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The Study on Na*-Ca+* Exchange in Heart Mitochondria

Sang Goo Shin, Myung Suk Kim* and Jung Kyoo Lim*

Dept. of Pharmacology, College of Medicine, Chung-Ang University
Dept. of Pharmacology, College of Medicine, Seoul National University*

The Na*-and K+-induced Ca** release was measured isotopically by millipore filter technique
in pig heart mitochondria. With EGTA-quenching technique, the characteristics of mitocho-
ndrial Ca**-pool and the sources of Ca*t released from mitochondria by Na* or K* were
analyzed.

The mitochondrial Ca**-pool could be distinctly divided into two components; internal and
external ones which were represented either by uptake through inner membrane, or by
energy independent passive binding to external surface of mitochondria, respectively. In
energized mitochondria, a large portion of Ca** was transported into internal pool with little
external binding, while in de-enerigzed state, a large portion of transported Ca** existed in
the external pool with limited amount of Ca** in the internal pool which was possibly
transported through the Ca**-carrier present in the inner membrane.

Nat induced the Ca** release from both internal pool and external pool and external
binding pool of mitochondria. In contrast, K* did not affect Ca** of the internal ‘pool, but,
displaced Ca** bound to external surface of the mitochondria.

When the Ca**-reuptake was blocked by EGTA, the Ca** release from the internal pool
by Na* was rapid; the rate of Ca**-efflux appeared to be a function of [Na*J? and about 8
mM Na* was required to elicit half-maximal velocity of Cat*-efflux. So it was revealed
that Catt-efflux velocity was particulary sensitive to small changes of the Na* concentration
in physiological range.

Energy independent Ca**-binding sites of mitochondrial external surface showed unique
characteristics. The total number of external Ca**-binding sites of pig heart mitochondria
was 20 nmoles: per mg protein and the dissociation constant(Kd) was 34 uM. The Ca**-
binding to the external sites seemed to be competitively inhibited by Nat and K*; the
inhibition constant(Ki) were 9.7 mM and 7.1 mM respectively. Considering the intracellular ion
concentrations and large proportion of Ca*™* uptake in energized mitochondria, the external
Ca**-binding pool of the mitochondria did not seem to play a significant role on the regulation
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of intracellular free Ca** concentration.

From this experiment, it was suggested that a small change of intracellular free Na*
concentration might play a role on regulation of free Ca** concentration in cardiac cell by

influencing Ca**-efflux from the internal pool of mitochondria.
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Ca* 2 A X messenger 24 A AT 52
Aol wtedstn glge] gAHAR gk AZE excita-
tion-contraction coupling (E-C coupling) g4 =
Alze g2 84 wdd BEAGe] T-tubule
AL Fotd WEE Askgdd wel AzAETA #5
Catto] Zr8lxw Al =u] 2718 §8 Catt-& troponin
3 7 §sle] actomyosin o o & troponin-tropomyosin
o] Wl ag& AASERA ZEFe] dojyrim &
A 3 Y} (Fozzard, 1977). ¢]e}zre] ZA £¢] E-C
couping o] £83 9L & AR dHA AZY
Ca*t o]£9] =24 7|TEZ4 % plasma membrane,
sarcoplasmic reticulum s} mitochondria 7} Q15 =
glox (Bygrave, 1978), 274 Ze]A L sarcoplasmic
reticulum o] F &L F Ao 2 Z2H5 1 ¢t} (Eba-
shi, 1976; Fuchs, 1974). 2&8v} 42 A £ sarco-
plasmic reticulum ¢] ko] =-&% oh)g} Ao
Wld=e] 91z ¢ (Pageet al., 1973) sarcoplasmic
reticulum 8 Ca**$ub5do] TAZA w8 ) ok
whl (Ebashi et al., 1968), mitochondria &= A4 %
o F4¥35 £ 5 (Laguens, 1971), mitochondria
9 Ca**ste] A4 X AFEER Bof A2Y 43
ol ZAHILE ¥& FLE Catteibsd e =AY
o Buslz ¢l=}(Carafoli, 1974; Carafoli et al.,
1978; Lehninger, 1970).

Aeld Z74 3549 A mitochondria ¢ Ca**-
uptake 7] A4-& & ¢ ¢l.on] (Crompton & Heid,
1978; Lstsccher et al., 1980), mitochondria ¢4 &)
Cattfe] &= 197410 Carafoli 5-¢] 4l-Z mitochondria
dl4 Na*el]l &g Ca*"fe] & Rad ole, Nate] g
g Ca**¢] -$e]l: mitochondria vgtel] EA) sl
carrier & &% Na*-Ca**msle] zle] o] Fe]F o)
o+#] 3} 2 (Crompton et al., 1976; 1977), Al == A
A4 FE A4k Q2o vehbe A=) o ¥
X9 W37 =3 mitochondria ¢ Ca*ttzd Lo o
& vl ARA QY R B old A @
2 o377 APE 1 9=k ] mitochondria &) Ca*t

- homogenizing €< (250 mM sucrose,

© oA EAstlA Wehg sl 4 (uptake)d]
W& Ca*t-pools} oui=] wEHdoR =i AF
(binding) 5ol gl 814 Ca**-pool®] 4e) & EA e
I glen, W3 pool Eukohiz} 9] pool £ Cat4
fLdoe Ba AT F5 CattyE 2 =3I
Fo% 9¢E ¢ $ dodzt 25 gl (Reyna-
farje et al., 1969; Carafoli, 1974; Reed et al., 1974b;
1975; Noack et al, 1977).

