

niav ho ratioonahuzod iii muioohoctmlar ten’msis.

‘Fise curremst thoo onies oof nuombramso stnuc -

tune (lifer jininiatiby ins ton’ms of oIifferemsf

emphiasis tons list tub oof’ l)nm)toini-l)rootoini,lipid-

lipid, amid lipid-pro )t tin insfen’act it miss (1, 2).

Such structtsnal coonssio lenat iimiss ant gormnanse

to) ans umsderstansdiisg oof mombrause f’umsctions,

amsd the actiooms at tiso moombramse level of such

Ii5o)tlifitrs o�of bit mit ogical funscf ioomi as divalenst

cationss, boocal aisestiset ics, pisomsootisiazimse de-

u’ivativos, amid nsoum’o it n’anssmitters muiust ulti-

‘l’hoim.omi-ounk mvas soilol000ni ool by Ohio Nloohio:ol l3o -

soamohi (‘0 oumionI 0 ,f ( ‘amiaola

muiatohy bo tlosct’ibed ins terms O)f l)erturba-

lit oiss oil’ f Isest misombn’amse sf rtictural elements.

I)urinsg flit (oourse tot oour studies coonscern-

inig tiso ns(o(Iilicatioons o)f en’ythsrocyte nsons-

bramie �)n ofoimss by spocific chemical neagensts,
if was foumsd thirst flit rate of inset orj)oratiOts

of t niniitrobonszomuostnlfonsic aci(l, a reageust

wit Is coomssideuabbo spocificitv for primar

aminsoo grooups (3), was depemsdensf oni the

presensco omf divabomst catioomss ins tue medium.
Alt ho ougis t iso plo ofo oumstl offect s oif divalent

cat loomis on boot is structural amid ftusct-iomsal

chsanactoristics (ofnsatural amid artificial mens-

bramsos are �vobl kniomwms (4-fl), tue mechanisms

by which tisoso effects aro niotliafod have

I huts fan’ remaimsed i obscuuo.

If was theroforo tbecidod too utilize TYBS’

‘Flit ahohom’ovial moomi misool is TN US, trinmil mom-

Ioomizommosomhfm miii’ :io’iol
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as a proobe too imsvestigate tine unsteractio)ms of

a number oof divalent cations ansd a variety

of pharmacoohogically active agents with the

erythrocyte membrane, as measured by f-lie
rate and txtenst of itsco)rpo)ratiors of the rca-
gent inst-o nitmbranse pnoteiiss.

The results obtained suggest ans important

role of lipid-proteus ititenactions in deter.
miniusg alterations ins mensbrane structure

induced by moodifiers of membrane funsctions,
and these studies might offer a comsvenienst

approach to the characterizatious of suchi per-

turbatiouss ims menibramse systenss ins geuseral.

M ETHODS

]Ienthi’ane preparations. Erythrocyte mem-

branses were prepared froni outdated (3-4-

week-old) blood stored ims acid-citrate-dex-

trose by a modifications of the methuod of

Schrier (7) as described previously (5). Prep-

arations were stored at - 20#{176}prior to use

and ct)nltaitsed betweets 3.5 and 4.5 mg of
proteins per milliliter, as estimated by the
method of Lowry et a!. (9), using bovine

serum albumin (Armour) as a stausdard.

Bovine brain microsomes were isolated by

standard methods (10) and were stored ins
0.25 �r sucrose-i m�i EDTA at - 20#{176}.Prior
to use, thso microsomes were washed twice
with distilled water by cemitnifugationi to

remove tli( sucrose and EDTA. Tlse �vashied
membrane suspenssionss used ins thieso studies
constainied approximately 2 rug of protein per

milliliter.

Rabbit skeletal muscle j)laSma membranses
were prepared by the procedure of Komso amid

Colowick (11) with minor modificatioonss, aurd

were stored at 4#{176}prioor to use. The protein

concemitrathon of these preparations was be-

tweens 2 atsd 3 mg/nil.
P/i osp/wlipase C treat iii (‘n-I (1/ ei’jjl/m l’o(’yIc

,nenthrane,s. Its a typical experimenst, 2.0 ml
of membramse suspenssioons were combimsed with
0.4 ml of phospholipase C (I mg/mi) arid

0.8 ml oof CaCl2 (20 m�i) ins a final voolume of
4.0 nil. Thsis mixture was inscubated at 37 ±

0.5#{176}for 15 mins arid centrifuged foor 10 mits

at 30,000 X y, arid the pellet was wasisod by

suspension ins 40 nil of distilled water and
centnifugation. The washed polbot- was

brought up to a final volume oof 2.0 ml.
Bulanol and pentanol exto’aetwn of eo’yt/oo’o-

cyte membranes. ‘FIst toriginal pro)codtnre o)f
Maddy (12) was moodified as ftolloo�vs. Mem

branses were washied thsree times wit-is dis-
tilled water j)rior too extractioms. Thu extrac-
fious ansd all subsetjuenit procedures s�’ere

carniod out at temperatures bet-weemi 0#{176}ansd

4#{176}.Eqrnal volumes oof washed menibranso sus-
pemssi(onl and butanol oor perstamsol were coons-

bined arid rapidly mixed, and the samj)les
were immediately cemitrifuged at 30,000 X ri
for S nsiui. After cemitnifugation f-lie lower,

atjueouns phase was carofully sepanatod from

the iustorfacial matonial amid from the uppen,

alcc)h(ol phase, ansI was dialyzed for 24 Isr

against distilled water lightly buffered with
Tris to pH 7.0.

