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Caldmn bindinf to faokted nt tWcr phni mwihninfi tkem* —t i atimi
UwBtici, tiM ¢ pH oftiimnn of 7.6-8.0, and b indcpClidcnt ol metebobc cnogy.
ScBirhMd MMlyik tbovt two ckiM of cmichtm binding iitcft. The bifber afinty
iilM, wilb an Mtnrkrtnn coniUnt of 4.0*10* U~*, accooKMfete t2 + 2 (S.D.) nmtik =
of caldm /Mg uwnibfMa protdn. The lower aAnity ihei with an aiinriatinn con-
mtaat of j.t'to* M** »ccaaiadiite ijo = 16 (S.D.) nmoln  cmkiani,ing mcsibniie
protdn. comptfm wHb Gm** only for tbe low dftaity bindmic sites. and N
do not inbibit calcinm bbsding. EOTA decnnses tbe amonnt ol cakinm bonnd to tbe
aembratwi

Thbe ATP dfoct on caidom bind”™V depends on the cakhtm oooccntration. At
1nM rahimu, ATP at 0.3 mM inhibKf binding but at 3 roM calctom, ATP stimalatca»

. ADP and AMP at 0.3 mil have no effect on caldnm bindiit® at x mX
bttt ADP srtmnjates hbidintat 3 nM caldom. Cythc AMP at xo™ M increases
calcban bhidii™ at both x and 3 mM levds of aajdnro.

PboiphoMpaso, ncnraroinidase and protcases were used to determine the role
of pfCTpiwiipids, nenraminic acid and proteins in tbe binding of calctmn. Of tbe
lot™ txtnpotetcd maximum cakinm banding sites (142 + 18 (S.D.) nmoles-ang
mnnbcaM pcotein), acidic phospholipids accounted for approximateh’ 100 nmoles mg
membrane pcotebi while neuraminic acid residues accounted for appruxin\atrly v'
nmoles/mg membrane protein.

Treatment of the membrane with a variety of functiiMial group reagi”nts sho«-rd
that agents which react with amino groups or hydroxy) groups of pn>teins ha\r a
small or no effect on calcium binding. However. SH agents increase caK ium bindiii)™
bnt only when the calcium concentration in the medium was i mM tv greater.

Sodimn dodecyl sulfate (0.1%) increases calcium binding vIr>" markedly.
Triton X-xo00 (0.x %) gave a 3-fokl increase in calcium binding and l.uhn™ (o.i
bnd no iniiwnce on cal™m binding. Triton may unnuuk certain acidic pltosph«ilipids.
Sodium dodacyl sulfate Is believed to become incorporated into the n”niwamr and
convert k to a highly chaifad form which now binds calcium. This detcnprnt may
also nnniasir acidic phoepboUpids.

*I'nesat sddmsi Mt. SUasl School of Usdicius, Phytiolofy Dspt. New York, N.Y , I'.S A
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CAMNm MMWM IV MAMA MMHMM

C«** b M | «n
seriteW tr. im4 tdk
fCfHW | !mmm CBPCMM pHHV I*"r MM« WK ammmmm« aRWMH”AV OT
VMMat ATI*M ¢¢« MM(y MM*>* Renata)* M i LriMtMpi* feM »r
nwWR OTirf«ci*"mi( MHKHMmM pmhb w hhh iw ihbhv ot
VMR CMEHHiI WM Pi» ISnV fypV VI pHHIW
AMKiiPMMikai MMnhtiNHol tiw M fw p IM ikrtikiiM . GM liitff.*feavPi
tIMI i.iki— ymim% to nd «il Mnte«Mt «tt 4ip«iiM| « ttw pM

iiM Mtk of lk» bm~lhb bat fli ABv Miiikattft fiIMMM* L Ifw
Imw b>MiiinNnilo Imw utmttwr ctttion btatfhif dUM cIM Irtk#*
HMMHNT SIB OHCVMCQ %R« ivMHSMMHip A H”B

AMF«ii ImypoM kifd e nnM to integimI9 lInm ImmilMtai* TWm M M HiiM
Ca** m wmHatan at the artkm of rcrtate ImM M . It li poiMtalli te | CMtlki
bortten »cww tkt Mhtt of Oi* into Hmoil ar ftgain txtswaMar Cn” |«
mth ftit «4«iyt cyrliw. Theincimtr to Ca*» th i munknim tk» ixtM tim wi— tifci
tmfwtm wMdi M pffwiuwly been MimuhaM by cydfe AMP. A wiartyriy InpM ilw
bo” of tvtAirt ii pWMwfid bv RasmuMMo* wbM abowt Uw ralt of oM m I» a
fMriy iMfe mwhw oi cytMc AMP-<lrpendMit prvnmm. CMmm d tai froMi calto ii
f«@lM >rftorertoty ttocakiO Ticoiiceotnitkwwithiw tiiie ceB. AipacMc Ca™-""*Mndwl
ATFm* Mpptmnto play an important rule in thb piocM.

Tib Import lii-rihai the pffopcctiw of nld —i bindfaif lo iwlalad rat ttw
plafina f hranm, the nomber and relative afinitkt of oMmm bindiNy iMaa aai
tht nataie of the fonrtiociad gnrnfm involved in the binding pwicaw

KXTBStMEiIrTAL MCTIOIf

ifatoriati

Type tfAWP MiUtpore fthtrv. o ™ pm pore liae, ware obt”ned froas MiHipore
Corpotation. ~*Ca was parchawd from Intematiooal Chemical and NitckaryCarpora-
tion as CacCl, in 0.5 M HCI (5.96 mCi/ng raldttm). ATP. ADP, AMP and cfdk AMP
were obtained from P-L Biochemicali Inc. Trypdn was obtainad from Worthiacton
BiDchemira] Corp., chymotrypnin from Nutritional BiochemicalA Corp., and Prnnaw
faom Calbiocbem. New”minidaae from Vibrio chokrae (500 unitt. mi) was obtained
from General Biuchemicalft. Phoephobpair A, from «iaha venom waa
porchaied from the Miami Serpentarium. Phospholipase C was frtim C. F. Boehrii™pir
and Soabnr. The following chemical agents were naed: atobenaene-a-sulfenyl bromide
iSotntional Biorhem.), 5.5'-dithiobiji-3-nitrobenKoic acid (K and K Laba); pbenyV>
methybtilf<niyl ftooride (Sigma); Bucdoir anhydride (Eastman Organic); iodoaeeta-
mide(Sigma); mrrcapti”“thanol (EastmanQOrganir); /~-rhkiromercuribenaoate(Slgma).

