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This study represents aim immquiry imuto time’ niole’cular meclmamuisnus where’by time interaction of

divalent cations ammd certain cationic drugs mvith time e’rytlurocyte me’mbraiue produces a
marked imme’re’ase imi the moidificatiorm of membraime amimmo groups by t.rinitrobenzemie’sulfonate

(TNBS). A mechanism based on simple neutrahizatioim of membrane anionic sites by acti-
vator cations mvas umutenable because the inucorpolration of picryi chloride, an uncimarged
amualelgue of TNBS, mvas also marke’dly increased in the presemice of magnesium or chlorpro-
mazilme’. Rathie’r, it is sugge’sted that the ilito’ractiomm elf activators smith mernbrani(’ com-

ponemmts induces configurational changes ms-hicii alter time accessibility and/or reactivity of
membramme prelteili amid phosplmoilipid amino groups. These configuratioimal ciualmges, mvhich

miere foulmd to reeluire’ the integrity of both polar and imonpolar regions of phospiuolipids, may

involve alto’rations imi memhrtimme hydration follow-ing charge imeutralizatiemn. Time specific
membramie perturi)atiomus iiuduce’d by individual activatelrs hmave been analyzed in terms of
effe’cts (Ifi time’ activation emmergy felr TNBS ine’orporatie)mu and also in terms of TNBS labeling

pattermms of nuembraime proite’imm amid lipid componemmts cimaracteristie elf time’ particular omit ionic

activator.

I NTRODUCTI ON

Charact e’rizatiomi of t lie effect s of phammmua-

cological age’mmts at the’ level oif nmemmubrane’
structural components is mmmi essential pre-

mequisite tel the unmderstanmding of the nmolecu-

lar mumechammismums by mmhich drugs alter the

functional properties (If i)iologie’al mmmenu-

bramues. 0110’ approaciu to this prclh)le’mui hi-

voives the use of specific chenuical reagents,

mvhelse rate amid eXtelmt elf imucorp(Iratiomi immto

nmenmbrammes is nmarkedlv imifluemmced by phar-

This work was supported by the Medical lie-

search Coummcil of Canada.

mmmacoleigical agents anmd divaleimt cations

svluich presuimmably alter the conmfigurationai

state’ (If nmenmbrane compomie’mmts. We have

reeenmtlv simelsvmm tlmmmt the’ inmcorporation e)f

trinmitrol)(’mmze’nmesulfe)mmic acid . aim amumilmo grout)-

specific re’agemmt, imuto erythmrelcvte mmmemuubranmes

is enmhaimce’d i)V divalemmt catiomms such as

� Ca�, � ammd �Imi�, mmmcl by a

varie’tv of phamnmacological agents j)ossessing

leical ammestimetic activity, imicludimug tetra-

camimo’, chloirproimumazinie’, arid proprtmnoIlo)l (1).

The’ dot muile’d imuolee’umltir mmmeehammismums wimereby

time’ immt(’racti(lim eif drugs arid divalenmt cations

mvitim the’ nmm(’mmmi)ramme le’ads to imie’re’ased tn-
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nitrobenzenesulfolmate incorporation and the

possible relevance of these effects to time

pharmacological properties of the nuolecules

jIm question have Imot yet been clarified.

It has been shoms-Im that stinuulatory effects
require the integrity of menubratme anionic

phospholipid sites (1). The fact that all

agents thus far slmomvn toi be capable of in-

creasing TNBS’ ilmc(IrpoIration are cationic

and that the TXBS mellecule itself is amuiomuic
suggests the possibility that e’imhancenuent of

TXBS labeling nmay result fronu iuonspecific
charge neutralizatielmi , mvluich ssould facilitate

the access of TNBS to mmmembramme sites of

attack. Additionally, or altermmatively, the

binding of cationic activators to nmembrane

anionic sites nuay induce configuratiolmal

changes mvhich increase the accessibility

and/or reactivity of menubrane anmimmo groups

tomvard TNBS. Such configuratiormal changes

might be triggered by alterations in the hmy-

drational state of charged membralme sites

follomving charge Iueutrahzation arid could be
mediated via nonpolar compoimeimts of imueni-

brane lipids to membralue proteins. One of
the objectives of the present study, therefore,
mvas to examine the possible role of charge

neutralization, hydrational alterations, arid

nonpolar membrane components in the mcdi-

ation of the stimulatory effects of drugs arid

divalent cations on TNBS incorporation

Finally, in view of the chrornophoric prop-

erties and stability of incorporated trini-

trophenyl groups derived from TNBS, the

effects of activators on TNBS labelimig pat-

terns of membrane proteins arid lipids mi-crc

investigated as a chenuical approach to the

characterization of the perturbational effects
of cationic activators oii membrane struc-

tural components.

METHODS

Membrane preparation . Erythrocyte mumemum-

branes mvere prepared from outdated blood

bank blood stored in acid-citrate-dextroise

by stepwise hypotonic lysis in NaCl follosved

by a wash mvith 10 mit Tris-HC1 (pH 7.4),

using the methods described earlier (2).

Measurement of TNBS incorporation . Ex-
penimental conditions for the determimmation

1 The abbreviation used is: TNBS, trinitro-

benzenesulfonic acid.

of the rate amid extemmt of TNBS inmcerporatiomm
into erytimrocvte mumemmubramme’s mvere esso’imtially

the sanme as those described in do’tail mm oiur

Previous study (1). Briefly, nmemmmi)ramic’s mvere
incubated at 37#{176}± 0.5#{176}in the presemmco’ oif 1.0

ml of 20 nmin Tnis buffer (pH 5.0) imma total
volumume (If 2.9 imul. Time reaction ms-as immitiate’d

by the addition of 0.1 nul of 10 nu.mi TXBS so-

lutielIl (iH 8.0). IRe’action tirumes for rtite

rneasurenmenmts iii the pre’se’mmce’ emf activmito)rs

smere’ usually 30-60 see’, ivimile thoso’ fell’ tinme

course e’xpe’rinmemmts timid for rate’ immeasumo’-

nmemits in the al)semieo’ of tietivatelr’m sio’me �

siderablv lommge’r ( 1 5-GO imuimm). T�o’tictiomms

sve’re ternmimiated by the’ tielehitiotm of 2.0 mimI elf

a. 1 : 1 mmmixture of 1 in HC1 minueT 10 #{182}�soieliummm

dodecyl sulfate, amid time’ extent of tmimmitro-

phemmylation sm-as expressed as time’ absorb-

ammce at. 335 mmmii per mmmilligranu emf imue’mumbramme

j)roteirm.
Hexane extract iou. (if macmit branes. i�\lemum-

bramme susl)e’mmsiomm (5 mmml, e’oritaimmimmg 15-20

nmg (If rmue’nmbramme l)rote’imm) ms-as freeze-dried,

amid time re’sultimmg dry re’sidue mi-as extracted

mi-ith 5 nml ef hexanme’ at. - 20#{176}for 5 nmin. The
m(’nml)rane’s msere re’e’olvcre’d by cenmtrifugatiomi,

usimug a climmicai cemmtrifuge’, arid the extraction

could lie’ repeated as oftemi as required tei

achieve the desired decrease’ in rumembramue
cholesterol. After time final extraction and

cermtnifugatiein, the lmmeimui)rarmes sverc freed of

residual hexamme umider vacuunm amid resus-

peimdcd imi svate’r tit the’ original volummme (3.0
nml) frommu mmhich tiue’y sver(’ derived.

Enzymatic treatment of ineimmbraioes . Treat.-
merit (If nue’nmbranes mvitim phospiuohiiiase C

(Clostridiuni welch ii, Signma) mias carried out
exactly as described previously (1).

Phospiuolipase A tre’atmmment of nuenubranes

smas carried out as follosvs. A solution of

phmelspholipase A (�Vaja naja vemmommu, Signua)

(10 mmmg/nml) mi-as heated for 10 nuin at 70#{176}to

destroy protease activity. Menubranes (2.0

ml) mi-crc tiue’mi imicubated for 15 mm at 37#{176}±

0.50 ili time’ iresemmce of the heated phospho-

lipase A (0.1 nul), 8.0 rmul of CaCI2 (20 iuuii),
arid 2.0 nml of Tris (20 nun, pH 8.0). The re-

action ms-as terminated by time addition of a

10-fold e’xce’ss of EDTA (4 mit, pH 7.0).

�remiirarmes mi-crc isolated by centrifugatiomm

at 30,000 x i, alud mvashed once mvith 20 ‘muir

Tris (1H 8.0). 1mm e’xjx’mirimo’mmts in smhmicii time
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effe’ct of removal of phospholipase A reaction
products by bovine serum albumin svas cx-

amined, phospholipase A-treated nuembranes
mvere mvashed three tinmes miith 1 % bovimme

s(’rumuu albumin (fatty acid-free, type F,
Sigma) at room temperature, and this mvas

folleisved by three mvater mvashes to remove the

bovine serum albumin.
Erythrocyte nuembramues mvere treated mvith

trypsin 37#{176}± 0.5#{176}under the follomving con-
ditions. The membrane suspemmsion (2 ml)
was combined with 1 .5 ml of a solution of
trypsini (bovimme pancreas, type III, twice
crystallized, Sigma) (30 j.ug/ml), and the
mixture mvas incubated for 15 mm. Mem-

branes mvere isolated by cemmtrifugat.ion as

usual.