C/ieiii i(’al e/oao’aetem’izat-ion oJ’ iiieiiib,’a,oes and

nienthi’ane ext)’a(’ts’. Phsosphsolipid � esfi -

mated by Bartlotf’s vaniatioons of tue l”iske-

SubbaRow j)iiosphate analysis (13) . Clsooles-

terol was ansalvzed by flit misethiod of Zak et

a!. (14). The sialic acid cousfeist o)f tire niens-
bramses was measuro(I as doscribod by Warrems

(15).
Kinetics of ?‘NI�S oo’aetian. ‘Fist reactiooni

tof � with niombramse 1)rooteimss was inca-
sured by followinig the inscroase ins absurbausce

of thie reactions mixture at 335 sins as a fumsc-

fion oof time. Experimemsfs wore usually cam’-

rued out at �7 ± 0.5#{176}imi a tomtal voolunie oof

3.0 ml, comitaiusiusg 1 .0 ml o)f 20 mit iris

buffer (pH 8.0), 0.1 ml of 10 ruin TNBS so�-

lution (the pH o)f which had prevucously booms
adjtnstod too 5.0 usinsg NaOH), thu divalomsf

catio)us ton drug to be test ed ims aojuoootis solum-

f-ion, arid water too givo a fiusal voolume of 2.8
ml. Thie reacfioous was iusitiafod by aolditio ins

of 0.2 nil of membramse suspensiton (coonitains -

ing 0.3-1.0 nig of proteims). The Stisj)o155io iii

was t’apidly mixed amid inscubated with shsak-

iusg ins an iuscubatoon’ at- a t(ml)(rat nut oof 37 ±

0.5#{176}.Irs so me oxponimonsts, s�huens niemuubrammo s
were incubated wifis thso test drtng j)rioor too

the TNBS assay, flit imicubations nsuixtum’t

containsed niombu’amses, Tris buffer, amiol watt r

ins a total vtoitsme oof 2.9 ml, arid folhowimig flit
incubations period (tisually 5 nsius at 37 ±

0.5#{176})the TNBS n’oactioms was imsitiatod by
addinsg 0.1 nil oil’ 10 nut TNBS solutions. Ho-

acfionss ivere tormimsated by the additioui ui

2.0 ml oof a 1:1 mixture oof I in HCI anal 10 ‘

soodiunni (loodocyl sulfate, amid flue absoorbaisco
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(rolative to 0 rims aj)j)I’oopl’iat o blamik without

ussenibrrttsos) at :��s � mi �‘as flieastit’t(l . I ni
niost cas(-s, reactions tinies of 30- Go sec were

found tim \-iold sufficiontlv largo ahi(l repro-

olucible absorbansco valuues which iuscreased
limseanly wills timo, soi thiat roactioms rafts

wero measured durinsg thso first minsunte of the

iuscttbatiomus. Tue reacfiomns rate was fiousnid tm

be a linear funnsctioomi oof t iso j�ro otoims coonscenstra-

ti(ons ins flit w(orkinsg ransgo (of 0.3-1 .0 rug (of
J)rooteius per 3.0 ml of m’oactiomn mixtunro. Thus

reaction rafts wore expressed as absorbansce

at 333 usm ��on’ mimsufo per milligrans of

pro iteius.

Materials. ‘Fist foollomwimsg chsonuicals wore
oobtaiused from Sigma: picrylsulfoonuic acid

(TN BS), 2-thuiobarbit un’ic acid, sodium do de-

c\’l sulfate, succinylchso mIme cub orido, Tnizma

base, ansd 1)lioosPhsolil)ast C (Closto’idiuni

oo’ebo’loii). ‘Fhso hiyoln’oochslon’io!os oof chili orprooma-

Zili(, 1r�muiitt hsazinse, anal j)t’oocaine ivere gels -

tnomiisl�’ pr(mvitlod ho’ Pooulemsc, Ltd. Ansinsom-

nsaphuthiolsulfoouiic acid, acetylchso ohmic chkorido

amid amm(mmsium molvbdafo went obtained

fu’onu British I)rug Ho muses. I )tcamothso onsiunn

bt’comide ausd tot racaimse hsvdrt ochli onide wet’t

punrchsasetl fromii K & K Labooratorios. Thio
sources of cot lien’ cisonsicals were: pu’oopt’anso 01001,

Ayerst ; bovimse serusm albumims, Arnioitnr;

niethylanniuso, Bakor:so odiunu arsenito, I’ishion’;

hioxanief Isom sium chulo n’iole, \ I at hseso on, Co 010-

nuatu amid Boll; austi bust acaimio siulfato, Ahbomft

I �aborat-orios.

RESULTS

tliiiie (‘OUISe of TNB0S’ o’eacli-on. The tunic

ctourse of incorporation of TN’BS into eryf h-
rocvte membrane proteimis and the stimula-

tory effects of Mg� ons flue unsconporat ions are
shuowus ins Fig. 1. The increase ins the ioonsic

strength of the reactions medium caused by

cat ions additious was imusufficient ttm explains the

enshaniced incorporation, as is apparent from

the results shown ins Fig. 2, where th( effects

of N& anid Mg’� at idenstical ionsic strengths

were compared amid may be sects too be sig-
nuificanitlv different.

.3

.2

.Na0.)

K’ (o)

tin

.1 .2 .3

IONIC STRENGTH

F no;.2. Efleol of iouo Ic .�tre,o g/lm iii (r((i.’O( (110 7’.\ B�’

in corpomat ion ito to cry/li moc!//o umenobma to e.�

TN 135 imio’orpoaatiomo was measured as oleso’ribeol

imm Fig. 1, usimig m’oaot inn t imos of :30 sec.
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(vat iou .o/ loom nolot ion oof �J�V BS in coompooromt ions

Assays were perfornsueoi, as described unstier

Mn:’n’mmoom)s,inn a total voolumise of :3.0 mnl ooonitaining

.1S5�M TNBB loetweemi 0.6 and 0.8 mug of muembrane prootein.

The uimial conscentratiooni of Tris buffer (p11 8.0)

was 6.67 m�, amid that of TNBS was 0.33 nussi.

.333�M YNUB The reaction was carried out at 37 ± 0.5#{176}.The

ransge oof o’ationi cooncomitratioonis tested was ho-

.8B8�M YNUB tweemi 1.0 amid 40 nut. Apparemit K,10. and V,1
values were evaluated 1w means oof Eadie ploots

(foor typical l)1(ots, see Fig. 4). l’�� values are

expressed as maximal absoorho,snioe at 3:35 mmiii jar

flu isa Ic per nssilligranss omf mssersuloranie pro it 01 Ii.