\feikod$ mid reti*mU

Pfepartdion of pUmm

The plasma membranes were isolated by the modilkation>* of tht NeviHa
metiiod” . After isolation, the membranr [ireparationi wert washed with o»| M
Tris-HCI buffer (pH 7.5) ferllowr™ by 1.o mM E1)TA. The wajthad petWts obtainad by

Bmkm# AOH, «@o (Ian*) Ja»”
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vmUlhigMm At JOO» nv./mIR wm mmpmAtd inoj MTrtt buiir (pH ;.5] to «
ctM M inttaa ot jo o -~ wiibfini pro««tei/ml. Prot«tn cooco itftlon im d»-
%ralMi”™ tk« mHwd ol Lo«ty if

iINUfmJH IM litm . 9ma$im eoatiw nf6 0 ~ A olwiwibwi pmtaiain 0.2 ml
oHMft-HCI (pH 74).07 nlofo.t MTib-HQ (»H 7.5).5 " coataW ftf0.5 ~
el"CiOe,wr)Nhieeeeem itoeio<cold CsCle, aed eiiy m if*t eoled i» d* IspilidB
«« e ImociImMA «t 17 T for to flofa in a rfMking water bath. The iaal vglmm of tlw
ImmM Ahi OMrflvBi waa x.0 aal. UbIm otIMrwiM ipadAad tba taal afMt* « m ande
ino.x M Trift"HQ iNdhr (pH 7.5). Uiinfa Paatcnr pipette the tam pl« wwr placcd li
a im paR anctka appatahw containing a 045 /no, typt HAVf¥ MMIp~e Mhm
(a5-a» diaaaalT) wbU had pmrkNMly baen rinsed with 350 mM KCI and wariiad
w I tt glaa™fatiked water. Thamfattnrewaacompletely fincred by vacM n within 5« and
than waehad twice with 5~ m | alignottof 0.1 If Tria-HG haia (pH 7.5). The ftUcfs
wmm lamwwed, aBowad to dry and placed in sdntillatson viab containin|> to ml of
Bvay*a adntM atfcn cocktail**. Controb containing all reagents except the nwnihtaafi
WM ran rironhaneotely in each experiment to correct for the amnnnt of
bonad numpaclitally to tiie fitters. Standards of the **CaGg aoM ions were pcepafed
by ipotling 3 fd (0.5 /i) of each radioactive sohition on Millipofe ftlten, drying asid
nriwitfng than mdcr tbe same conditions as the membrane samplea. Sangiles and
ainndaffds wave counted in a Packard Tri-Caib Liquid Scintillation Spectiametcr,
Modd3X4.

E~ayimm di“ym. Cakium binding to the membrane wta measured by use
of a MnM-Micro Egnilibriwn Dialysb Apparatus (Interacience, Philadelphia, Pa.).
Thbe two plastic chambers ~ssre separsAa™, by dialysis tubing No. 18 (UniM Carbide

Corp.) which had previously been in 0.1 M Tris™HCI bufier (pH 7.5) and
blotted dry. Each chamber contained a ttital volwne of x ml and pnawmed an iniec-
tion port.

To a ml of the membrane suspension w m added 8 ml of 0.x M Tris-HCI bufler
(pH 7.5) to give a final membrane protein concentration of 80-100 ~/m|l. x ml of
this membrane suspension was injected into the left chamber. To the right chamber
was added 0.99 ml of the Tris-HCI buffer and 10 fd of CaCI™ sohition containing
i.o0 N i of *CG&**\ The final cakium solutions varied in concentration from 5*io~" to
5*%10-* If. The temperature was maintained at 5 *€

After equilibrium was established (42 h as determined by time studies) xo-"
aliquots in triplicate from each chamber were removed and placed into sdntillation
vials containing 10 ml of Bray's ncmtillation cocktail. io>” (x.o /iCi) aliquots of
encb stock ~*CaCl| solution, which served as standards, were placed into scintillation
vials containing 10 ml of Bray's scintillation cocktail. The samples and standards
were counted as stated above.

uaulLTt

MiUipore JiUrdU4n vtftut eifuilibrium dialysit for Cii*+ binding

Millipore filtration measures calcium binding in short time intervals wherras
aquiifbriom dialysis requires a kmg time intai*val (4™ h). The results in Fig. i shiiw
tha amount of cakium bound as a function of calcium concentration. Equilibrium
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Fif. 1. ComomtnlHiom dhipfdUnr< ol cmkeium binding. Tka oonesetmttoe dtpvid M i «l «rtali
bMteg ww determtoed by egeilibriam dialyeit. Curve A Md MUttpoce ikrmttai, Cmrm
EjcperiMVliit deftli ere g I ™ in tftie text. Eedi point riprwue tbe Meeii + S.D. ef
dctcfiBteettoe oi km r mepermte expertmeets.

FI, , Scatclutfd plot ol cektam binding. The reeolti thoiirB ia Fig. i for tiM MIBIpoie data mm
den ted M e Scntcbard plot ia tbe igore.

T4BLE |
KcmaB* AVMD ArriMiTv or calcium mkoimo em s
Tbe ignrea were extrapolated graphically from iotercepU oo the ordinate (a#0 and abadM (n)

of the hnear portioae of the Scatchard piote in Fig. i (for the MiUipore flltratkM Method).
naabers were obtained from the mean v~nee ia Fig. i and thna represent the mean eati~ipalalid

maximom binding «te»  S.D.