D20 studies. Membranes (usually in 2.0-
or 5.0-numl portions) mvere lyophilized to re-
imueive svater as completely as possible’. The
dried material mvas then dissolved imu D20
(99.8 % D, Stohier Isotope Chenuicals,
Azuza, Cal.) and incubated for 30 iuuiri at

room temperature. �sIemuubrane material mvas
isolated by centrifugation, washed OliCO mvith

D,O, and finally brought up to the original

volume (2.0 or 3.0 ml) mi-ith D20. Control
memmubranes mvere prepared iim e’xactly the

same manner, except that H,O was substi-
tuted for D20. In TXBS incorporation stud-
ies, time components of the reaction medium,

including Tris arid the various cationic ac-
tivators, mvere mumade up in D20, mvitim identi-
cal eiuantities of material i)eing mveighed out
and dissolved mi 1120 for conupamative pur-

hoses. There mm-as sonic difficulty iii deciding
svhether time effects of H20 and D,O should

be comumpared at equal “pH” values (that is,
as indicated by the pH meter readimmg) or at

a pH equal to time pD value, since it is knomvii

that pH amid j)D differ from each other by
0.4 unit (3). The problem mvas resolved by

perforimuing experiments uiude’r both coiridi-
tioims (that is, at pH values of 7.6 amid 8.0, amid

at pD values of 8.0 aimd 8.4).
Solubilization al(.(l �el filtration of labeled

membranes. To estimate time effects of acti-
vators on the distributionm elf trimiitrophemmyl-

ated derivatives amumeimmg various menubrarme

components, erythrocytes mvere labeled to
approximately the sammme de’grce Hi 1)0th time

presence arid absence of activators of TNBS
incorporation. This ivas achieved by varyimmg

reaction times anud/o Ir activator concentra-

tions such that ultimately membranes with

the same absorbance at 335 nm per milli-
gram of protein mvere obtained whether or not

activator ms’as present, arid regardless of the
nature of the activator (Mg++, Zn++, or

chiorpronuazine) . This procedure mvas adopted
so that any differences in the nature and cx-

tent of labeling of membrane components

could be attributed solely to the nature of
the activator arid riot to the extent of in-
corporation of label.

Membranes mvere immcubated mvith TNBS

under the usual conditions, and mvhen the

desired degree of labeling had beemu attained

the reaction was terminated by the addi-
tion of 1 �.i HC1. Menubranes mvere isolated

and mvashed free of unreacted TNBS by
centrifugationm. Labeled membranes were
solubilized prior to gel filtratiomi in one of
two msays. In the first procedure, muuemnbranes
mm’ere dissolved in 1 % sodium dodecyl sulfate
containing 0.02 % sodium azide. Samples
svere then centrifuged at 40,000 X �j for
10 mm to remove residual undissolved ma-
terial (the amount of mvhich mvas usually
slight). The superniatant fluid was then
applied to a column containing Sephadex

G-200; elution mvas carried out with 1 %
sodium dodecyl sulfate-0.02 % sodium azide.
Alteriiat.ively, membranes mvere solubilized
by Oberly and Duncan’s (4) modificationi
of time method of Lemmard (3), i.e., by exten-

sive dialysis (36 hr) at 4#{176}against 5 mm

EDTA-5 mu nuercapteicthanol, jill 7.5, fel-
lowe’cl l)y additiomi of sodiuni dodecyl sulfate

(fimial concemutration, 3 %) to the dialysate,

and finally imeatiiug at 100#{176}for 3 rain imm

order to conupletc disaggregation. Follosm-imug

centrifugatiomm at 40,000 X g for 13 mini, the
supernatant fluid ms’as applied to a Sephadex
G-200 column arid elutionm ms-as perfornued
mvith 1 % sodiummu dodecvl sulfate-S iuumn
EDTA-0.05 ii ammonium bicarbonate-

0.02 #{182}‘�so)diummu azide, pH 7.4.

P/i c)sp/lol ip i(l e.vtract ion and analys is. Mermi-
branes (5.0 imul) mi-crc incubated with or smith-

out TNBS in time usual rcactioim nmediummu mm-

til the’ de’sired degre’e’ eif labelimig had occurred

in TXBS-commtaimiing samples. Following
additiomm elf 25 ml of 1 ii HC1, sanmpl(’s sm-crc

ccmmtrifuged at 30,000 X g, arid the resultimig

po’lle’ts sie’re mmmishied tim-ice smith miater and



iIEiIBRANE-PERTURBATIONAL EFFECTS OF I)RUGS AN!) 1)IVALENT (‘ATIONS SOS

isolated by cenmtrifugatiomm. The menubrammes

theim msere extracted miith 2-propanol (1 1 imul)
for 1 hr at room temperature, alid follosmiimg

this chlemroform (5 ml) ms-misadded to the nuix-
ture. Afte’r 1 hr at roommu temperature, sam-
plc’s mvere centrifuged in a losv-speed centri-

fuge, amid time resulting supernatamit solu-

tioliS sm-crc svashed tim-ice svith SO mmmii KC1
(6). Butylated hydroxytoluemme mvas added to
each supcrnatarmt fractiomi (fimmal commcemutra-

tioin, 0.01 o�), timid saniples ivere their coimcemm-
tmated t(i a fimmal volunme of 2.0 nil under

vacuummm at rciom tenmperature. The phos-
pimolipid mumixture mvas resolved by thimm-layer

churonuatoigraphy on coated silica gel F-254

plate’s (Brimmkmumammmm) activated for 30 mmmimiat

1100 prior to use. Tue solvent systenu comm-

sisted of clmloroformui-methamuol-coimcemitrated

ammuiumomuia (14:6: 1). Spots were’ visualized

either directly (in the case of TNBS deriva-
tives, mviuich ssere yelloss) er follosiimig cx-

posure toi ioidiime vapor. Lipids contaimminig
amuimlmo groups mi-crc localized by spraying time

plates ms-ith rmirmhydriim, amid immdividual phios-

pheilipid spots ivere ide’nmtified as described by

W’immterbourn amid Carrell (7).
C/menm ical analyses. Protein contents siere

deternuinmed by the nmethod of Lomiry et al.

(8), usimig bovimme serurmi tilbumumimi (Armumour) as

standard. Phosphohipid mvas estiiumated by

Bartlett’s iumethed (9), arid cholesterol by

the nme!thuod of Zak ci al. (10). Time proteo-
lipid commtemit of clmleiroformmu-2-propanmol cx-

tracts of mmmemimi)rarme’s mVas nmetisureel as de-

scribeel by Lees and Paxmumaii (1 1).

RESULTS

LJTe(’ts of nieiiibi’ane c/wlesteiol clepletioll.

Iii vieim of time’ apparenmt correlatie)ni mmhuicii

had pre’vieusly been founmd betsseemi catioim-

stinuimlatorv e’ffects on TNBS immcorpolmat.ion
amid time phospimolipid tel chuolo’sterol ratio mu
differe’nmt ,mue’nubranme preparations (1), time
effects of hexarme extractiomi sm-crc examilied.
This solvemmt preferentially depletes mmmcmii-

brammes of cholesterol as conupared mvith pimos-

piuohipids. The results in Table 1 inmdicate
that removal of up to 75 #{182}�cof the nuembrane

cimolesterol had virtually muo effect omi the

stiniulatory prelperties of � Zn++, or

chlorprommuazinmc ss-itlu re’spect to TXBS irucor-

porat UlIi.

T.�nom.m.: 1

Effects (If cholesterol extraction oh mmicorporatiomi of

T_VBS i mi to erijt/os�mcqte mmoemmol)ra mice

Activator Concentra- TYIIS incorporation rate
tio)fl ��--�--� - ---

Control’ Imexane-
extractedb

,fl ion .1 aa, � iou,,. mg protein

Mg�� 1 e).087 0.108

5 0.372 0.359

le) 0.468 0.466
20 0.727 0.740

:30 0.857 0.861

Zmm� 0.5 0.182 0.152

1 .0 0.27:3 0.238

2.0 0.304 0.295

5.0 0.40:3 0.462

Clmloirpronmmtzimie 0 .05 0 . 074 0.090

e). 10 0 . 1:34 o . 152

0.20 0.17:3 0.224
0.40 0.61() 0.682

0.60 1.165 1.184

a Cimenuical (‘(Immiposit ion : oiioilestenol , 259 �..og/

immgof protein; 1)hoospholli1)id, 616 �.og/nmg.
b Chemical c(Inipositiomi: cimoilesterol, 66 �g/mng

of protein; phospholipid, 581 �tg/mug.

P/i osp/t olipase ,4 stu(lies. Treatimuemmt of

erythurocyte rumembraimes svith phospimolipase

A, mvhich is knomvli to hydrolyze fatty mmcid

ester linkages prinuariiy at the fi-positiomi of

phospimolipids (12, 13), svould be expe’cted to

cannse extensive perturbation of time �mormpoiar

regiomms of pimosphuolipids. The effects of phios-

pimolipase A treatmemit on Mg++ and Zmm�

stinmulatioim of TNBS immceirporatiomi mime

slmomvn in Fig. 1. TIue fimuding that time’ stiimuu-
lat.ory iroperties of Zn++ mvere virtually tin-

altered, mihereas those of Mg� mvere mark-
edly affected, is commsistemmt mvit.im time results
of our previous studies svitim Phosl)iuoliPase

C, sihich sluoimed that 1\Ig++ stirumulation (mi
contrast to the effects of Zmi+j reeiuired the

integrity of nienibranie phospholipids (1).