.\.. Control B. Phosphoolipase C-
membranes 0 reated memloramies

� .\pparemit
K�.

Fma. 3. Effect of increa.c’inq T.VBS concentrations

(On appar(’nt Kd�, of JIg#{176}#{176}for .s/iiuii,Ia/ion of T.VBS

ioocorpo)r(1/io)n iii (0 erythroeyte noenobra,oe.s’

Experimenital details were the same as (Ic-
scribed iii Fig. 2, except that the final coont’emitra.

tioiis oof TNBS and NIgCl, inn the reactiomi me(liUfls

were varied as indicated in the figure.

Ouse poossible explanati(ons for the stimula-

tory effect oof Mg� would be complex for-
mations betweens the divalent cation anid the
aniousic TNBS molecule, which might in

some way enshance the reactivity of the
TNBS arid/or increase its accessibility to

sites of attack. If this were so, the conicems-

tration of \lg� exhibiting half-maximal
stimulations (the apparent Kds,, value) would

be expected to be dependent 0)15 the conscen-

tration of TNBS. However, the fact that the
KdI, of Mg� was unchansged over a 14-fold

range of TNBS conscenstrations (Fig. 3) indi-
cated that the stimulatory effects of Mg��

did not depend on complex formations w’iths
TNBS.

A direct interaction of Mg++ with protein

amino groups, the most probable sites of

attack of TNBS (3), did usot seens likely,
sinsce ins a simple model system the inter-

actions of TNBS with the amino) group
of met hsylanuinse was unsaffected by ionic

strensgt-hs iuscrease ins general, and by Mg++

ins particular.
The remaining alterusative was ans effect

of divalenst cations at the level of membranse
(or proteins) stu’ucture.

Analysis of concentration dependen ce of

cation stimulation. Thie conscentratious (Ic-

pendensce of cation-stimulated TNBS incor-

nil! ��jn;

Mmo� ‘ 2, 7 0.710 2 0. 1St)

Sr� 10 0.510 2 1)140

\Ig� 2, 10 0.525 1 0.1.�)

(‘a� 3, 0 0.530 2 0.140

(‘‘-‘ 1 1) .3�) 1 0.160

Ni 0.3 () .170 1 0. 100

(�oI-�-v 0.6 0 .38() 1 0.235

Zni 0 .5 0. 106 1 (0. 13(0

pooratioons foor a vaiiot�’ oil’ catioomss ooas doter-
niiuied. Co oisctnst ratio omstlepoms(icnsce Iafa wore

analyzed by meanss oof l’adit, ploots (16) amid
were expressetI ins terms oof maximal velocity

( I ‘�) ansd apparent dissociat ion cionsstanst
(Kdm�) values (Table 1A). ‘Fypical plots foor
� (w’hsichs exhibited twoo distinct slopes

ausd hensce two � values) anud (‘oo�#{176} arc

illustrated ins Fig. 4.

The exustenice o)f twoo groups of cafions cx-

Isibitinsg highs or low l’�� values suggested

thiat these cationss nsighst be imsteractinsg with
two differenst- types of niembranse sites. The
possibility that phosphioryl groups of mem-

branse phOsphiOhij)idS might represcnst sites of

interactions of divaleist cations sva.s explored
by examinsimig the effects of phospholipase C
ons the catioms stinsulatcorv effects. Plsospho-
lipase C treatmeust, which resulted in re-

moval tof 70 � of flue membrane lipid plious-
phorus (Table 2), substantially dccn’eased
the st-imulat(ony effects of Mms�±, � Mg0�,
and Ca�#{176}, those catioonss cisaracterizod by
high I ‘max values its unit no at od nienubramsos,
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I’io. 4 ‘!/P#{176}#{176}#{176}’1Roe/mo /)/omts fmmr �tooom,o/utmmo,m of

‘J’.-\’ J)�5 0,00(0’ poomat mo�m lo .1/tm atmil ( mo

1�;toh joooi not n’opn’esomit s I bit avom’ago 0 of I mi plio’a to

old ornuimiat iionis usinig t unto dmffon’omot memlon’anoo

pn’oparat in mis. ‘Flit values i out onmoo(I nno oach case

woro highly n’epn’ooduciblo fnmoni pn’opan’at iooni too

pn’tp:orat 100mm amo(I woro moot sigmo; fioammt iv oIilTom’emit

fri mu eaohs ot her. Expen’iusemi Ial old ails wen’e I lie

samt� as oloso’ribeol fur Fig. 2

but lids t no at nuienit had to onisidon’ably loss

effocf oons the bohsavioor oof Ni44, (1d++, amid
wit hi Coo�� ooccuij)yimig aim insterniediato

p0 ositio on (Tablo 1 B). In fact, put osphuomlipase
C treatment appoartol to abomlisis fist differ-

tm ices bo t weemn t Iso t woo gno maps oof cat itmnis.

The ft orogoimsg results suggost od that maxi-
nsual stiuiuulatioins h�’ Mg, Ca�, Srr4, arid

\ I mit ± rcquirool instognity oof momiubn’anse phuos-
phsoohipitl anid promfoins imsten’actiommss, whereas