M*tkod of 4H*fminmtwn Sttmhtt of AifocuUicn
binding $H4s c<mgbmmt
{nmoUifmg) {IjmoU)

Egaihbriom dialysis 7*+ 3 4.8* 10

MiJlipore fiHr"iioa 2*+ 2 4.0 1a*
120 N 16 j.a-io*

dcatchard” derived a method for plotting data on the binding of smalJ rootoculea
to macrorooleciilea from which the relative af&mtir<t tuid ntiinber of bindii”™ tktm can
be extrapolated. Fif* 2 show* the Scatchard plot of the MUUpm data prawntad
in Fig. X The plot ia biphaaic indicating the presence of two rlaiMim v Undiim titca.
The extrapolated intercepti of the linear leirmenta of the plot are uaed to calnileta
tfie number of binding ftitea and the aaandation ronitant for cach type of binding «Ha.
The intercept tm the abariiMa fn) leprewntA tlie number of binding aites per mg of
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pnMhi.Hn iMawpi N i wfeM If I>tlw im MIm

«l«e U»» M i*« *» . Tlh liti™ attMy bMtag iMM lor Ci™ wttli M

M M K. fk» IM M FiM 4FiiM §iM iM MMailiMMMiMrtof 3§ M-
iMid IM 1 e (SD.) mmIm ol m—fniir fntetn TIMw

HitHiw M B H M M dB TaJi | iy MMriMWigypetvittef C i bomg & th« mcMi-
M ai m 44 m m—trim (tfai> tak* iato aoeowrt tke plaMM

MMtaHM «M MtaV «f7S % praMta MM «5 %

TteMirimMim iistiMMMwUhwm pnpHwlI by tbe Ray modiftcattrMi**
«ftiM M wai aatkod”. [IBM tlw Kay OMthod «M» Ca”™ to iw»Me tbot MMbme
jfWi, » aipriieaBt w a it of wdoliiMM Ca” Intha nt Mw membnMe pnl|>-
anttM ««iH «KIMM|i «<M> tka adM *CaO» *>* gppanat anoMt of
Ca” boM* «MM ba lowacad aa a raaH of iaotope 4ttntion. Buabcmu woe
Ibwiinn amhad «Mi EDTA baioic vm. When tiie maariNraM prapantiam were
waM withi®aril BOTA. awlthan wHk0.1 MTHft-HQ b ote (pH 7-S).theaM nt

#d f* bo—d taaa facwawd by 83 % aa coMpawii to coatw! niw lininBi aotw b>J
4 ll[p|PtA.W M ia.lhaM pdlat«iaawirwnwnt» were watinalycawiadowt with EOTA-
MU HMnIMUBI..
of €a”™ m a ittctioa of membcaiM uMneotratkm wm U»dM
HBfwty o m the cooocBtratiop rtafio( 30 to 100~ of »m»-

IM 1i™ ol wu fairly npid and wm Jiywiiiint cm pH «id kmc

»_JO 1T M «M taiiMMlanl of tagiw/jliirB faitht mfB ¢(o-~ *C AAvV 1 wim
ST  «4% of naxtaiiri Mndiog «m attaiMd (Fig. 4)- Allv 10-13

mte tiM MMaM oi C I ImMd iMd fttU kt* M tintion. I te pH optifiMBD aKMm

btNww 7J and 8~ (FIF. 5).

CQMMmttMi. TIm iM atatioB fytIMn M M itlid
IITTyM ia M te (aHr4)sa4 imeylaswwuite

«C aa* af IT*C kK M alia.

M laINM M ptiaa
efthm aRparti
aaabatA
?SflITin

diterariaaB* fif* m s»|*iw



CALCtmMt MKMM TO njMM*

Tlh ki TkUI It fkm A*I
EDTA m i bjr battNt Uw
lillwW mitly ow* tI* tiHpeetw nwgeelele H *C.

pn
Fig.5. Tht dbct of pH M caldMR btMUag Mwibnpw (It-toeM |

S* M CaCl, c«Bt«Mic IA |IOI «
la tiM 50-5* pH nafi M aetlto ariii iodta» e<»>> M br wt N
bafltr «<m oMd tom pH 5.4-~.t aad 0.t MTriMiQ M tar — aloyil t» «Mi

«.fil naO» of 7-o-f.0. Bach powt ropiwmli iM m m = SJk ol 4«plliM» M milM Iftofli
loar MfHimte ospartnMits. E”*eEbrieie dMyito wm corrtii o«t e 0apM Sii Ib tiM twrt.
TABLE U

fs« w tl qy BDTA aitd raiMRATInNni on cALCRm w two

Mtifcrawi Go4dM prot™) mmmibil 1aail M Tria-Kt botfirji™ 75) mm*  jacabo»i< 1st

oate tht oomUtftoM IMid. TIm aaKNwt of calote booni

M ~hrioi wat imraioiil bjr HMIpoM iltnitk». laA poiat lopmeata tko mm i ol
iofono”mHnm of two Mparato expeiewalB (;|( t.S.).

CMM#fu Amomtt kmmd

CoaxiBI,37 -C

0 *C «B*+«-7 /
sa*C 16.5ia.7
MMBfafaaM botiod prtut to lacsdHitkMi 4.1i 0.1
s"MBDTA 84*0.6

A gj/riiwii Mdittg n iu

Tafak 111 dkow» tlw fw dU of c(Moptthk» iCiMttMwith vahovt cations. N«Hbtr
150ndI IP oar 130nM Nt** interfarad wHh Ca** b M inf to tba ptaama BMmbraiMt
to way mppndtAM actant In tha praaanca o( z.5nM K ~, iMwaver. MnfUns
waainbiUted. Atan addad Ca” concantMtkMiof5.0 nM.. dacmaed Ca**bindli®
bjr4j % aw n tIKNiih tbe ratio waa 0.5.