The actiomi of pimospholipase A results imi
the fornuation of lysophosphatidyl corn-

poummds and free fatty acids, both of svhieh
temid to remain associated mvith the mmmcm-
branme (14). Such nmernhranme-bound fatty

acids might form a ness- class of menmbrmmne

cation-biimdimmg sites. The possible role of such

groups in the dimmuimmished re’sponsiveness of
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FIG. 1. Effect of phospholipase A trealmemit on stimulatory effects of divalemot catiomis on TNBS imicorpora-

tiomi

Two milliliters of membrane suspension, 0.1 ml of heated phospholipase A (P Lipase A) solution (10

mg/nil), 0.8 ml of CaCl2 (20 mM), and 2.0 ml of Tris (20 mis, pH 8.0) were incubated at 37#{176}± 0.5#{176}for 15

mimi. The reaction was terminated by the addition of 10 ml of EDTA (4 mis, pH 7.0), and the mixture was

centrifuged. The pellet was washed once with 20 mis Tris (pH 8.0). The final pellet was resuspended in

2.0 ml of H2(), and 0.2-mi aliquots were assayed for TNBS incorporation in the presence of Mg++ or

Zn�, as described in METHODS.
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FIG. 2. Treatmnemit of comitrol amid phospholipase -t-treated mnemnbraioes with bovine serummi albumin; effects

on � stimulatiomi

Membrammes were treated with phospholipase A (PLA) as inmdicated mm Fig. 1. They were then washed

three tinmes with 1% defatted bovine serum albumin at roonu tenuperature, and fimially three water washes

to renmove the bovine serum albumin were carried out.. Menubranes not treated with bovine serum al-

bumin were subjected to the three water washes as well. After these washes all membrane samples were

resuspended in the sanue volume of water, and aliquots were assayed for TNBS incorporatioin in the

presence of varied concentrations of Mg�#{176}.

806 GODIN AND WAN NG

phospholipase A-t1�eated membranes to Mg�
mvas examined. Figure 2 illustrates the effects

on Mg�-stimulated TNBS incorporation of

removing membrane-bound free fatty acids

by means of extensive washing with fatty

acid-free bovine serum albumin (15). The
phospholipid and cholesterol contents of
phospholipase A-treated and bovine serum
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TABLE 2

Cheat ical comnpositiomi of phospholipase A -treated

amo(l bovine serumni albu,nimo-washe(l

erylhrocyle membranes

Details concerning phospholipa.se A treatment

and BSA washing are given in the legend to Fig. 2.

Treatment Phospholipid Cholesterol

�ig/mm:g protein

No BSA
Control 28.6 201

Phospholipase A 26.7 216

BSA-washed
Control 25 . 9 204

Phospholipase A 19.7 203

TABLE 3

Eadie plot amialysis of JIg�#{176}�stimulatiomi imi phos-

pholipase A- amid bovimoe seruno albumimi-

treated membramoes

l)ata were obtained fromn Fig. 2. � amid Kdo,8

values were evaluated from the y intercept anmd
slope, respectively, of regression lines derived

from data expressed in the form of Eadie plots by
means of a Compucorp 140 (Statistician) cal-

culator.

Treatment vrnax Apparent
KdI,,

A355/min,/,ng
protein

in M

No BSA
Commtrol 0.417 7.4

Phospholipase A 0.127 6.0

BSA-washed
Control 0.413 5.0

Phospholipa.se A 0.195 4.1

albunnin-mvashed mumemumbrammes tire’ show-n in

Table 2. It is clear that nminimal alterations

in me’rnbramie ceimiupolsitioni aecommupammied these’
proce’dures. The data in Fig. 2 svere celnverted
to the form of Eadie j)Iots (16), from mm’hich

Tmax and apparenmt KdI,, values could be ob-
tamed. This informumatioim is summarized in
Table 3. It inmdicates that the main effect of

phospholipase A treatmuucnt mvas on the Uniax

value rather thami on time apparemmt ‘�di.;�. � and

also that the effects Of the phospholipase’ mmre

probably hot ininiediatelv attributable tel the
liberation of free fatty acids withinm time mmmcm-

branme.
Studies wit/i picryl chloride. The fact that

integrity of mueinmpolar lipid regiomms of the

erythrocyte mumembrane seemuus to) be required

for Mg�� stimulation ef TXBS incorpora-

tion provides evidence that time mechanism
by mvhich cations stimulate immcorporatiomi is
probably more commuplex than sinuple charge

neutralization resulting in enhanced accessi-
bility of the anionic TNBS molecule. Addi-

t.ional information on this possibility was ob-

tanied by examining the behavior of picryl

chloride, an uncharged analelgue of TNBS,
which also forms trinitrophenmylated deriva-

tives of membrane amino groups (17). How-

ever, unlike TNBS, the imicorporation of
picryl chloride should be iimdependenmt of

possible electrostatic barriers.

The effects of Mg� aimd phospholipase C
treatment on the incorporation of picryl
chlelride and TNBS into erythrocyte nmem-

braimes were compared directly under identi-

cal experimental comiditions. The data are
summarized in Fig. 3. The reaction of picryl

chloride with the nuenubramme was more rapid

than that of TNBS, presumumably as the re-

suit of greater ease of permumeation of picryi

2

I-
0
a
a
at

E

I.
FIG. 3. Imicorporatiomo of T.VB�S’ amid picryl chlo-

ride (PC) imoto erqthroc!Jte mmoemnbramoes; effects of

Mg+± amid phospholipase (�‘ (PLC)

Reactioin mixtures couisisted of 0.2 miii of imiem-
brane proltein, 1.0 nil of 20 nun Tris buffer (pH 8.0),

divalent catiomi when imidicated, arid water to a

final volume of 2.9 mmml.Reactions were initiated by

addition (If 0.1 ml oif TN1IS (20 mM) imi water or 0.1
ml (If picryl chloride (20 mum) in ethanol. Ethanol

was shown t(I have tin measurable effect on the

TNBS reaction, even at higher co)ncemitratiomis

than those employed in the l)icryl chloride experi-

ments. The reactions were st()pped using HC1-

10��( sodiunu dodecvl sulfate, amid absorbance at

335 mini mm-as determined as described in METHODS.
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FIG. 4. Imicorporation (If T.VBS and picryl chloride (PC) i nto eryt/oroc!Ite mmiemmibra,ies; effects of (thom-

promazimie (CPZ) amid phospholipase C (PLC)

The rmmctho(lo)logy used in these experiments was exactl�- the same as thmut described in Fig. :3.

chloride (17). Hosveve’m, time effects of Mg�

and phosphohipase C treatnuenit (cam both

unstimulated and i\Ig�-stimulated activi-

ties) were qualitatively similar for both

TNBS and picryl chloride, although quari-
titatively these effects im-ere mumost muuarked itt

the case of TNBS. The effects of chlorproma-
zimie on inmcorporationm of both substances svere
studied. The results in Fig. 4 shomv an en-

hancement by chlorprelmazine in each case,

and a decrease in this stiiuiulatory effect fol-

losving phospholipase C treatnm(’nit.
D,O SIU(lieS. On time basis of the foregoing

results mvith picryl chloride, it seemed that

sirumple reimuoval of electrostatic barriers tei
TNBS as a result of cimarge mmeutralizatiomm by

cationic activators mvas iniadequate to explaimu

the enhtmmme’o’mmment in incorporat.iomi. Time possi-

bihity that charge mieutralizatioin by activa-

tors mighiut lead to structural rearrammgcme’mmts
as the resttlt of alteratiomis mmthe huydmational

state of memumbramme colnmpe)mients see’muued to
merit. inmvestigatioui. This hypotiue’sis svas

explored by studyimig time effect of substitut-

ing D20 for H�O Oh TXBS incorporation amid

its stinumulation by catielnmic activators. Arm

inuportant conmsideratiomm mm such sttmdie’s is
time choice of time pH or pi) value at svhich
reactions are to be camricd out, since p1) =

PH + 0.4, sviiere pH is time pH nieter readimmg
(3). BecauSe it mvas mmot clear mvhether corn-

parisomis should lie made at e’qual pH values

(as indicated l)V pH mmme’te’r reaehimmgs) olr at

T.ithLE 4

Effect of 1120 (hid D20 om, initial rate (if 7’.\�f�t,S

i mocorpora t iOn

AIt(1htOt S (5.0 ml ) (If iiiet�hrane SttSl)(’IhSiUml i�o�’re

freeze-dried to remove mus mitch 1I�O as possible.

‘Flu’ dry r(’sid(te Was t Iit’mi suspemtded i mi 1 )2(), ItIt(l

the mmiixttnre was allowed to stand at room temu-

peratutre for 30 mimi. hollowing centrifugation, the
nio’miibranes were resuspended in 1)2() (5.0 nil) anti

tussmuyed for �FNBS in(’oorporationi in muI )�( ) reactioIn

nio’di urn ci ito I muimti mig 1 .0 nil of ‘Fris buffer i ii I )2(

(20 mit ) of Iul)proli)rimute ph as (leso’rihe(l in mnt;TH-

011)5. St otoimes i n 112( ) were l)erfornied ion miiemnhrtunes

treated in ami identical Inanno’r, cx(’eI)t that 112(

replaceol 1)20.

Sample Solvent ph �D Rate of TNIIS

incorpora-
tion

Untreaied lI�0 8.0

Freeze-dried 1120 8.0

Un t real ed I12() 7 .6

Freeze-dried 112() 7.6
Freeze-dried 1)20 8.0’
Freeze-dried 1 120 7 (i’

.�l:�:o mg

protein hr

0 . 004±0 . 019

0 . 094±0 . 016

0.079±0.024

0 . 072±0 . 012

8.4 0.08:3±0.021

8.0 0.082±0.026

a � nieter reading (If 1)20-Tris buffer; time pl)

value wtus obtaimied froni t his re2udimtg I�m- addimig

0.4.

eeiumil pH amid pi) value’s. both conmparisons

mvere nitmde.