Zms+�, (‘(1±4, ansd Ni�4 woiuiltl imsteract di-
redly with prootoini n’osiolues tom pn’ooduce thso

oobsorn’od alteratio ins ins prootoims roacfivitv tio-

\\ar(l ‘I’NBS. Imi oon’den’ too test this hsypoothsesis

fart lion, svafou’-so olublo membrane fract ioomss

(liffenimsg mi iilso 051)150 olipid coomufcmsf ivore pro-

parod by hut amsoml or p(ust amsol ext ract it ns
( 1 7) . ‘I’hit cisemiuical co omuipositionis oof those

tw-om fracfioomss art givons in Tablo 2, antI it is

apparomit t hat t lu but anso ol-fractioonuated nsa-

tonal en omstainss oonslv i:� #{176} oof the oniginsal

nionibranso iilso OSl)iiomntIs, whiorcas thuo niaterial

derivod froonus tue Pooustausol extractioni netaiiss
abomut 60 #{176}oof fist oniginal nisembranse j)hsoos-

j)hioornus. Sinico, (oms thio’ basis of the phiospisoo-
lipaso C data, it soonsed thuat hue stimulat-ony

offccfs oil )olg4#{176}required the iustegnit of

nuombramso 1)hsosPhu mlipids- -‘ins contrast too tlse

situations wills Zms’#{176}--it woould be predicte(l

that tue stinsunlatoory offects oof Mg#{176}4 tons

‘INB� inset orpo inst toins ivould be substamstially

greater ins t lie pontansol-cxfracted membramies

as comparo(1 wit is flit Phsoosl)hlo olipid-depleted,

but auso ol-o xt ract od mnensbratsos, but t hsat tlse
effects oof Zms44, beitig rat lien imudependent of

phioospluo oh pid, shsootnld be esscmst ially the same
ins hot hs pcmstansol-ext racted amid butansol-ex-
tract cd menibramits. ‘Flue results illunst rated

ins Fig. 5 ant co)mssistcnut withs these pro-

di ctionss.

Role oi/ protein (lit/hot f/I’OU/)S. It is kisowms

that cerfainu heavy metal divalenit- catitons,

such as Cd44, arc able to umsferact with

proxinual I)airs of prootcin sulfhiydr�’l gronups

(1%). Thuose effects nuav bo aboohished boo’ i)nior

trtattuicnst with arsemiitc, a reagent wills a

hugh affinity foor difhsiols (19). We therefore
examinsed the effect-s of arsemuite treatnuont
oni the stimulator�’ effects of catiomss on

TNBS inscorporatioms. The results of this cx-

perumemst are shiowms ins Table 3. The stinins-

_________________ - (‘Imcoomooal m’haromotoriza/io,o (of ono’,omlomozne pro pamatiooios - - -

Sanoipbo’
Ihiis�oboc (‘hioilestmrul Sialic meld lOio,siihooliloiol: Sialic aciol : Sialic aciol

cbiiibo’st (ri oh )hoom1)huiipiol choicoit emil

I’m’ooIhimomo’vto’&o (inmmt m’o’:mtoi1

1‘hmion’of)hio in pa..oo’ ( -t memo.)oni

1�mmt mmii -i’xI macI oil

l’i’mmt mini o’xt rail oil

101unsol n

1�mnmimm

iiiiimoio’s nm�

818 625 87

2-IS (362 27

1(01 336 167

175 625 161

272 22!) 11

601 502 ‘33
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0 (of o’atioto.’.’ oti 7’.\’BS itmcomp(omolo#{176}i(ouo
a
a #{149}, EXTHACTE0(,) \Ioiiub)rammes (0.87 mug if mosemniomanie Pmootoinm)

_�. .1 � � #{149}�TANOL �‘ero imi’tihmo.teol mi a I oil mu voiltiiiit of 2.6 roil toni-

_____________________________________________________________ aimii mig 1.0 nil of 20 mmiv Tris buffer, p11 8.0, and

-L 0.3 misi of 100 roust NaAsO2 fur 30 mini at 37#{176}.Fool-

Mg” loowi mig I bus, 0.3 nil of olivalemit oat looms (1(X) muM

#{149}__-.---“� amid 0.1 ml oof TNBS (10 mit, p’1 8.0) were added,

.3 UU NO mono that the final o’oomio’emit rat iomis oof Tris buffer

.8 #{149} EXTRACTEO amiol TNBS were the same as thsoosc mi Table 1.
a �._#{149}_#{149} � . The misixture was inicubated fur 30 sec at :37 ±

.1 #{149} 0.5#{176}.The reat’tiuoms was terniiniatetl b�’ adtlinmg

10 go 30 2.0 miii oof IiCl (1 M) anal Som(hUiis doodecyl smnifato
10� ) , 1: 1, anool the abso ombamit’e at 335 minis was

CONC. �“ (mM) measured.

Fno;. 5. 8/i?l000l(ltiofl (of T.\/1S ineompomatioum by - - i�ea�iion e1oci�v -

iI��’ utoil Zn±± mb petit atm at- (111(1 bmmbanol-extmaeteil (‘atiomi (10 nsM) - - - - - -

emythmoeyto ooienmbmane.s’ Noo amsensite Amsenite-t.memtne(l

Membmamies were washed three times wit hi - -

distilleti wat em aniol ext rao’I ed wills omolol pemit msniol .1:0:, nun tog prmoteiuz

or but amiool (see ii ETiIoI)s) . The water-sooluble nuem- (‘d�-’ 0.282 0

branie ext racts were dialyzed at 4#{176}foor 24 him agaimi.st Zmi’� 0.084 0

distilleol water ligbstly buffered too p11 7.0 wit ii Cm4-’ 0.170 0.0431

Tris. The prooteini (‘oonitents uof both extracts were Ni4 0.0713 0

1.5 nsg - nsl , amid 0.4-nul alioiuoots (0.430 ing of meni- � 0.134 0.603

bramie prooteimi) were assayed as usual fomr TNI3S C’a�4 0.107 0.84(0

inooorpoom�nIioomi. Mg� 1)174 0.880
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latory effocfs of Cd++, Zns�, amid Ni� were

completely abolished by arsensite t reatnsemst.
Its contrast, the effects of Sr++, Ca+4, arid
NIg� wore strikingly increased under flue

sanse coomsditioonss. Co++ appeared to occupy
ams initermediafe posutioms, sinsce its activity

was decreased but nsot aboolishued by arsensite.