Scstcted plotaaalyiia of tha competition lor Ca” faindbf iftlei larvaalad
that Mg** dM nat altar tha hindlnir to tba high afIMty iit«. Homevw, tha
Man nnMbhar oiltow aM ly iitoi Mvaihhk for Ca** bindhf was drcwMad ftooi
X30 «0 46 MMlaa Ci”™ par mg of membrane protafn, Tha axtrapolatad maximmn
bindhig is tbna dacaaaad by IS % aa contraated to tha 46 % dacraaaa to the mew red
nofMnasimnai Mndtog.

Am . taa (ifTt) 7*-17
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T1» iwiiHd itti IhW jiH M — nhmtiw havt bm thmn to pnMw Mir*
ecH vted ATPftM, ATF |iywi] |=iftnli)ih iJiii, S'-mKl«otldait and mAumyi cydeee
iiifoiif n umiy o] MlciOntide atUhnliwn wUdioccm at the
rHt tkun imcwnMIla Mtid Ca'. tbt Hfect tA imclaoddaa an Ca** b«ndirke

WM examined

tn Tftble tv it laihown that 0.3 mM ADP or AMP had m» rllc«*t rm thr anHmnt
of Ca** bnoAd at I mM Ca** in the medittm. At j.o mM added Ca*”, ADP ftisnokted
Ca** biodtog by 16 %. ATT, whirh i» known to be a %trotm divalpfit ratiun cr«nf4rxinff
latent, itave a 51 % dectwe in the amount of Ca*™ bound wbm the added rmm-
centratk)n waa t.o mM. At 3.0 mM added ATP stimulated Ca** btndinn by 27 %.

Scfttrliaid pkit aAatyak of thaae revuhi showed that ATP derrea*ad the number
of h%h alAnity Mndiofc ftitea from 92 to 10 nmoieft of Ca*” *11 membrane prwtetn
b«Tt led to an increase in binding; sitaii with krw afhmty.

RaflttUMen* has db cmeed the relationships between cyclic AMP. calcium ami
cell membraneft Ca"> b reqwad either for the atimuhu which activates adenyl
cydaae dr for the pdyviolo~al action of cyclic AMP wttlun the cell. It therelorr

TABLB in
EPVaCT oe CATMItt OM CALChiM antOIMG TO TNB PLAI
TIlm iDeebetkm coniiefcd «f 6»-80”f o( nembraae protmn ie 0.1 M Trii-Hil bufff-r

(pH 7.5/ oeataWag «MIMr 15a mM NeCl. 150 mM KCI or 1.5 mM MgCI, and ntIMr 1 mM oc
5laMCaClf(o.jnOleewbetien«m>*carriedowliU$7 T for tomin. Eadi putot rrpvr<mt«
tiM + S.D. of dwpltoate detemanatkms of three iiparate expertmMits Bmdinir was drtrr-
mined VfJm pm AHraHia asesplaM in the tent.

iNwelNIM* memhmnr pfoUin
ImMCAH

Control »M+3 31i: 3

NaO. 150 mM 30 +3 49 + a

KCI, 150 mM 31+ a 46 + 3

MsCV >5 mM as + a 2u+ 1

TABLR rv
SrTBCT or NUCLBOTIDM ON CALCIUM BINDING TO

The incubation syttem contained 60-fto/ig membrane protoin. 0.1 M Trie~CI buOrr (pH 75
eitIMr I mM or 3 mM CacCl, containing 0.5 ~Ci of **Ca and either ATP, ADP, AMP or c>xltc AMI'
at tba oQAOfottationi given la the table. i Im lampUi wete tamibatcO for 10 min at 37 X' anti
thM aaalyaed by MilHfor* ftitratkm aa eaplaiMd ift the text Each |iotnt repr««rnts the mean
~ S«n. of dapUcata datoroiinationa af three separate oapertmenta.

itmokt Ce** bonmifmi m"mhrMnt

t >N#Can 5 mM Ca*»
Control 19 +3 5ii 3
ATP. 0 3 mM 14+ * 5+ \
ADP« 0.] mM JOo+ 3 5N+
AMP. e | mM e 5¢i 7
Cyclk AMP. I niM + J

fltock$m Hhi*ky» Alt*.
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«rrmrd of mtvrM to Mt if rvrttr AMP totfiMtwew | cakimii bM Inf lo Uw nwmkrMM.
It rdn be «v«i In TttMe IV thAt c>t)lc AMP tocmwd caktam btodta* M botli IW
\mM*nd”*mMim tofoMum to tbt undtw .
The rfiwHiof ScBtdwd AiuUyniof tW dbct ol cydk AMP on rakiam kM inf
o\rr awide n n ft of r«ltittin coocentratiim ihow d that the m*bidhct odcyclic AMP
to incmae the nttmbcf of kww alRnHy litM. At an MKM coticMrtrattM erf
10 mM. x.omM t\riic AMP increiM«d the amomt of Cm** bound to tbt iiMmliranii
by loo*.- At 5 mM Ca** the incMiw was 36%. Scatcliard analyiM abowvd that
t'wlic AMP mcTMMd the number ol hiffh affinity tites frum aa to jo nmol—of Ca**YRi9
\yyrmbaa» )"«tein »nd increased the nombrr uf low aAnity Mt«i from tac* to a”o
nnittlet <f Ca**/mn mombraiH* prixtrin.

rv A fnxym”ic mtodtjk™~um of tk™ on aUcimm binding

Tkf €8eti O/ /7 rti™Wir cnxymrs. To determine which components in the pi—ma
nMembrane wwrr involx-trd in the binding, the eflet't of treatinic the membrane with
van«ms m(idif\*inK SMpmts was obvrx’rd. Pn>teolytic hydrolyab of the plaama mero-
Uanr by chymotrypMn. tr>]iMn iX Pnmasc prtiduced a 14-25% dccreaae in the
anvHint of Ca** bound (Table V) w|irn the addH calcium com*entration was 5.0 mM.
ThiTM- enxx-mrN had mi cflect wh™*n the added calcium amcentration was l.omM.
iV'rx~ti and Emmeh»t” ftmnd that wi»en liver pbtHina membranes were treated
with trx-psin, tl*e ovrrall thicknev» of the trilamellar membrane was reduced from a
N«>rmal value of 80 A to about r=0 A. It would appear that the dei'rease in Ca* btndinK
to the plasma membrane after proteolytic hydrol>'sis is due primarily to a stmctnra)
m«idihcation  the membrane sy'stem.