It is cl(’nur fmommm time’ data mmTable 4 thtit
rej)lacemmiemmt (If H2() by D20 had virtually
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Fm;. 5. Effect of D20 omo catiomi-stiniulated imicorporatiomi of TNBS into erythrocyte mnembramoes

In each graph the two upper curves c(Irrespond to pH meter readings of 8.0, arid the two lower curves

to pH meter readings of 7.6. Membranes were freeze-dried and resuspended in 1120 or 1)20 as described in

Table 4, amid nueasurements of the rate of TNBS imicorporation were made on time basis of 30-sec reaction

times, as described mmMETHODS.

Conditions Apparent

(‘atiomi: :\[g��

lull 8.0
1)1) 8.4

pH 7.6

miL) 8.0

Cation: Zmi++
pH 8.0

p1) 8.4

1)H 7.6

p1) 8.0

lot_ti 133�/mmzin/ (P;,

mug protein

7.6 0:325
6.3 0.2e)s 36

15.5 0.219
11.7 0.140 36

1.4 0.411

1 .6 0. 196 53

2.3 0.218

1.2 0.084 62
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no effect on the tinme course’ of TNBS in-

corporat ioni . Hosvever, the st inmulatory effects

of �1g amid Zrm++ (In immcorporation were al-

tered imi the pre’sence’ (If D2() (Fig. 5). In

both cases, svhether effects svere commupared at.

equal pH values or at pH = pD, the substi-
tutiomi of D20 felr H20 resulted imu a de-
creased rate e)f immcorpe)ratie)mm. Eadie plot

amualysis of eationm stilumulatie)mm imidicated tiummt

time effect of D20 mi-as to) decreac time maxinmal

velocity mvithout altering the apparemmt dis-

sociatiori conmstaiit for the catiomm (Table �).

The decrease in V,,ax produced by D20 rela-
tive to 1120 for each cation appeared rela-
tivclv independenmt of pH or pD, mumel scenumed

to) lie different for Mg�� amid Zmm��.
Teniperature (lepen(lellce of T�VBS in -

corporation. . Almother approach to st.udyimig

time effects of activatelr cations Olli mmmembramme
configuratiomi mm-as to immve’stigate their effects
(Iii the aetivatioim eniergy for TNBS imicorpe)-
ration ilitdI e’rvtiirocvte mumembraimes. The re’-

suits of such a study arc shown iii Table 6.

Perturbatiomi of memumbranme phosphohipids by
phospholipases A e�r C had oimly a Imuimior

effect on time temperature de’pendelmce of unt-

stimuuulated TNBS imicorporatiomm. Iii comutrast,

activation (If TNBS immcorporatioimm by nuag-
nesium or chlorprolmuazine mm-as associated

with a substantial decrease inn activation

(‘Imergy relative to the unstinmulated situa-

tio)ni. This ability of mmmagnmesiunm1 amid cimlor-

TulLE 5

Eadie plot amialysis of comocemitralion (lepemidemice of

cation stimulatiomi of T,VBS incorporation imi

presemice of H20 amid D,O

The data were obtained from Fig. 5. Vz,,ax and

Kd18, values were evaluated from regression lines

derived fronm Eadie plots, using a Conmpucorp 140

(Statistician) calculator.

1.!!,ax Decrease
in �

caused JIV

D20�

iir� Imliazimie to de’cremise’ t hue activatieom enie’mgy
of TNBS immcorl)oratiomi ms-as tibeilishme,d by
pimospimolipase C treatnucmit of time mnemmi-

branes. The decre’ase mi activa.t.iomm emmcmgy

produced by mmmttgmme’siurn seenus particularly
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Effects of phospholipases, activators, amid
solubilizatiomi on activation emiergy for

TNBS imicorporatiomt

Temperature dependence st tidies were 1)er-

formed at five different temperatures mm the range

17-45#{176}on a nuinimum of two, bitt usually three,

different menubrane preparations, and in each case

activation energy figures represent the average of

six to eight separate experiments. Membranes

were treated with phospholipases as described in

METHODS, and solubilization of membrane proteins

with butanol or pentanol was carried out. as de-

scribed in ref. 1. The final concentrations of acti-

vators were: MgCli, 1 mlum; NaCl, 3 mM; and

chlorpromazine, 0.05 mmr. In each experinment

slopes and y intercepts of Arrhenius plots were

evaluated from the best-fitting line as determined

by a Compucorp 140 (Statistician) calculator.

Membrane treatment Activation

energy

kcal/mmiole

None 8.3 ± 0.7

Phospholipase C 8.2 ± 0.8

Phospholipase A 9.2 ± 1.3

Butanol extraction 6.2 ± 1.6

Pentanol extraction 6.8 ± 1.7

None + NaCl 8.0 ± 0.3
Nomie + MgCli 6.1 ± 0.4
None + chlorpronuazine 4.9 ± 0.5

Pluospholipase C + MgC12 8.2 ± 1.4
Phospholipase C + Chlorpro-

mazine 10.3 ± 3.2

sigmmificamut, mi vieii- elf the fact that time stimmiu-

latory effect (If sodium chloride (a.t the sanuc

iOlmic stremigth as magnesium chloride) onm

TNBS incorp(Iration ivas not associated with

a decrease’ iii activation e’ne’rgv relative to

the umustimnulated case (Table 6).
In additiomi to the slopes of Arrimemmius

plots, fronu svhuich activatiomm energies may be
estimated, y intercepts of such plots also

provide valuable informationm. These miter-
cepts, which are numerically equal to the
natural logarithm of the frequency factor A

in the Arrhenmius expression, may lie con-

sidered to be proportional to the Eyring
entropy of activation parameter, and hence

they offer an indication of the extent to

mvhich the process unuder consideratiomi de-

pemmds upon structural dr conmfigtmrational

factors (18, 19). In processes ms-here altera-

tielmms in solvationu, particularly hydration, are

imiiportanmt, a linear correlation between ac-
tivation energy and fri A (corresponuding to a

correlation betmveen Eyrinug (‘mmthalpies and
entropies of activation) usually is observed

(18). The data of the present temperature

depenidence experimemmts exhibited tivo strik-
ing correlations of this type (Fig. 6). Lines
1 amid 2 depict the situation in the absence

arid presence of cationmic activators, respec-

tively. The relationship betmveen ln A and
activation energy En may be expressed as

fohhomvs:

in A = (��) E(, + constanmt

svherc R is the gas commst.anmt arid �o is refe’rred

to) as time’ isokinmetic teniperature (1�). Unmder

certain circumstances a eolrrclatiomm li(’tsveemm

lii A and Ea nmay be fortuitous, arisimmg from

errors in the measurenuemmt of activatielmi (ii-

ergies. When this is the case, �o is fonmmmd to be

equal to the meani temumperature of the cx-

ACTIVATION ENERQV(K Cal/MOLE)

FIG. 6. Relationsh ip between .1 rrhen ins parammi

eters (frequency factor amid activatiomm energy) for

TNBAS incorporatiomi into eryth rocyte mmiemnbra ties

The data represented here were derived from

the Arrhenius plots of the experiniemits described

in Table 6. Activation energies are those listed in

Table 6, and In frequency factor terms are equal

in each case to the corresp()nding /J intercept of the

Arrhenius plot in question. PLA = phospholipase

A; PLC-phospholipase C; CPZ = ehiorprolmazine.
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perirnent (20). Here the values of �io for

hues 1 arid 2, 342#{176}and 370#{176}K,respectively,
differ substanitially fronu 304#{176}K,the miueamm

experinuemmtal temperature mm the presemmt cx-
periments . Therefore these results prelvide’

strong evidence for time immvolvenmcmut of Imy-

dratielnal effects in memumbramic amimmel group

modi.ficationi by TNBS anmd indicate that the
relationship betmveenu immemnbramme imydrationm

and TNBS ineorporationm is differenit in the

presence arid absenice of catiommie activmitors.

Ji’ffects (.�.f activators Ofl (li.st1ibutiol oJ 1/ic

triii. itrop/ten yl label in. ineinbiane corn j�oneii Is.