Reversibility of cation effects. Thu reversi-
bility of divalenst catioms biusding givimug rise
too eushauscod TNBS incorporatious into erythu-

rocvtc membransos was exansinsed. Thuis proob-

1cm was approachued by imscubatimsg menu-

branio-�s with inscrcasimsg coomsccnstrafions of ca-

f-ions umsder thuc same condifioins usod to)

nucasure TNBS inscorpoorations, ansd at the

end of this inscuibatious membranes were

washed by censtrifugatioms anti were assayed

for TNBS incorporations ins the absensce oof

ansy furthscr additions oof catioons (Fig. 6).
These experiments shuowed f hat t hose catio onus

whose biusdinsg sites wero retaunsed toni treat-

menst with phospholipase C arid were abol-
ishued by arsenite (nsamoly, Cd#{176}�,Zns++, arid

��‘tre bounud uisuchs more firnuly thuats

i\lg#{176}� aus(i #{176}oo1ms44�.Thut resunlts wifhs (1oo++

tenuded to parallel the effects of arseusitc

treatment, ins that Co� exhibited mixed
properties, inufermediate between flue two cx-

trenuos rcpresemsted by the other divalerut
catuo)ns.

Other membrane systenm.s’. It was oofinuterest

to dot ermine wisethuer or nit it t hue cat ions-sf ins-
ulafoci inscorporatioms iof TNBS ansd flue cat-
ions activatio)ns pattt-�rnus observed its tue

ervthurocyt-e membrane reflected sonuc basic

aspect of membranuc struncture ins gcmieral.
We fhucrefore exansinsed the behavior of

brains microsoonual membransos arid a plasnia

niembrauuc pret )aratilon derived from skeletal

muscle.

Thse result-s of Mg�-stinuuilatcd TNBS ins-
corpoorations studies arc shsowus ins Table 4,

and it is aI)paretst that f-here is a stnikimig
similarity in f-hue bchsavioor cof the three nsem-
branso systems, w’ithu the erythurocvfe ansd

brains preparat ions o-xhsibifinsg almost- ident i -

cal specific activities. The effect-s of Mg++

amid Zrs++ oms TNBS incorpo)rat-ions s�’erc
compared in booths the brains ansci muscle

proparatuconus, amid tue results obtaimscd (Fig.
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respotid too some particular physical arrange-

menuf of phospholipids amid cholesterol which
is ins some way related to the analogous ef-

fects of divalenst cat ions ots TNBS imsccorpora-
lion in these three differcust uiuombrane
systems.

Effects of pharniacological ayents on TNB0S

incorporation. Since a uuumbcr oof the divalcnst

catioonss studied appeared to exert stimula-
tory effects ons TNBS inscoorporatio)ns via per-

turbationss induced at the level of nuembrane
phuosphohipids, thse qu(stiots aroso as t(o

whether the interactions oof some plsarnuaco-

logically active molecules w’ith nuembrauses
might isot also be charactorizcd by similar

alterations ins phosphohipid-prot-eims insterac-
tionss, amid as such be amenable to analysis
in terms of TXBS inscorpoorations stundies.

Chlorpromazine was ftounsd to cause a
marked stimulations of TNBS inset orporation
instoo crythrocyte membranses at co oniconstra-

tionss below 1 mioor, ansd this effoct was greatly
diminsished by phosphsolipasc C treatmonst
(Fig. 8).

Study of a series of it meal anuesthsetics re-

vealed a coomusiderable variation ins effective-

nuess in oushanicinsg TNBS inscorporations. Thie
results arc shsoowns ins l”ig. 9, amid it is apparcnst
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Fit; . 6. Iiel(1tii’(’ stm(’uoqthmo of biumilitooj of (/ival(’nt

C(ltioiiS boo emythmocyte uumeuombma,oe.� (i.�: ttmc(l.S’mmme(l bm1
relentio-,o of mobiuummilatory effeeb.� oto T.VBS ifl(’Orp(Om(I-

tioto followitog wa.s’hing

Membranies were initially imio’ubated ii a tool al

volume omf 3.0 ml contaimiing Tris buffer, p11 8.0

(6.67 nsM), amid divalenit cation at the finoal con-

remit ration imsdicated, for 5 mini at 37 ± 0.5#{176}.Then

the nuixture was diluted too 10 ml ansd (emit rifuged

at- 30,000 X g amid the pellet was resunspemsded amid

assayed foor TNBS incoirporatiun as tusual withount
any further additions of olivalenit o’ations.

Tuur�i� 4

Effect of .ilg(’12 010 incorporation of 7’.\BS ototo

em��thmocm�te, brain tomicmosoutme, �i-n�/ �A’eletaI

otmuscie ttmetnbrauiemo

Reaction velocity

B

Emvthrocvtes , main Skeletal musclemncrosornes

toni .1 :m:a nun -nzg prom/em

1 0.06k) 0.069 0.054

5 0.170 (1.144 0.089

1() 0.191 0.188 0.118

25 0.326 (1.272 0.178

50 0.356 (1.357 0.210

7) qualitatively paralleled those its the
ervthrocyte membrane studies.

A comparison of the chuemical composituouss

of the muscle and brains nsensbrane j)repara-
tions relative to that oof erythrocvte menu-
branes (Table 2) revealed that althoughs thue

phosphohipid, cholesterol, anid sialic acid

contensts (all expressed per milligram of
membrane proteins) vary conssiderably, the
ratio of phsospholipid to cholesterol ins all

thiree membranes is remarkably comustauuf,
beinsg of the order o)f 1 .2-1 .4. This may car-

5 10 20 30 40

CONC. DIVALENT METAL (mM)

FIG. 7. Effects’ of Mg�#{176} (110(1 Z,o� mm ineorpora-

tjoto of 7’.VBS ito-boo boviuoe bmaito tooicmo.’moot,mal utmem -

brouoe.s’(110(1 rabbit skeletal tooOImO’l(’�l0.s’iti(1 tooenmbranes

Experiniemo t al del ails were t he same as desori bed

mi Fig. 2.
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Fna. 8. St mm o laboomy (‘Jfeo’b of o’hlompmottmazioo e ll( ‘I on on corpora/i oto of TV 118’ too boo mo,obrooxboi/ outod

p/oo.s’p/iolipa.s’o: (‘-treated emo�th mooc!,tc ttmeitmbma tocs

The to omit rol mensbranies ivere I meated imi I lie sanse way as t bi( PI500SPh0 iii pa��’ (‘-t moat eol mmioni -

hrammes regarthimmg I he i micuhat iiomi inn I Ise pmesonio’e of caloiumsi a miol t Ise wa,shi mmg pm oooolmnro (son

�t m:’m’mmoomao), except t hat Ibit phi osphol iP��S� ( ‘ was 0 iIii� It eol.

that- xylocainse was the loast effective menu-

her, proocainse occupied ans instermediate posi-
tion, anud tetracainse amid butacainse were flue
most effective ins stimulating the reactionu.