Tk~ effect of neHramintdAne. Since ttie carboxyl groupH of neuraminic ackl
residues are possible binding sites for Ca>+, the effect of their removal by neuramini-
dase w'as studied. The results are shown in Fig. 6. A 36*0 decrease in Ca** landing
was '>baer\'ed. Scatchard puUit analysis of ttiese results revealed that the mean number
of high affinity binding sites derrea.sed only slightly from 32 to 18 nmoles of Ca*/mg
membrane protein. The low affinity binding sites decreased in number frrmi to 74

rXBLE V
ErrSCT i>f PRUTKOLYTIC KNZVyCS ON CALCIUM MINUINO TO THB IMLAMA MBMSaAMI

\fom)>rar><r« {i -3 mg pr<tein) nudipended in 40 ml of 0.1 M Tri»-HCI buffer (pH 7.5) we«rr prr*
inculntrd with 100 /jg of eithrr try]Min. chymutrypmin or [*ronMe for 45 min «t 37 X. Th«
prnteolytk eturyoie wm omitted in the contr™ Mmplet. The mixture* were centrHoged and the
pellet* waehed with Tri»~HC1 buffer and recentrifuged. The reeultinc peilets were rwwpeoded
in 40 ml of Trie-HC | buffer Aliquots of the membrane tuspenaiona (6a-So”*g pmtela) wara
incnijated with either i mM or 5 mM (aCl| containinK 3 fid of ~a. Binding waa detarminad
hv MUhftore filtration a«ex|»lained in the text. Kach point repreeent* the mean 4: ~ H of duplicate
<|t*trrmination« of three aeparate experimenta

nmfAt$ Ca™ boundfmg membrmme

t mog Ca** 5mM Ca**
(it iVi 3 5B+ *
Trvimn jixt 1 4*+ S
ihvmfrtrvpein <9 3 4%
*rimecr 1 0=+ <

flufekim yt*"%



pMtin. Th« totaJ dprmuw hi MndifHe litM by neuramini’

50 lunolBt/inK mrmbrane pititdn. ThH clrMely to th«!

ik add (3t ntnolM tnff membnm* prtHrin) ~brnm to be present m

mwmbnme*, ahbriufih only 70% of the total nettrariink acid remdw”

to ttcttnmitikkiic. This Andinf Indicates that the carboxyl grrmpu of the

ackl retkIMa pUy an important role in Ca*™ binding to the plasma mem-
that the major part of thcM carboxyl |i(rmipft are available for btndtnff.

Tk$ 0/ phogpkoUpoie$. The role that phonphf>Upids plav in binding
plasma membrane was investigated by the use of phospbolipav™ A,, C, and D.
||k 7 ahows that phospholipase D was effective in increasing (by 34 °0) binding,

ilM ¢ the phospholipase C caused a 49 % decrease in the amount of Ca** brmnd. Since
pbcNpholipase D cleavage results in the formation of phmphatidtr arid, the resultant
jpolar phosphate group is capable of binding Ca**N\ Fhospholipase C, however, remn\'es
llk entire polar head of the phospholipid and would be expected to decrease the
number of binding sites available to Ca*+. Scatchard plot analysis (Table V1) revealed
that pbocpholipase C treatment of the membranes reduced the extrapolated maximum
total number of Ca*”™ binding sites from 142 to 38 nmoles. mg membrane protein. It

Fif. 6. Ths sflect ol asnfswiinirtaw oa nalnian Madtef. (s-3 mg protsin) MMpeinied
itt 40 ml ol aKU Trb-HQ bate (pH 7.3) mm nbtM witb 10 waits of MunniakIMS
mad 1 m il C«Clg lor 4> mta al 37 *C. NsaraaaiiiMi wm te tiM ratrol »mpk> Hm
laixtafw ww osBtrifoisd aad tiM psneti wsifcsit wMi 4 ml il TKIM 1O bufftr wmtainiiig i mJi
EOTA and firwHrlfigii. tim wwimsg pslton ym% te 4.0 ml of Tris-Ha buffer.
AMqoots of ths m— braat wmpisikin 60-%0”" pvafeisa® mm i— batsrl with vMmryiag coocen-
tnitkms of **CaCl| (0.5fiCi) csr to ala at aad tAma aaalyasd by Mitlipore flitntion. E«ch

potot rsprsMts om miaa of dapUeate dstanaiaation of tbrat MfMmte experiments.

Fig. 7. Tbs ifNct of pboiBlmttewse oa oakiam btadiag. llsmbimac* (a-j mg protein) «utpei\Ue<i
io~o mlofoki M Tr KU b«hr (pK 7.1) «« e pfsiacabatod witk soo” of sithsr pbocpliobpMe
C,Dor A jn 45 mi» at 37 ™ ai eaplslasd ia tbs taat PiMtphoUpass wm omittsd m Umc”/tro)
mmgtm. Tbs mixtaiss wwt csatrttigtd s«4 tbs psIMs waihtd witb 4.0 ml of Trw-KO b«ier
sad laasatrifafsA. Ths rssatttog psAMs wsr* rssospsadsd in 4.0 m) ol Tris-HU buffer. Aliquota
of ths tmmbnm tmpmtkm Co protsia) wsn iacttbatad witb varying coacsatratioa* of
AKICL (05f™) lor 10 aiia at 17 *C aad tbsa aaalya”  MiUiport Altrstion. Each point itpr®
saats OS msaa of dnpMeato datsrailaattom of thrw ssparals experlm«ntt.