In amm attenuupt tel characterize somume’svhat.

more ceincretclv the effects of cationmic activa-

torS 0mm the labelimmg (If mmiemmmi)ramme nmoieties,

niemumbranoi’s mvere labe’led mvith TXBS iii time

absence our presence of activators, amid this

mvas fohlossed i)V soluhihizationi amid gel filtra-

ti(lmm (IIi Sephadex G-200 iii order to deter-

minic the distributionm elf label mmeach ctise. Iii

each of these e’xperinmiemuts nie’nmbranmo’s mmere

compared at time samume’ degree of total TNBS
ince)rporatiomm relative to nuenubraime lirot eimm

( ai)selcbammce at � mmmiipe’r mmiilligranm of mmmemuu-
bramme’ proteimi) . This mvas ae’iuieved by tip-

propriate nmammiliulatiolmu of incubatiomm timmue

and TNBS commce’mmtratiolmm.
Time’ re’sults (If a seri(’s elf sucim o’xpe’rimuie’mits

are shoiimm mi Iig. 7. 1mm (‘acim case tim-el major

TNBS-labeled conmpelnienmts (peaks I mind II)
are apparent. Peak I inmvariai)ly coincided
mvith a high nme)le’cular mmeigimt proteinm bammd,

mvhercas pe’ak II occurr(’(I in time region svhere
i)oit ii iihio lspholi�)ids aimel cholest e’ro d mm-crc

elute’d (data mmot shomi-nm). It therefore appears

reasonual)le to mmssnmnme’ timat Peak II prinuarily

reflected labeling b’�’ TXBS of the anminol
groups of membramme’ phospimolipids . Although

all four samumples exhibited simmuilar general
characte’ristics, the’ o’xtent (If iiroteini labelinig

(ahselrbammce mit 3:�5 � re’lmitive to iir�teiIm

conmtemut in jie’ak I) amid (If pluospholipid labe’l-

ing relative tel proteimm laho’ling (as re’fle’e’ted

ili the ratio of P(’tik II t(I peak I) varied, dc-

pemudinig upon the absemie�e or j�r�’semmce’ of timm

activator amid upoin time mmature of the activa-

tor. The’ imlfelrmumatiomm sunmnuarizeel in Fig. S

has heemm derived frenim the’ dtita iii I�ig. 7.

Time immte’raCti(Int of nmttgmm(’siummm om� ciulorprolmuma-

zinme svith th c mmmembrnumue’ apparent ly resulted
in nicreased labeling of phuospholipids relative
to the collutrol, amid there’ svas muce)rre’sj)onding

Friction no

20 40 60 20 40 60
� rn . .

20�

18

:11 �.8

6

.4

.2

Fraction no

FIG. 7. Gel filtration chromnatograph�I �J 7’.\�BS-

labeled eryth roc�jte mmiemmibra mie.s on Sepha(lex G-200
I�iIenibrane alidiltots (2 ilil) were labeled to a fimial

TNBS immcorporation of approximmimmiely 0.75 tub-

sorbance umiits at 335 nnu per niilligriumn of protcimi

ill the absence or presemmee of � o’hlorproma-

zine (CPZ), or Zmi� hi- adjustnient of iIic)lhatn)n

tinme amid TNBS concemitratioti. 1acim smuriil)le was
solubilized by the nio’tliod (If Oberley and I )umican

(4) mind applied to a 1.5 X 90 cmii Sephadex (-200

colummi with 1� � sodiumim dodecvl sulfate-5 nut

EDTA-0.05 �n amrmion itnm bicari)omitute-0.02�0

sodium azide as eltuent (flow rate, 2 nil/lir) . Frac-

tiomis of 50 drops were collected, amid each fraction

was analyzed for absorbamice at :3:35 mini and

protein.

dccre’asc i Ii 1)T0td’imm habe’ling unide’r t hme’se’ sanmme

coInmditions. lii(’ stimmiulatory e’ffects 0 if zinc,

Oh the other hiamid, r(’So’nml)he’(I ti)o’ sitummtion in

the absemmce elf mme’tivator, mind imo’re’ muss(Ie’iat(’d

ss-itim prefere’nutial labe’himig of proto’ini rtmther

thtmnu phosphohj)id celllmp(Ini(’nts.

Jim oreler to eeimufirniu amid e’xto’nmel the’ fore’-

geiimmg observations, the immc��rp� )rmiti( ti if

TINBS immtei prelt(’imm mind iihiOsI)imollilii(l (�)tii-

penie’mits mi-tis extmmiminio’eil separately. \leni-

hiramues 5iO’fl’ agaimu ltii)e’led to th( same’ (l(’gree

eif total TNBS inme’(Irpolrtitiomm mm time pre’senu’e

eir mibse’nce of tictivtitors, folleamo’el by (‘xtra(’-

tiomm of the’ Imienii)ramie’ lipids smith chuleIrol-

forum- 2-prolpamiol (6) , miS ele’serihl(’d unele’r

METHODS, pro iducing a hipid-deple’te’d pr )tO’in)
re’sidue’ amid a lipid o’xtrtict.

l1he i)roteiii re’si(lmme’s \v(’ro’ s( )hubil i z el muiel
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FIG. 8. Relative imicorporation of T.VBS into

proteimi amd lipidfractions of erylhrocyte mnembran es

These data were derived directly from the re-

suits presented immFig. 7. P-lipids = phospholipids;

CPZ = chlorpronmazine.

subjected tei Sephadex G-200 gel filtration.
The results are sunmmarized in Table 7A. Iii
each case two p(’aks of TNBS-labeled ma-
terial mm-crc rese)lved. The major peak of
TNBS incorporatiomm invariably mvas asso-
ciated smithu the nmajor peak of membramme pro-

t(’imi arid, mi time presence ef magnmesiuni or
cimlorpronmazinme, the TNBS imucorporation

per nanogram of protein was markedly de-

creased, in agreememit with the results shiosvn
mi Fig. S. Time se’e’elnid (minor) peak of TNBS

inmcorporatiomi did not appear to be associated

smith substantial amounts of membrane pro-

te’imi Dli the l)asis (If time Lowry proteimm assay.
rfhu large decrease iii this peak (conumpared to

the correspondiimg l)eak II in Fig. 7) w-lmich

resulted fromum lipid extraction procedure’s sug-
gests that this immimmor componment repre’semits

lal)eled phospimolipid material which escaped
extraction mito the chloroform-2-propammol
mumediumuu, pOISsiblV mis a result of iimtinuate

association mi-ith sonic protein conmuponmemmt.

Tiuimm-laver chromatographic ammlysis of

time’ chlorofoirnum-2-propanol extract intdicated

the presence Of tsvei classes of trinmitro)pheniyl-

tmted derivatives: a major cornponenmt with aim

T.inn�F: 7

.1 mi(ll!/sis of isril�ited proteimi (lIi(l lipid commip(Imiemits

of TXBS-laheled macni bra mien

A. Lipi(1-(lepl(-t(-(l pr(Ilcims fractiomi . ‘ulemiibrmunes

were labeled a.s described previously, amid washed
by cemitrifugatiori to remove excess TNBS. Fol-
l( )iVl ng extrac t io It wi t h 2-propanol-e’ hioroform

(see METH(IDi4), the niernbranes were dissolved in

V �. soditnnm dodeevl sulfate and applied to a 1.6 X
40 cm Sephrudex (-200 column doted with 1%

sodiuni dodecvl sinlfate-0.021 � sodi nut azide.

Fifty-drop fractions were collected.

Membranes Major component Minor

component

.�1;i:t;i .13.32/ng .1333
protein

Control 1 . 6:3 6 . 9 0.20

Mg�� 0.87 2.2 0.48

Clilorpromnazimie 0.45 1 .4 0.37

Zmi#{176} 1.36 :3.0 0.41

13. Lipi(1 exlra(’t. l’ollowing washimig with 50

mmmiiKC1 and addition of butylated hydroxytoluene

(see METHODS), lipid extracts were comtcentrated

under vacunni t(I a minimal volunue, and voltmnmes

were therm adjusted to 2.0 ml with chloroform-

methanol (2: 1). Aliquots of each extract were

sp(Itted on an activated (30 mimi at 110#{176})silica gel

plate (Brimmknuann), arid development. was carried

out with chloroform-methanol-anuntonia (14:6:1

by volunme). The two major yellow spots in each

sample were scraped off the plate and doted with

methanol (final volume, 2.0 ml). Aliquots of each

methanol extract were used for the determination

of absorilamice at �3�35 mmnm.

Sample .4

Control 0.055

i1g� 0.058

Chlorpromazine 0. 152

Zn� 0.099

tilt RF of 0.71. Also, mm the comutr(ll, nuag-

nesiunm-, amid particularly the chiorprorna-
zimie-treated samples, ami additional muuimmor

comimpomiemmt iitI5 pro’se’mit, mvhich had tint R� of

0.6. Hoivever, tiiis comnpommemmt mvas mtot iii-

vestigate’(l further here. ThE’ extent of TXBS
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TABLE S

. I mi(IlysiS of phospholipid comitemit of it mi treateti (1 mid 7’_VBS-treatcd erythroctjte mmtemmibra mies

Mernilraries (5 nil) were labeled with TNBS in the presence or absence of activators, amtd a parallei

series of menul)ramies comitmminimmg omilv activator, iltut mio TNBS, w� nmlso ruin. hlllowing isolation ami(l

washing of time muuenibrmumies, extraction with 2-propanol (11 miii) amid later with chlorofiirmtm (5 miii) u-u.s

carrie(1 t�itt (see Mt.:THOIIS) . 1xtrItcts were washed twice with 50 numi KCI, and bmntylated hydroxytolttene

(final c(Incemitration, 0.01’ � ) wtus added to prevent autoxidation. Extracts were comicentrate’(I to a low
volume un(Ier vacuunu mun(1 mtl)plied t(I l)revi(lusb activated silica gel F-254 plates (Brinknmann) . l)evelop-
niemmt was carried out with chloroform-methanol-ammonia (14:6: 1 by volume) . Spots were visualized

i)V exposure to iodine vapors tumid amialyzed for 1)hosphortns content by Bartlet t ‘s met ho(1 (9) . I )at a fromum

untreated niemni)rmumies (with or with(Iut activat(Ir) were pooled, and niean values ± stan(1:ur(1 (1(viat iOIlS

are given . Phosphat idylserimie uumus mit well resolved from other (minor) coniponemits near t lu’ origimi, so

that this nmiaterial is referred to as the phospliatidviserimie frmuction to indicate its heterogemteitv.