The effect-s oof two anstiarrhsythsmic agents,

diphcnsylhsydaustoims anud proprano mb!, ton the
rf�}�5 rcactiooms were also) detcrminsed, ansd
the results showed that- although baths were
able too (mshansco TNBS insciorj)o)rafioms, proo-

pranso)l(ol was hi’ far thso more p(otemst of flit
two (l’ig. 10).

A varioty oof tot iser compooumsds were exanu-

used wills rcgar(l to their effects tons TNB$
inucorpo oral ions. A homo ologous series (of

straight -chuains aliphsatic alcohols (C1-C�) ansd
also bomszyl alcoohol were all inseffective ins
stimulatinsg TXBS incoorpooratiooms ins the coons-
censtratioous ramsgc of 10-500 mm. Other coons-

poumsds which proved too be insactive w’oro
acctylcho )liuse, succinsy lchsolinse, amid hexa -

mcthuoniuum (at co onsccnst ratio onss bet w’cemi
0.5 ansd 20 numn), as w’cll as decametluooniinnu
(ins the rausge 0.5-15 mm).

Ins oordor to) gains soonuc insfoornusatlionsregard-

imig the Poossiblc roole oof phuosphsolipids ins the
stimulatoorv effects exerted by thsc various

pharnuacoobogical agents studied on TNBS ins-
corporati(on, flue ratho of TNBS inscorporated
imstoo butanso mI-extracted monubranics relative

to pomstauio ol-oxt ractod menubramses was deton-

niimietii for each drug. A highs ratioo w’oousloi bo
tXl)tcted foor cO)fl5l)Oun(i(ls imuteractinsg Primar-
ily si’it Is prooteinu sitos, w’hscroas coompoounids

imstoract-itsg primarily with phoosphuohipid
should exhibit a ratio) coonsiderably less thans
1. ‘Flue results are sumnsarizc(i its big. 11,

ansd \Ig4� amid Zns� have bccms imscluded foor

thie sake of comparisoons. As has already beemi
ostablishued, the stinsulatoory effects oof Zms�

arise from initeractions with protcimi sites,

anud this is reflected ins a ratio very close to)

tinily. All the other coonspouunsds were chsarac-

terized by ratios coinssidcrably less thsams 1,
suggestinig varying degroes of piuosj)hio)lipid

insvolvemenuf ins the imsteractioons (of tisese com-

poumsds with the nuembranse. The act ions of
ebb orpronuazimsc, tot racainic, amid buitacai mie
scenucd particularly dependcnst uspoms imsfcg-

rity oof membramse PhuosPluoolipid-Prootcimu inter-
actions oni this basis.

n) LSCUSSION

Alt-Iso ough tho imsto#{176}ractions of smuall molt-

cults ansd ioolss wit-is biological nuenubramics
isas booms studied tusinig a variety of ajo-
proachucs-inucludimsg bimsdinsg stundios (20, 21),
miuclcar magnetic (22) ansd electrons paramag-
msetic (23) resonsanico, flunorescent probe ansaly-
sis (24, 25), amid erythsroocvte membrammo

stabilizations (26)-- if hsas gensorallv 110)1 boomi
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#{149}-‘--._,,___#{149} TETRACASNE/ � BUTACAINE

/#{149} - - - - ‘- - - � - - PROCAINE

XVLOCAINE

5 10

�I1hio rate and ext erst of triusitrophsensylafioomu
omf crythuroocvfe membranue amino groups by

trinsitroobenszenesulfonic acid (3, 27) ivas uuscd

too monitor alterations in membramie sf rue-
fuuro induced by thse binding of divalomif oat-

itomis. Mg� was found to cnuhanucc the incor-

poratiots �of TXBS (Fig. 1), ansd this effect
coiuld usot be attributed! to) iouiie s’trcuugthu

(l”ig. 2) oor to thue direct inufcractioons oof diva-

lemst catioonu with amiuuo groups or ivitlu the
TNBS molecule (Fig. 3). The effects of diva-

leust catioomus therefore seemed too bo exerted

at hue level of membratie struictusral (torn-

15 20 ponscnsfs.

‘Flue effects of a variety of divalenf catio)mss

cons emshuamscomcnt of TNBS inscorporatiom s
ivere exanuiusod, anud flue cat ionss foil iruto two

genscral categories. ()use gronup (Mmi��, Sr�,

� amsd .\lg++) required instegrit�’ of memsu-
branse phio osphuolipids for maximal stinsulations

of ‘FNBS inscorporationu (Table 1; l’igs. .0 ams(l
11). Tiso bimsdimig sites for these catiomnis ahool-

PROPRANOLOL

2
W i.s

I..
0

a

fl.0

.5

(I)

in

0
03
to
4

.7

OPH

5 10 15 20

CONC. (mM)
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CONC. ANESTHETIC (mM)

Ito. #{176}.).Effects’ oof local anc�s’thet irs (010 �fl coompmoroz -

tion of ‘J’.\llS ito-to) em?JthmOe!/t(’ ,toetombranc.s’

The local anesthetics iveme first incubated mu a

tu)t al vomluune of 2.9 nil, comitainiinig nsennbranes

(0.87 tug oof nueroubmamie proolein) anti Tris buffer,

p11 8.0 (6.67 mit), for 5 nsini at 37 ± 0.5#{176}.At zero

I imiie TNBS was atlded (final concenit rat ioni, 0.33

unit), amid lime inicoorpooratiuini ss’as nieasiureol as

olescribo#{176}ol h)mo’Vio0U5l�.