Bhekim. Bi™pkyt. i~a (1971) 704 |
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ha» been shown that isoUted rat Uver pUmia mcmbranw rootaaa «bo«l ;60 «i

oi total pbo«pholipdi P per oik of protein”™. The acidic phoephoUpUi arromt lor
a))proximately 35% of the total phottpholipkhi** or apprtndiMtaly 370 mmukm «l|
phtKtpholipidft'peTiing of protein. It apfwan that not all of theM ackHc

in the membrane are available for binding Ca*” nnct; phoapboHpate C iwfcrad tke
maximwn nttmber of G site5 by approximately 100 ninoka/nif memhraot protein,
and moreover the maximum total number of Ca*” bindinft Mtcait 14a which facint
half the 270 nmoles of acidic ~>h(isphoKpids'mg of membraM pro&in. TUi onifht
sufOIT that in part each C&* forms an itmic bridge with two phoapholipid molarolM.

TABLE VI

m arracT or raotrvoupA su on tmi NtMnsii and AmmTT or CALciim binimho mtcs

Thc Agam ««r« extrapolated graphicallv from the intercvptt on Um ordiiMt* mmd abtciw of
tiM Hawr portiPM of the Scatc”rd piotA ttrrived from the data prtwat<d la Fit 7 Mvan vahHB
af« slwwe ia tiM taUe.

Prta” In* Smmhtt of 4 MeeftON
btn4im(g s%itt» <Bilamf

< ii 4.00* 10*
ito 3,17-10»
i «.94* 10*
*3® 44* |o*
A 18 4 17MO*
90 6.56* U™
tTinw>n<ipin C 4 1.60* 10n
34 \JOO' JO*
TABLE VIf

arracT or pomctkmiai. omtvp Aoaifn on calcium kindixo to tmk m,aima memsiiaiik

Membnuw <2-3 protcia) MiptBded in 4.0 ml of o 1 M Tra-HCI bnfl«r, pH 7.3, wirsyWakal«d
for 43 ate at 37 *C wftb tW tmt a8wt »t the conctntnikm ffivm in the tal:» Tw cJiwicaJ
t»MmU vOTt Bwittid m tkm awlrol mmpim. Kcuuu tnHm. 0. M (pH 3.0) wm tabMilotatf for
Tri»bafcr viMatottnf mMfctawnwHIMj " Wirniniilii Tte mixture* w«n cMtrlfofed and the pidl#t«
wrtud with Trt»~HCI hmMm tm i feceatrifafed. The muulin p«U«t« were rweepended )« 4.0 lal
d Tr»-Ha baflir. «f tile membrane MMpeMiooe (60*So ftg protaial) were Incahaliid
with 3 mU CaCL €omuMa$ *Caa. (0.3 ftCi) for to mim M 37 *Caad th”n aaalfMd by MUMpdre
Altntioa aa cmWaatf ia tW tkst. Each poiat repreeeal the mosa + ft.D. <4 dapAkate deicraii’

nitiaai of IfeMe im raf cxperiaMts.
Agnl mtUtd nmoki beundfmg
pnMm
53+ *
T+ »
7T*+»
Tt *
732:4
A
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Tahir VII.Thm agMttM IMi«rM dhrt«e mWm i MickiWatmMm MMw
iratkmmf kw thee t mM hut kim w d Ce**W eihgel 5.Se |l Thepeemi
tiKTNM vu M from t4-47 %.

Egmi O/i/etwgmb mi uidm m bindinf®

Ilie cfccU ol Ume detergefita, triton. lubro) and Midiuni dodecyl Mkfate am
caldum bMinf «n tKown in Fi((. 8. Sttdium dodecyl nultotc markedJy incrcMcd
caJdum binding. Triton gave neariy a 3-fold inrrraAe wherean htbrol did not inflomrr
calcium binding. Thne dctgynt effect?! arr believed due in part to mankinfe or on-
marking phoapbottpidft in the membrane, or in the case of Midinm dodecyi suliatr,
the incorporatkm of this anionic detergent in the membrane.

Bd en.

comm

50 -40 -30 -20

FtK N The effect of detergents on calcium bindtnK. Iltnibranes (807100 /ig protein) were suspeaded
in 1.0 ml of 0.1 M Tri“HCI buffer (pH 7.5) containing 0.1% of ~tIMr Triton X-ioo. sod™m
dodocyl Mlfate or Lubrol PX. The membrane su»penaion* were dialywd to eqiiiUbrium for 44 h
at ™~ X against identical detergent-buffer »olutiont with varying coooMtiatioiu of CaU” con-
taining 1.0 ~Ci of ~*Ca. The control Munplea were identical except that the detergents were omitted.
Each point repretenta the mean ~ S.D. of duplicate detenninr.tiont of three aepanite experiaeats.
Kxperimental details are given in the text.