Membranes ------ � Phosphoiipid content

I’hosphatidyl-
ethanolamine

Phosphatidyl-

choline
Sphimigomvelin Phosphatic1�l-

serine fraction

Ru: P i�g p P !.Li: P

Untremuted 0.49 ± 0.12 0.53 ± 0.16 0.59 ± 0.22 0.52 ± 0.15

TNBS--o’ontrol 0.16 0.47 0.52 0.48

TNBS�-Mg� 0.19 0.40 0.48 0.42

TNBS - (hh)rpron1azine 0. 15 0.46 0.47 0.45

TNBS-Zmi� 0.15 0:37 0.5k) 0.45

co)mmup(Inmenits vmmried svitim time’ miature eif time’

activator (�f}l 7B). Tiu(’ presemmce’ (If nuag-

nesiunm did riot appemir to be asseciate’d with

increase’d labelimug of either comuupolmmo’mmt,

miimereas ciulorl)rolmmtizinie produced mint mi-
crease in labeling of lloltii comuupono’mmts. Zimme
mm one cmise prelduce’dI mmmiimm(’remise timid in the’

other �i decrease iii lahelimig relative to tim(’
celmitrell. Tue foriumation of these tim-c) groups of

lipiel-selluble TNBS do’rivtmtives svas USSOCI-

ate’d smith ml mmmmtrke’d (lO’(r(’tuso’ Hi thl(’ 1)h(l&.i-

�)iumitidylethanmoilamm1imm(’ (but mieit 1)h1051)hitm-
tidvlserimme) comitemit of time mumenmi)rani(’s (Table’

5). Time fact thtut tue RF values of the timo

TNBS-Imibeled colump Imlemmts svere sul lstmumi-

tially greater timanm timat e�f phospiuatidyl-

ethutimmolamumimme (0.45 imm timis svstemmm) is e’oim-

sist(’nmt. si-itim time’ lolrniatiomi (If less polimir

t ri nit ropht’mivl de’rivat ive’s (If t lie’ mum tie

fumie’tiomi elf timis I)imo)5Pim(Ilil)i(l. It iuimm\.

that time’ differenmce’s mm time’ exte’mit oif ltibo’ling

(if these two) conui)(Immenits l)re’senmt mm tlm(’ lipid
extract. reflect differenmce’s in the e’fle’cts o�f

activators at the’ lo’vo’l of flio’niillrmmnm(’ 1)1105-

pholipid accessibility anmd/or reactivity.

Hlosvever, one camumu It eliniuimttut(’ time 1l H�t5i1)1e

conmtril)ution t(I ltihe’himtg of smumall anmelumits of

prolt(’ohipid (11) im-iiie�ii a.m�e’ sOlll.mlihi7 iti lipid

e’xtrmuctieimm miue’(limi. In fact, time’ I)ro’s(�tIe’e’ oif

T.item.t. 9

Proteoli pi (1 eon t(� mi I of Ii pm (I extracts (if

eryth roeyte mmie’mmibra mies

�Fiie ehiori forrmi-2-propratiol ext rmtrt s (1(’s(’ri led

itt 1�ahle 8 smerc comiccnit rmuted umttier vmuctnumn tumid

i)Oltlgiit to a final v(llunl(’ (if 2.0 nil uvitli ‘hloro-

forni-nieth:umiol (2: 1 b�- volitmime’) . Aliqinots (0.02
miii) of this SOltltiI)ti v�ere analvze(1 for 1)rot(’olil)i(l,

insing h(Ivi lie seruni albitnii it as st and:urd (ivi I Ii
the appropriate ((Irr((’ti(IIi f:tctr) mIS (1(’S(’mil)(’(I by

Lees timid Paxriiamt (11).

\LemI)ranes Proteolijlid

No TNBS TNBS-treatcd

(‘omit rol 3 .66 2.9()

Mgc 2.87 2.ti()

(‘hiorpronuazine 2 . :34 3.21

Zmi�� 2.84 4:39

lir� )te’imt mumaterimil svhmie�ht mnmuv ho’ jln�( ite’ )Iipi(1
inn mmature’ mi-mis denm(ImiStrmtt(’d inn umifrmuo-

ti(ltitut(’dI lipid (‘xtracts (�fmuh1e’ 9). lurthier

large-settle resolutiomi of the’ iIl(hiVidUal
It�N1�S-1tibe1ed (‘o)nmpolml(’nts 1)m’(S(’mit ill ehiI( iro-

forimm-2-propanol extracts sm�ill be moo lntine(1

i)efore It commij)lete unm(l(’rstmun(hilig of tIme mole

i)f nmenmbrane’ pr�to’imm tumid hij)i(1 e(lmnj)eln(’uts
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FIG. 9. TNBS imicorporatiomi into membrane compomiemits solubilized by trypsimi (A) amid imito insoluble

residue followimig Irypsimn digestion (B)

Two-milliliter aliquots of menubranes were labeled with TNBS as described in the experiments illus-

trated in Fig. 7. Following the labeling, membranes were washed once with 20 m�n Tris buffer (pH 8.0)

and were then treated with 1.5 ml of trypsin (50 ag/ml) for 15 nun at 37#{176}± 0.5#{176}.Supernatant and par-

ticulate fractions resulted from cent.rifugation of the mixture following incubation; 0.5-mI aliquots of

each supernatant fraction were applied to a 1 X 27 cm Sephadex G-200 colunun, amid elutioim was carried

out with 1% sodium dodecyl sulfate-0.02% sodium azide. Fractions of 15 drops were collected. The resi-

dues following centrifugation were solubilized in 1.0 ml of elution medium, and 0.5-mi aliquots were sub-

jected to Sephadex gel filtration in the same mariner as the supernatant fractions. CPZ = chiorpro-

mazine.
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as site’s of TXBS incelrpolratielrm inn both the
absence and presemuce of activators cami lie

achieve’d.
1mmthe fimmal series of experiments, prehinmi-

mmary attempts mv(’re nmade to elucidate tue
mumembrane leicalization elf coummmponemits sims-

ceptibhe tel TNBS atttick mm the absence’ or
presemme�e elf cati(lniic activators. \Ienmbramies

mvere ltml)eled to the same degree of total

TXBS immce)rporatiorm mm the absence or pres-

emmce elf mumagmmesiummm,chlelrprelmumazimle, or zimmc,

and the unlabeled memliraimes ssere then

treated with trypsin tel r(’mov(’ �)eri�)herally
lelcated proiteins susceptible’ tO) prote’ellytic

attack (21). The Sephadex G-200 elution

pattermus arid TNBS labeling of the proteimis
remmdere’d soluble by trypsinm smere conmpare’d
with thmose of the residue remumainuinug folloiving

trypsin tre’at.memmt. The results are shosvn in
Fig. 9A anmd B, respectively. The most
readily interpretable infornuation is elbtaimued

fronm the major peaks (If TNBS incorpelra-
tion, mvhich ill each case corresponded smith

the regions of maximal liriltein comutemit.

Variations in the extemut of labeling of these
majelr components (absorbanice at 335 nnum

per nanogram of protein) svere nuinimal svith

the supernatant fractious, but considerably
�uuore variation mm-as found in the labeling of
the residual fractions imi each case. This in-

TRYPSIN SOLUBILIZED MATERIAL U
RESIDUAL MEMBRANE MATERIAL

CONTROL Mg� CPZ

FIG. 10. Relative labeling by TNBAS of particulate

and solublefractions of erylhrocyle membramies treated

with trypsime
Data were derived directly from Fig. 9A and B.

CPz = chlorpromazine.

formumatiomm is sunmnmmarized imu I�ig. 10, amid is

consistent smith tim(’ vie’sm that time’ effects of

activators nutty hO’ nmost pronounced (I� less

peripherally beat e’d mumenmbramie muioiet ic’s. A
stindv elf time’ effe’e’ts (If cationic activators omi

the e’xte’mtt eif TNBS imicorl)oratiomm irmtei mm-

dividual , mmd 1-cimmmracterize’d nlemmml)ramie Pro-

te’imms e)f kmle)wml I(lcatiomi mmithiimm time’ mmme’nm-

bramme nmuatrix smeinnlcl celnstitute’ a niore rigor-

ous appreiacli to) timis proliieiuu.

IIISCUSSION

The studies d(’scrih(’d here provide cvi-
deuce’ that time’ stiniul�itory (‘ffe(’ts of drugs

amid divalent catieins oirm TNBS imucorporatiolmi
imuto e’ryt hre cyt e’ immernbrane’s reflect Pe’rt ur-

batiomis of belthm j)(llmir amid nioinpolar r(’giomis of

nmmenibramme’ I ipiels tin d also nueriuhr:mmue’ i iro-
t(’imiS; that tlu’se l)(’rturbationis muiav involve

alteratielmis ill time’ iuvdratielmmal state’ of nuemum-

hirane conupomme’mtts ; amid that it mmmay be poissi-

ble te describe the sjiecifmc l)e’rtimriiati(Inal

effects of individual drugs or divalemit cations
mi termums of clmtirmicteristic chuamuges imm time’ elis-

t ributiomu elf the chromophorie t rimuit rophe’mivl
gr(lupS, derive’d fromum TNBS.