FIG. 10. Effeo’ts of pmoproi n oolool 01001(10 pheuo mIlhojo/auo -

tom (/)PJJ) 0)10 iuo(’oorpooratmoto of ‘J’.V115 ito too eri�bh-

moo qte ,tme,tmbmanes

Prelimni niarv i mioubat mu ni Co omo(li I ii mis ami(l the nuca-

sunensemit of TNBS imio’oon’poon’al ii iii wo’n’e I lie same

as desomibeol mi Fig. 9.

J)o)Ssibbt’ to) obtaius imifootusuatiommi siuuiulfatse-

ouslv regardimig thue chiomicab minut tire oof bind-

insg sites amid the coousstobueuicos of biusdimug ins

terms of perturbatit onis oof niouiibrauie proteins

amid lipid conspouseumts. Thse present study

rcprosonsts sins approachi to this probbem.
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Fut;. 11 . Ileloot inc .s’bittm nolatomy effects’ mof ran omo.s’

ooqetu Is’ oto 7’.\’118’ ito o’or poroit ion ito to loomton ol - a tool

�O’tOIO1 10(0! -o’,rtmaetco/ o’m!/t/mmuo(’!/te oomooombma to cs

Lxperiuiienil al details fo or I lie but :tniool amid

lionit aniol ext mart iomi 0 of orvt hsn’oio’yte nienibmanies
amid foom thio nieasun’eniemit of TNBS inicmorpou’atioomi

were t lie sanie as inn Fig. 5. All stubstamio’es tested

wem’e eo1uilibn’atod wit Im thin mnemoihm’amie extracts mi
Tris buffet’ fun’ 5 mimi it 37 ± 0.5#{176}pm’i�’ too I boo’

:ioloiit iooni of TNI3$. I )P1 1, oliphemivlhvdamil oimi
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ished by phuosplsolipase C (C. ot’elchii) treat-

ment should be largely thue plsosphso)ryl

groups of lecitluin (28) . Sialic acid carboxyl

groups (29) did nuot appoar to constribute

finmict ionsally importamit- bimsdinug sites for
thess’c catioouss, sinuce althuough the l)lut)sl)hst)

lipase C-treated membrauscs were depleted o)f
sialic acid (Table 2), the penutauuol- amid

butanuol-extracted nuembramses , which corre-

spomided to the unstreatod ausd phsosphsolipase

C-treated nsembranies, respectively, ins terms

of phsosphuolipid co)nstcnsf amid susceptibility to

I\Ig� stinuulationu of TNBS imscorporafiooms
(1”ig. 5) , luad idemutical sialic acid couutcnsfs

(Table 2). It should also be pointed auth thuat

the maximal incorporations 0)f TNBS insto
erythrocyte membranues seemed relativoly
insdepcusdo�sf O)f tise phiosphsolipid consfemst o�of
the nuembrant’, 50) that the auuuinso grooups of

l)1ucosPluatid�1serinso ausd I)luosPhuatid�’letluaniol-
anuiuse prt)bably did nuot coonut ribut o signsi Ii -

camutly to the incorporatiooms of TNBS.
Perhaps thue sinuplest imuterpretationi of

these catioous effects would be in terms of
charge tseutralizatioots, ivhucreims t hsc divalcnf

cation would insteract mi’iths phuoosphuolipud nscg-
ative chuarges, ahlow’insg great or accessibility
of ausionsic TNBS molecules too adjaccuit proo-

teins sites. If tisis were so, it migluf be Pre-

dicted tisat phuoosphsolipase C treat mensf
should cuihanuce TN BS iusco)rp(orations, ivlso reas

ins fact a drastic decrease ins TNBS imsco)rpo)-
ratiooms was observed. Also, nsoo appartnst
correlations was fooumsd betmveens pooh enst ial

nuembranse anuiousic binudinug sites anud the
stimulatoory offects of Mg�, whuichi, dcspife

conusidcrable differemsces ins siahic acid amid

phuosphsohipid coomutensts (Table 2), wore ro-

nuarkably similar ius the thurec different menu-
brane systems studied (Table 4 amid Fig. 7).
A strikinsg correlations was fouusd, hsomvovcr,
betwco-ms the phuosphuolipid to chuobesf cro oh rat ito

ius differenst membrane I)reParationus amid the
stimulatory effects oof Mg�, anid tisis sing-
gested that thse observed cations effects nuiglut
be mediated via coonsfigurationsal chuamsges ins

nuembrane phsosphuolipids, t lie l)huYsical st ate
of whsicls nsay be gooverused by thuc coonstenut

ausd dish ribut iots of chit olest oral w’ithsins the

membranse matrix (30). It is therefoore pro-
posed tlsat thse effects of Mg� amid thue

totlucr catiouss o�f this group arc best ratioons-

alizo-d in fernus of cati(ons-ituducotl abteratiomss

ins membrane phosphuolipids, whiclu ins turn

give rise to changes ins tlse structure (ansd
reactivity) of membransc j)roteinsS.

The other group oof cafiouss, eonu�)rusimsg
Zn++, Cd++, anud Ni++, the (-ifects of whuiclu
were largely unaffected by l)hsosl)hsooluboase C

treatment (Table I ams(l l”ig. 5) but mi’cre

abolished by sodiunu arsensite (Table 3), ar)-

peared to act by direct imiferactions with pro-
hems sites, probably via proximal l)airs of

proteins thiol groups ( 1 8, 1 9) . ‘Flue nuixed cf-
fects of Co� (Tables 1 and 3 ; Fig. 6) sing-
gested that this caticons sisared prooperties ins

common with bothu groups omf cations. �Fhiis
was significant, siusce (bo� cams substitute ef-

fectively for Zn�� at the active site oof cer-

fainu zinuc-conutaiuuiusg cmszyrnos (31 ) , buut Co+�
cams also insteract with the samo cathonu
transspoort svstens as \lgs’r ins E.so’Ioci’io’/ona (Oh

(32).