DISCUSSION

Isolated plasma membranes bind a ainsiderable amount of Ca** >»*ithout t)ie
intervention of metabolic energy. The binding of Ca* is a fairly rapid prv~cess whu h
is influenced by pH and ionic strength but not affected appreciable by temperature
in the range of 0-37 ‘C. The biphasic nature of the Scatchard plot of the t'a** Inndiii®
data indicates the presence of two classes tf binding sites with dilfem”t afhnity
ronfttants. The high affinity sites for Ca*+ (/fiMoc ~ 4-0' lo* M ™) werv small in uumbt'r
arrommodating 2a nmoles of Ca**'mg membrane protein, while tlie low athnitv Kites
(/fasMc ™ 3.2'10*M “Mweregrfttterin numberaccommodating lionmolesofCa** ntg
membrane protein. Tlie jxwwibility of some cooperative interaction U'twt'eu the twi>
classes of sites or that another Het of binding sites with an intermediate al™nitv evist'i
could not lie rxrludfd. A small number of very high aHiuity sites as» cannot U’
e5*rluded sinre Ca*’ hinditiR we*» not studied below lo * M

fh uhini hi»phy\ Alta. j*n» 70



M irfhiM ibMm to
Tahir VII 1W l«iirtlilrfM NtW M IAH |
initiitm of tn» thui I wM hut inm wud Ci*»
hKtfw vMtod fmn %-47 %. '

EOOti 9f m $tkimm

THr fifccto ol Ibivv detef*wit», Irttnn, luhrnl and aodittfn dnd«ryl imMbT om
cMmm btodim wt ihown fat Fi*. H. Sodinm dodecyi MillAtc mArfcadly tmnmmd
m Idaiii biiKUng. Triton ftvr neftiiy « 3>fold inrtyaM> wtMim* htoml did nr4 iwitm r
mScivm bindinf. Tbm dftciy nt eflert% arr brlirvrd dur in part €= maatowg or an-
maAkinff phntpbottpkU in the membrane. \n in the case of «idmm dodrryt «iMatr,
the incorpnratioQ oif this ankmir detei”ent in tlir membrane.

ocC

[} id

‘90 -40 D )0

Fin. H Tbe effect of detergenU on cakium Undina. M»i»branc» (Ao”™ioo ™ ptotaia) wde

io 1.0 ml of o.i M Tri»-HCI buffer (pH 7.3) coatainiiiK 0.1% of «itIMr Trttoa X*ioo. <inllw>
dodecyi stilfate or Lubft»l PX. Th« mrmbmne iunpensiont were dialyMd to equaMbiium for 44 h
at 3 *C identical detergent'buffer aotutionft with varykvg coaowtiatioas of Caclg
taioiof 1.0 of **Ca. Tbe control tamitlet wtrv identical exrrpt tbat the detergeets were oautted
£a” point repreeenU the mean £ S.D. of duplicate detenninf.tione of tkree leparate exprri«vat»
Experimental detail* are given in the text.

DISCUSSION

luoUted plasma membranes bind a amsiderabte amowit of Ca** viithiMit the
intervention of ilketabutir energy. The binding of ra*"* is a fairly rapid prtiress whi™h
is influenced by pH and ionic strength but not affected a|™)reciable by tem)H'Ttituiv
in the range of 0-37 'C. The biphaHir nature of the Scatchard plot of the Ca*'
data indicates ttie \yTttexxve of two classes of binding sites with different Alhnitv
constants. The high affinity sites for Ca*+ (XtMor « 4 0*lo* M werr small in numlier
arrnmm«Klating 22 nmotes of Ca'* mg membrane |m>tein. while the low athnitv site»
(AMMe  3.i*io*M Mwere greater in numbecaccommodating iMnnHklesolCa** ntg
membrane protein. The |MHisibitty of some ~ooperati*T interactit>n Unv~ren tlie twit
clasaas of sites or ttiat anottKT net of binding sites witl\ an intermniiate aA\nitv evwt'
crruld .not be exriudcd. A small number uf ver>' high nthnity Aittn canm«t W
excluded since ( a** binding wa» not Mtudied below 10 * M

IhiHhiHt Hioftkyt Ait4, ii>>flo71t 70 S)



(Aiosm MutHiMi NAMA ntwmANt

1 Hmitm wtth ytham c«MM%rmaM tiM tiM
)|[[« YobowTX-er. Wwirep e lir <i< theemew I 0< kwmd Id tlw
Mg** M not «Hvr thr btodhn ol Qr*™* to ilm M|li aM ly iMhi. b«l, tIM
km aiM x («** Wndta" iHf« (licWMIi fM i txi to 4* mmAm M Sk
fetiuv® pitltfik.

Sincv thr bfaidiMg «if by tiw pliMM mmtlbnmm inhihif J f wttwi
lomUa and ww ini miiMd tlw ol ollmveelkw, tlw piMM mmmkmmm

mlyrnmt to br cmpMt of bating m ion g«cb««y mttmbmm. Thmm peopwti*
of C«** DbIDdinft to the pkMM mmbnuw rmtmhk tb» m»taboli*-imlipe*iml
bindinc ol to otbcr nwwbrinM. i;mt d W.' b«¥» dwoiwtTeted tbot wm
«Awfb<d lo tbr md ccB iinibrMW in a dwiumi liifi—rfcnt on the pH and kmk
itTM~b ol the Bwrmmdinc ndhMw b«t bdipMMfent ol my owtabolk pwirwi lincc
mritb« coulng. dmitioppMMil. ooabttki, «r hydroc<irtian«r aHstml the b M **. Livrr
cxfl miitmrmm haw ate hata abown to behave aa ioii exchange membrane”
Rey«alarie aad Lebnii~rfet* have thomn that rat hver nutochandria, in wliirh reapita-
ia inhibited b> antiroyan A and rotenonc, pomr» two major rhwet o4 Ca**
iite*. Three typea ol Ca*+ bindmg sitea have hem diMingviahed on membranes
ol the earcoptoeaak retkrohun*. Therelore. it would appear that Ca” can bind to both
external mcmbranea of reUs and membranes ol aobcrltular arganelle» in the abaeiire
of metabolic eox™K>'.

The- preaence of ATP was shown to decrease Ca'* binding at the lower Ca'*
concentntion range. When the added G~ was above 1.0 mil the effect produced by
ATP was revened. resulting in ui increase in Ca¥*™ binding. Thus ATP (and AUP)
appear to aher the membrane str™~tnrr such that more binding Hites are made avail-
able. Some of the groapa may be phoaphoUpid polar moieties. ATP has been shown
to behave like EDTA m reducing the divalent cation bimlitig of liver mirrcNMimes>*,
The intera<'ti(lm of Ca” with ATP may provide a mechanism by which Ca*" facilitates
the regulation of membrane structure and function. Abood'™ has proptMd the exis-
tence of a lip(>protein-Ca- ATP complex wliic h regulates the permeabibty charar
tenstk” of ner\e membranea.