Time role of mtonpellar regiomms of niembraimc

lipids in dete’rmini rug cat i(imi-stimmmulat e’(l

TXBS incorporatiomi svas inivestigated by e’x-
anmininug the’ effects of cholesterol depletion

or (If 1)hoSl)helhil)as(’ A-immduced hydrolysis (If

j3-fatty acid nmoieties elf nuemull)ramie’ phospiuo-
lipids (22) Oh immcorporatiolmi. Lxtermsive de-
pletioni of nuemimbramme chme)l(’ste’rol had vir-

tuallv ho effect on time’ stimimlateirv proipe’r-

tics (If Mg++, Zmu�, or e’hleirpronuazimme oh

TNBS ini(’olri)olrationi (Table’ 1). This smtms

some’svhat umiexpected , sinicc �i1uosphei1ipid
integrity is reeitnire’d foir the stintulato)ry

effects elf ?mlg� amid e�imioIrprolnmazinte (1), tihidl

choilest erol mumarke’dly inmfluemmces t he physiemil

state of phosphmolipid fatty acid chains (23)
aimd mmuay contrii)inte to bilayer stability (24).
It nuav he that the chellesterol mvimich remains

assolciatedl with t ho’ mne’nmi)ramme followimig

hexamme extraction (25 � of the total cimoles-
terol) mmmay be sufficiemmt tei nuuaintaimm mmmcmii-
branme structural amid funictiorual immte’grit y
(25, 26). The’ immfluenice of 1)hOSPhOlil)mise’ A

treatment (invellvimig removal of a nonpolar
phosphohipid muuoiety) on catiomm-stimmmimltited

TNBS imlcorl)elratioml imit ( I menul)ranes smas
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iuite tinalogous toi time’ effect of treatmume’mmt
svit ii I)1m()sj)iuO Ihipase’ C (inivolvimmg renmmeival eif

a dipolar j)hospiuolipid nmoiety) (1). Both cmi-
Zyllie t re’nmt.nme’mmts ro’dueed t he st iimtultitory

effects of � but produced little cimammge

ihi the stiiimulmiterv activity of Zir1� (Fig. 1).

Timis sugge’sts that integrity of both cimarged

amid n(Immpollar mcgmum(’nts elf I)1i051)iiolipi(I5 is

necessary for time’ stimulatory effects elf

�uIg++, titl(l timis imi turmm may result fronmu a

fummct ioimmmtl immterdepemmdence of polar timmel

I1(ltul)( dar regiolnis (If Iuiemuui)ramie phospholipids.

Time e’ffee’ts (If pho5�ihOli�)tise A treatmmmemit. cmi
iumcnihramie’ st rtnct ural amid fumict.ionmal preiper-

ties hiaV(’ hi(’(’It attribllted primarily tel time

hydrolysis e)f j3-fatty a(’iel melieties (22)
rtithme’r thmmimi to the action elf reaction prod-
ucts -fmtttv micids mind lysopiuospiutmtidyl de-

rivat ive’s, svhicim renmmainm niemh)ramie-associated

( 14). Timis assuhuui)tiolm see’nms re’asonable ohm

the bmmsis of the mvelrk (If eltime’rs (22, 27, 2S)
i)1.mt it is difficult to verify . Fxperimmmemits de-
signed tel test the effect elf remumolvinmg fatty

acid products ( 1”ig. 2 timid Table 2) siuosmed
that (lntlV �t simiall degree of restelratielnm mm-as

obtaimied follomving ext ensive mvashmimmg smith
l)e)vine serutum mmlliumumimm (Tttble 3). Timid gretmter

effects bee’ni obtained, they mvould have been

difficult to ilmt(’rpre’t unequivocally, simmce’ it
lmmis hieemm shmoummi that ren.moval ef luie’hiul)ralie-

tmsso)ciated fatty tucids hibe’rated as a result of

Phuospiue)hiPase A tictie)hm leads to further al-
t(’rati(lns itt nuetumbrane structure, smimichm as a

result is evcmm nie)r(’ re’mimove(l fromn time mimitive

state (12, 27).

One nmust iioui immeiuire imuto possible mumechma-

lush5 miiiere’b\’ inte’ractiomm eif catielmmic sub-

stances mvitim mumemumbranmes increases TXBS

imicorporation . ()ne straightforsvard expla-

itmutiomm mmould i)e thmit sinuple charge mmeutra-
hization imuighit. serve to decrease counlombic

repulsions l)et mvee’mm mtniionmic mmuemimbrmimte site’s

amid t rinuit rd)l)e’hmZ(�mi(’sttlfOIiate anuiomms , t hereby
em iiuanmcimmg TNBS ittcorporatiomm . Such ann
interpretatiomi svas offered by Rubalcava
ci a!. (29) for time catio)nic enhutmnmcelmm(’nmt

of anii niommaj)imt hmolsul feimmic acid bi nmding to

crythrocvte mumenubramic’s. Hosvever, the stimu-

latorv effe(’ts of i\Ig� amid ciul(Irprommmazinme

ohm TXBS ihlcelrpeirmItion are also observed
smith picryl chloride, a neutral mimmalelgue of

TNBS (l”igs. :� mmcl 4). TIme impairnmenmt of
\lg++ stiniulmutiomm of TXBS imicorpormitieinm

by prior treatmi�ie’iit svithm phmospholipase A svas

also inc(Imisistemit uvithi amu explamiatioimt bmtsed
omi siniple c.’htirgo’ iiemnt nmmlizatielmm.

Simie’e catioln-st inuuiatorv e’ffeets tine’ mimost

strikimigly nuammife’sted mis mini increase’ in phuos-

i)ime)hiliid (imuainmly �)imos�)htitidyle’timanie)lamuuimm(’)
lai)e’hinig, it is appropriate’ tei cemmuside’r the re’-

suits 0 li)tainied freimmu studio’s (� liieo’rmtitmg t he’

mimodifiemition of iuure phospiu(llipid dispersions

� TNBS (sununumarized inn ref. 30). It svas

foumid that the ro’tictivitv elf phosphtmttidvle-

thammolaimuimie tosvmird TNBS svas (‘mmiuattc(’d by

factors smhichm t(’nmd to disrupt ioni pairinig be’-

tsmeeni tIme mimmmmumommiunufitmictielnu muiel aeljace’mmt

I)hielsphate groups (31). Hosveve’r, time results
of (1arrmuumav mind Huggimms (32) (Itt thl(’ tiiodifi-

cat 1(lli of phm(lspimat idylet haniellani i mu ‘ amid

1)1k sjilititidylseritie, using ae�(’t ic mimmhiydride,
srmggo’st tiuat tli(’ sitrtatielmm is (‘e)misiele’ralily

inoire eeiiiiphex. It is sluelsvhm thtmt hieltim p051-

tivelv tumid negatively (‘barged ele’tergemtts inn-

cre’aso’ time’ re’activitv (If l)imosPhmatid�ho’t Immimmelimi-
limmtte’ amid PhiOsI)himit idvlserinme’ (IisI)ersiomms;

furt huo’rnieire’, sm-it Ii iso! ated e’ryt hire Icyt e nmo’mum-

hiratme’ lipids, imhile �)ositive1y charged (let e’r-

ge’nts still immcrease’ anmino group reactivity,

mmcgmmtive’ly cimturged suhstmmmu(’es decrease re’mi�-

tivitv. It siouild se’e’nm, therefore, timmit time sus-

ceptihilitv of timmminmo groups eif pure’ pimosphei-

lipid aggre’gat(’s tel mmm(Idificatiomt de’pentds on

thl(’ Inol(hlvinig reagent afl(l also on the (e)Ilfng-

uratie)n (If the’ pheisphohipiel array , whelm in

ani ilmtti(’t tumenubramme is j)re)1imil)l�’ miffeete’d tei

S(Ih1i(’ de’gro’e by time’ prese’nmce of 1)rolt(’imi. Ce’r-

tainmlv timere is eviele’mice that time commfmgura-

tiout of 5(Ilii(� muuo’mmuiirmimie’ pr(lteinms do’1)e’nds

ltl)(ltl time’ nmature’ amid celmmflguratie)mnal state of

mumo’Imui)rtimte’ li1)idS (22, 27).

Altho nigh the immitial initeract ion emfelivtile’nt
cat o on mimic1 phiels�)hmeIhi�)idl is presumiittlily e’lec-

trelstati(’ inn miature’, c )olpe’rat ive mmlte’rationms

mmmv occur mi mme)Inp(Ihar se’gnimo’ntts (33, 34) , tinmd

this e’(liilel trigger colmifiguratielmmal changes imi

the’ lipid I)hase (35). Time immteraction (If locah

tiniest he’t ics smit ii immemimi ra tie phosphohipids

is il(’he’ve’d toi ihiVOilV(’ 1)0th e’lee’trostatic anid

mtemnipolar tVl)(’S (If innteractioltis, the latter

i)eing i)mirtie’uimirl� illipe rttumit in deterniinumig

local anme’stimetic activity p(’r se ammd muse) loamil

mmnmestime’tie pote’nmcy (36). As mvithi divalenit

cationts, time imite’mmietiomm of botim genmermul amid

l(IOtil aiio’stime’tie’s uiithu nieiumbrtnnio’s emimi pro-
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duce’ ahteratiomms mmmthe orderimug arid fluidity

of muonipoilar re’gioinis eif mumemumlirani(’s (37).

Variatiolns jIm the hvdratiemmm of critiemil

groups mumay furnish a Coiflihilolli basis for time

functional immterdepemide’rice’ 0 if polar tumid mmonu-

polar se’gmuuents elf nmenmbramie’ li1iids amid the

modifying e’fle(’ts (If drugs amid divmulcmnt eu-

tiemis omn rmmeimmhramme iipe)pre)teinm conupormenits.