Susppo)rt for the validif\’ t)f thus fuinefionial

approachi to tlse niaturo Of uuienibrauso cat-ions-

biusdinug sites canic fu’onu thso fmnsdiuugs oof

Jac(obus anud Briorbev (33) , mvho by olirect

binsdinsg sfu(lies mi’cro a-bit too show t unit ins
heart mitochsomsdria )�ins�#{176},Ca+±, amid #{176}slg#{176}4
inst eract prefercust iahly w’ifhu phut 051)150oh pids,
whereas Znu++ insteract cd on man lv \Vi t is pro-

teins sites. Furfhuernuo ore, oour fiusdimsgs tisat

the cations activations patteruss observed ins
ervthsroc�t c momsubrausos socuu also rtj )ro stmst-

ative oof thue behsavioor oof two tot lien membranie

svstcnus examined (Tablo 4 amid! l”ig. 7) sing-

gcst tiuat thuc results oohtainsod here mmiv be
rclevaust too muiembrause lipid-j )ro )toins imst( rae-
hitotss ins general.

It was therefore particulamly sigmiihicaust

that chilorproonsazinse (big. 5) amid sos’crab

local ausesthuetics (F’ig. 0) were effoctive ins
sfimuilatinsg TN 135 imseo on’pooratio on mitt u ort is-
rocvto nuonubramses. ‘Flit inupoortausco oof’ mcmii-
branse phios1)hohipid imitegrify 1mmthso modia-
f-ions oof these effects (Figs. S and 11) suII)I)oorts

Pu’oPosals I hat chlorpronsuazi mie amid it )cal
atuesthuotics arc capable of inst-tract i mig witis
membranse phuoosphuolipids (34, 35) anstl imi(li-
cat os thsat- biuidimsg oof thsese moolcculcs imsoluces

perturbat ionus its nsoussbransc lipi(l antI no)t t its
conspo ouseusts. The greater affiusit-y oof clulor-
pronuazinse (haif-nuaximal effect at 0.3 usumi)
consparcd wills calcium (hsalf-uuaximai o fleet

at 9 numi) for mcmbrausc phsosphsolipids is eons-

sistenit. with t lie oobservatioous t hat chsioorpro 0-
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niazimso, at co omico nit rafionis betweens 0. 1 amid
1.0 nun, is ablo too displace Ca�� boumud too

crythsrotvt 0 must nsibram its (36) . The order of
effcctivo no ss oof It meal anscsfhsetics ins stimulat -

mug ‘FNBS iIseoorpoou’afiooms (tetracainsc > buta-
cainse > J)n’�cainio) is also the order of �)otenscy
of these c(ouupoouui(ls ins coagulatimug cephalinu

sols and as boocal anicstluetics in vivo (34).
Ins attoniptimig to correlate the effects oof

thu phsarnsacobogical agensfs 0)15 TNBS incoon-

P#{176}omat it onm is’ithi t heir pharmacological lro oper-
ties, it �u’as Pertinsenit to) consider whsethser

thso nsiolocuular features determinuinug activity

ins limo TNBS model system corresponded to
thooso t’tspt)Iisiblo for thie local anesthetic ac-
tivity omf these et)mpoounsds (36, 37) or for
them’ nsiembranse-sfabihizing properties (26).

‘T’hio ta(t thiat ahiphatie alcohuols, whichs art�

knsowmm to act as nssensbranse stabilizers, did
msoot affect TN 135 imscoorpooratiots cover a wide

ransg 0 of co omseomif nat ii otis w’ould suggest thsat

thseno miiav ho a coorrolations betwcenu flue loocal

amsost hot it Pt’t oI)trfi(S 0 of these agenuts amid

t-hsein’ ability too stinuulato TNBS inscorpoora-

t itoms. l”u nt iso n’niuo010, h-lie lo meal amscsthuet ic ac -

tivitv i of t host co ornpoounnsds max’ ins tusn’ni ho’

rolat(tl too thom ability too insduce pcrtusrba-
tiomss mi nuuonubnanse structure by inst-eractiusg

with 1)1st051)110 ihipids, ani(l I-ho- diffcrcnsces its

thso pm’ooptntits of aleoolu(ols anud loocal anscs-
tisotics as nusamsifested here may bo nelevamsf

to) the proojoosed diffeu’ensecs ins the unechsanism

oof act it ins of gcmiet’al ecomparcd with hiocal

amsosfhsotics (38).

l”iusally, nnomitioonm nsuusf be nsade of thse
fuimictio omsal sigmsificamieo oof thse proop(oscd linuk
betw’ooms nsemubnause phsoosphsoolipid st ruct nra!

altorat ionss amid proteimi St ruict-ural altoratiomss
as described huere. Alt-hsounghu direct expeni-

men it a! evidcusee has gcnscrally been backinsg,
the existonsco oof suehu a fumsetionual link, whicls,
fo)r exauusple, coould ensabbo cation movensenuts

acrooss uusensbransos to be co)upled too cnszv-

uuatic pro)eoss(s withuims h-hue membranuc, has

been inuplicit ins nsost tiucories of excitati onu

ansd active cafions tramssj)ort (39, 40). TIse
presenst- studios hsave j)rovided evidensce for

such a funsct-iooniab limsk betweens membranse

hij)id anud Proottius coonupoonscnsts ansd offer a

nsolccular appl’o oachs which may cvenst ually

ensable thue imstcrrelatioonsshuips betweens menu-
brausc structural ctomTspOnscmsts too be ansalyzed
ins ftiuuefionsal tennis.

At ‘K N owLEnuGmm E NT5

\\Tt ivish I mm (‘xpm’ess 001mm’ gnat it mob’ I im I )m’. 1�.

l�ioiifoogalis fun’ proovidinig the braimi mmsio’n’ousoonies, to

\Im. I ) . Seven’soomi for pme�amn tog I ho skelet al mnuso’ie

l)lL5115tt moiemiuh)m’amies, ami(1 fimiallv to I)m’.C;. I. I)mtuimi-
misomid fur his initem’est amid om’itio’al ovalomat iiimi (of

I his Iiiamiilso’ril)l
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