At 1 mM cyc\u' AMP, the measured Ca** binding was increased by 100%.
Since c>*clic AMP caused a 2-fokl increase in the extrapolated maximum number of
knr afhnity binding sitc”. it wuuld appear that tlie nucleotidc in some manner induced
a conformational change ovtr a relatively large portion of the membrane resulting in
a modi~ation of the Ca*” binding pattern. Kafka and Pak** have shown that c>rlic
AMP was capable of facilitating the adsorption of Ca™* to monomolecular films of
monooctadecyl phoaphate. The physiokigical signihcance of the effect of cyclic AMP
on the plaama m«mbrane binding pattern is questionable since the concentration
required to aher the G**binding was higli. Cytlic AMP may make available certain
maak«d polar groitpa of phoapbolipids in the plasma membrane. The total number ol
extrapi>lated binding litca for in the prrscncc of lo~M c~rlic AMP ia 470
nmoles/mg membrane protein, a number identical to thr 270 nmoles of a<klic phtia-
phottpids present per mg membrane protein.

Tliree molacnlar oomponenta tk the plasma membrane, t.e, protciiu, phoaphcv
bpids and nrurambiic add art capable of binding Ca*”. Structural intiyiitv <t thr
plasma membrane wtm essential for optima] Ca*® binding tince hnth prot<Hil\rti uml

AruU.



ttpidrtir Alimtkin <4 tht rnrmbfan* rrvtiHfd in « rWrr<i®™ in the amnant *A ~4**
bnwid. Of ttir X*Atl ('«** fxtrapoUtvd maxtmum bindinK n ntnr™i nn(
mrmbrmiw pMtcin), atklli phnnphoUpkl™ ftrnnint Utr approximateljr too nmril#™ m«
nwmhnnr pmtrtn while n”~uraminir arid midur<t acrcmnt ior apprc/ifnat™Mv y>
nmole>/mit tnembrmtM prutdn. The phcMpholipkU acr<ittnt Un nde» with Um binding
affinity. Long and Mouat*' liave iJw>wn that the binding of Ca** to ervthrorytrt
decruwed llnearty with the removal of S -aretylneuramintr acid by nearaontnidaM’
Palmer and *Mey** have demonHtrated that phospholiposie C-prrtrpat«d rmal mirr«i-
9ome9 bound 40 to 60 % lean Ca** than untreated mrmt>ranes. The rcimlu aht> Miff-
i“csted that Cm** binding to membrane proteins was relatively %mall in ciimpariirm
to Ca** bindinf™ to acidic phospholipids and neoraminic add rrsidiir™. KokrtMi ei W.**
have shown that when membrane fragments capable of bindinK radioa«:tive O™/
were extracted by organic solvents the protein-containing residue would ni>t bind
Ca*+. whereas tlie extracted lipids did bind Ca' +

The binding of calciuro to the liver plasma membrane can be cimtnutrd to the
binding of calcium to cabequestrin as reported by MacLennon and Wong*”. Cai»eqae’
strin, a protHn isolated from rabbit sarcoplaMnic rcticulum, ha™ a moierular wmght
of 44000 and binds 43 nmoles Ca**”/mole protein or 970 nmoles mg protein. The
binding constant for Ca'~ is 2.5' 10°M  The pH profile for binding shows a reU tiwly
small but steady increase from pH 6.0 to 9.0. One type of binding site was obser\'rd.
In our studies on tlie plasma membrane, there are at least two types of binding sites
for Gm**, the pH profile shows a peak between 7.8-8.0, and binding constants are
slightly smaller. In our membrane system phospholipids and neuraminic acid (not
proteins) are quantitatively more important for binding Ca*+.

Inasmuch as the neuraminic add midues are exposed on the membrane atid
that proteins do not play a major role in binding, one must coi”“lbde that phospho-
hpids are the important components which bind Ca*® but a lai”™ number of these
acidic phospholipids are masked. Therefore those agents such as nucleotides (ATP.
binding probably do so by unmasking these phospliolipids or in yS case of sodium
dodecyl sulfate this detergent may become incorporated into tne membrane and
ccmvert it to a highly anionic form ttia its sulfate groupswhicl”™u bind Ca*”™ ions.

In a previous publication** we reported the phosphWTlation of the "™ wa
membrane by the cyclic AMP-dependent protein kinase and showed that the phos>
phorylated membrane bound more calcium than the control membrane. It was
further demonstrated that glucagon and epinephrine could substitute for c>*clic AMP
for stimulati<m of the protein kinase phosphorylation of the plasma membrane since
these hormones are capable of stimulating the membrane-bound adenyl CNxrlase which
produces cyclic AMP.

Another action of hormones on the plasma membrane is to modify the binding
of Ca*+. It was observed** that glucagon, epinephrine and hydrocorti»0Qe at lewb
of 10 ~ M increased the binding of calcium to plasma membranes wher«as insulin
decreased calcium binding. ATP at 0.3 mM inhibited the effects of epinephrine,
glucagtm and hydrtK-ortisone and reversed the ef!'t*ct of insulin on caWium binding.

These observations indicate that hormones may m”xlify the membrane structure
and function by influencing directly the amount of bound laknum or by acting
indirrctlv through adenyl cyclase and protein kinase to ¢~>nvort the membrane to a

Htfnktm. AcU, 190 (197s)
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phmpbor='leted »Utr wHk h h«Aipwtrr bM tof cap»cHy lot C«**. TIm low <<hi—
And cftk'ram«f tN& mtmbrant r«i tw cxptrtad to inOMm« mm bnw
pre>frftirs »«cb » prmiMibititv and rxriUbttHy.
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