Polar re’gions of pho lt�5pholipids comnt aimi mup-

preciable’ amoiumits of nmoltiolmally restricted

svat(’r (3M), arid this huvdratielmt affects the

elrgamuizatio)mi of Imommpolar hydrocarborm re-
gionms ef nme’nmhramne lipids (39, 40). Furtimer-

nuore’, it has be’e’mm suggested that variatiomis

ilm nue’mmibramme iuydratiomi ctuinsed by cliches-

ter(ll (41-43), drugs (44-46), ammd ions (47-

50) immav iie inntiimmate’lv related to time mmmciii-

brarme-mmmeldifyinug properties oif these’ agents.

There is e’vidcmmce that the solvatiommal amid

comufigurmitiomial characteristics of e’rytiuro-

cvte membrane commupommenits mmre’ alt er(’d

mvhemm nmemuubramme’s are tranisferred frommu an

aquc’ous mmmediunm t o 0 immo’ eoirit tiinmi rug 1)20

(51). 1mmtime presemit study, extensive replace-
numcnt elf imme’diumum H2() by D20 decretise’d (al-

though to selmuue’svhat different extemuts) time

stinmmulatory c’fle�cts (If Mg� amid ZmnH (Fig.

5) svitlieut appreciably affecting TXBS inn-

corporatiomi iii the absence of catiomms (Table
4). The decreased stimulmitorv (‘ffectivemtess of

both catiomis mm-as associated svith a decreased
T7zi,ax value rather thamn an increased apparemnt

K�j,, (Table � sugge’sting that eoimmfigura-

tionnal chamiges follosving binmdimmg, rmitlmer thmtirm
himmding per se, mmcre altered iii the presence

(if D20. The recenmtlv oliserve’d immlmihiite)ry

effe’cts elf 1)20 omm mumixe’d-functioin oixidtises elf

rat hepatic mmmicroscomumes (52) exhibited ammal-
ogous cimaracte’ristics (decre’ased I i�na. ivitim-

out a change iii K�1) and mverc likewise iii-

terl)reto’dl inn termmis (If configurationi�ml tiltera-

tiomus 1mmmiie’mni)rtimic coimupelmments celmmsequemnt

to huydratiolnal chanmges.

As a.mn approach to the Immellecimlar cimmirac-

terizatieln elf tue pestuiated mumenumbrarie con-

figurat ie)hial changes associated mvit ii tultera-

tions inn TNBS inicorpelratiomi inn time pre’senice

or abscmmce’ emf activators, timid to imnvcstigate

further the rol(’ (If iuvdrtitiommal effects, temmu-

perature depemmdemmce studies of TNBS mm-

corporation sv(’rc ummdertakenm (Table 6). In

time Ire’se’mmee (If \ Ig�� 0 ir ciulorpronuazinme,

the’ muetivatiomn energy feim i’INBS mniceim�pormt-

tielmi iVtiS de’ere’mtsed, mmmd thus de’cre’aso� mitts

1)re’ve’nteel by I)rio)r l)h(lsl)hiOlii)tmsO’ C� tremit-
mumenit. ‘lime finding that activatie)nm e’na’rgy

(E�) foir inncorlioratielni also decreased mms Pm’�-

gressive’ l)erturbatiomi elf native niehimi)ramme

st met tire’ liv ll)utamm(ll a tid p(’nmt ammod ext rae-

tionn occurred (1) svas consistemmt svith the’ inn-

volvenmemit if a(t ivator-imiduced imu’iiii Ira tie

configuratielnal ahteratiemis , mvhich a! t e’rmt-

tionms mmould imicrease accessibility mimic! .‘ or ro’-

tictivity e)f Iumenml)ramme’ anmmimio groups. Limi(’ar

relat ionsimips betmmee’mm .E, timid lmn free�tte’mmcy

factoir (1mm A), mvhich are formall�’ amialogenms

to Eyrimmg emmthalpies amid entropie’s of tictiva-

tiomu, respectively (18, 19), mvere cle’nmomn-

strated for TNBS incorporation imm time’ pro’s-

ence and absemmce of activators (Fig. 6). Such

limmearit y (or eonmpenusationm) I )etime’e’m i en u-

thalpy amid o’nmtropy ternms iumis i)(’O’mm(Ii)served

for a nmumuiber eif cimemical (53), enzyniiatic

(54), amid mmmenul)ramie (18, 46) l)roce’Sse’s oe-

curring imi aqueous mii(’diti, tumid iii e’acim emise

iuas licemi taken as evide’mnce for ann inhl)elrtant.
role (If imvdrmmtional (‘ffe’(’ts iii time’ j)reiocss.

Although the’ amumoumit elf data timid the’ rmnnge
of ..E� values obtaimned here are snumahl, our re-

suits suggest. that TNBS inmcorpelrationn may

lie affected by the nature timid e’xtent (if my-
drtutiomm o)f mumemumbrante (onmpehimcnnts amid that

the effects (If activators nmay, either directly

or indirectly, immvolvc miltermitionms inn tine state

of mmmenmbramme-hoummd ivat(’r. Ott this basis,

mm time absennce oif catiornic activators (I’ig. 6,

line 1 ) , phosphohipase A treatmmnemmt imne’retuse’s

t he’ st ructuring eif muienul)rane-associmi ted

svater nuolecinles (there is ann inncreasc inn both

1mm A amid �b4(, ternus relative to time commtrol),

mmluereas l)hosPiioliPase C, pentanmol, timid

1)utanmol treatmuients progr(’ssively disrupt.

nmmemmuhramme huydratieimi . TNBS imie irjie iratie on
inn time hiresenmce of 1\Ig�1 lr chnlolrprolmnmtzi tie

is characterized I)y a s(’commd linear relmitioni-

ship bctsvee’n In A and En (Fig. 6, line 2). It

is apparent freimun timese data that l)hm�sl)Ino1-

lipase C treatmument, smiiicim inupairs time’ muhilit.y

of both mumolecules to stummulate TNBS inn-

corportitielmi (1), does miot mihiohish time’ imtter-

action (If these activat.oirs ivitim time’ nie’nnbrtumte

(dmita P(himits ftili on lame 2 rather thmamt eon

limme’1 ) but iim,stead appears to decre’ase, n’la-

tive to) umemimliramues mmiiere IIiieIsl)hmi ilipiels mure
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imitaet , the degree of hydrat ionmal disruptiein

whelm results freiimm this inut(’ractiomm.

Our preliminary experimemmts to) amualyze,
in structural termmms, time’ effects of activators
on TNBS lalielinng have indicated that the
presemmce of �uIg±+ eir chlorprornazirne results

mma marked inmcrease mm the labeling of menu-
bramme phelspholipids relative to menubranme

prot(’imms, sminereas tine’ stinmulatory effects of

Zn� are niolt associated with a preferemutial

increase inn phospheiiipid labelimug (I�igs. 7 amid
5) . TNBS innco)rpeiratie)n inmto imuembramme
phospholipids mmas associated exelusive’ly
w�ith phosphatidylethanolamine, and no cvi-

dence for Piuo)spimatidYlserini(’ labeling was

found (Table’ 8). Thus low reactivity of nmenn-
bramuc phosphatidylserine toivard antimno

group-modifyimig reagemuts has been observed
by others (55, 56), arid has heemi taken as
evidence for ann asynunuetrical distribution of
phospimat idylserinie’ inn nienmi)ranne hilayer

structures, such that mumost, if not all, mmould
be present onn time inner surface’ (56). While

our results are comisistemit with this interpre-
tation, eIther explamuatieirus are possible. The

interaction of TNBS mvith anuino groups is
ext renuelv semtsit ive tom the local emnvirormment

of the anuinmo group, 50) that negative charges
inn the vicinity of time reaction site cause a

decrease, and positive charges an increase, in
reactivity (57). Thus the decreased modifica-

tiomi eif j)hosplmatidylserine’ i)\ TNBS may be

attributable tel time presence in the mmme)lecule

of an addit.iomnal mmegative charge relative to
phosphatidylet hammehlamutimme. This strong in-

fluenmce eif local entvironnntental factors on

anmimno greup nue)dificatiomn by TNBS may de-

terminne’ the semmsitivity of TNBS immcoirpora-
tion tom the configuratiommal state’ of time mern-

brane.

The present study imas described the effects

of catiomnic activators em the gross labeling

cimaracteristies of muienmhrane prot(’inms and
phosphouipids iii TNBS. More subtle in-
fewnmatiotn conmcernminng the relationship i)e-

tsveent activateir himmdinmg and the cmihahmce-
nneimt of TNBS lal)ehimng mviii require time char-

act(’rizatielnm of activator-bimudimug sites amid of

the spatial conifiguratiomi sm-ithimn the fluent-
brahue nmatrix of conmponemmts mmhomse reactivity

telmvard TNBS is altered by activator bimuding.
Prelinuinnarv experitmuemits iiivolvimig trypsin

digestielmu eif iabele’d iuiemnbranme.’s indicate that

the inncorporation of TXBS into peripherally
located proteimms liberated I)y trypsinm is miot

appreciably aflectcd by the prescnmce of

Mg++, Zni++, eir chlorpromazinme (Figs. 9 amid

10). Finally, studies curremitly iii progress are

attemptimug to) cerrelate effects of various

pharnmacological agemuts on the labeling of
nmemhramue structural colmpoumeruts with their

effects on inembrarme e’nzvmatic activities.
It may eventually be possiiile to attribute

fummctional sigmmificamice to time perturbational
effects of drugs omn the comifiguratieimmal char-

acteristies of rnembramme struct ural compe’-

mmenmts, using such aim approach.
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