2 o] 7| 4 = mitochondria & 2} Ca**-pool ¢} 4
Ae wAsz AT A TR f3T Nat
8 K*s] mitochondria 7 Ca**-poold] u] 2] & &4}
o E o]l o Cattfelel FAYA 244 At
ned AT $7 Cat*ux A 9lelA¢ mito-
chondrial Ca**-pool © Na*, Kt gzid 9%
2azx g

MEM=E 3 Uy

1) ez

EGTA, murexide, rotenone, oligomycin, antim-
ycin, 2,4~dinitrophenol ® ruthenium red = Sigma
A Adg Agstgoen, BA4EALdL #Catt:
Amersham UK ®|¢] 22 mCi/mg ¢] activity & Ay
= A& ARty

2) Mg

(1) A2 mitochondria 2| £& : 4P FEEE A=A
2 Ag-stg.on Sulakhe & Dhalla(1971)¢] wheil
Fobe] AT FE st 4F A44eE
10 mM tris-
HCL pH 7.4, 0.1mM EDTA)¢| Y3 A 4L o
& 108] 229 homogenizing g el 4 Polytron %
A 24 7] (Brinkman, Model PT-20) & rheostat 5¢] 4
72 %-qk homogenation 3 ¥, 1,000g 1A 207k 4
AL A4S, 24, ¥, FI2A5L
AAsT ASdaks L 439 AR o 3Eg
e d4E 10,000g oA 2085 43 HA L
o Q& AAE 49 &% homogenizing g F
FA1A 10,000 g o A 158k =hAl WF 44 £ 3
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A ARsgom, o F el AL 23 AP
FHE A F A= EDTA & A A g homogenizing 8-
£ A3k vk FHE o o]l mitochondria & 250 mM
sucrose, 10 mM tris-HCl, pH 7.4-&e¢] =il %}
15~20 mg/ml Al L5474 Aol Fog Gt

X = mitochondria &322 0~4°Ce4] A3
gow glWs% L folin-phenol A] ek A} Lowry
S (1951) 4] w22 &3ty th

(2) Mitochendria 2| Ca**-transport 2l SFe|o| &
A : Mitochondria ¢ Ca**-transport ¥ %] WAt
A E994 Ca*tE 2431 Lee and Choi(1966)
2] millipore filter wb¥] & = =3 519 e},

S 49L 26°C gy FE2A s s
<} (250 mM sucrose, 10mM tris-HCI, pH 7.4)¢]
mitochondria &) 57} 1~2mg/mlE57} H55 3
7hsted Al stglon, W-gdue Catryxte A€ 2
el 4] A Ak wlell =t Ao Asletn “Catte
0.4 pCi/ml A stgeh, el AAEan Y&
Cat*2 murexide ] A] 2b-& -3 Walser (1960) ] W+
Wl 9] 5le] dual wavelength spectrophotmeter (Ami-
nco-Chance) | 4] isosbestic point 507 nm & oz =
She] 540nmoell 4 FAagon A& Catt FEE
T 5 eMAEG ) v Aol Bag 2R 44 Catt
~transport 8122 mitochondria 3% s|- =4 5mM
2] tris-succinate, pH 7.4% A slste] Apsiydeh ol
1 %] & Apukat Aol 48] Aol A& dk-g-d el suce-
inate & #Hs}slA %3 mitochondria TF A Q)
rotenone(l pM) 3} antimycin (0. 25 pg/mg. protein)
TA A A A slg et PCATT ALY B YEEE o] &
4t Ca**~transport 4 @ Al¢ll &= mitochondria ¢ ¢)n)
WA st 9l Cattell &g 591049 3424 (Reed
et al,, 1974b)E zadalok slmE Ao weli
mitochondria & Z.F#lal Zaste4 25°C, 5~748
Az e WA SHe Catt g fElA F W4 o
Hdbgef o o] AlF, dEgAEel st Aded 4
&3k =

A% AU A A5 FA6] wlel mitochondria
B wrgA7) vhg 2 kgl 0.25ml & F3te milli-
pore filter(HAWP 13 mm, pore size 0. 45 micron) 2
22 o3pstgdoer, g9 0.1mlE 10mle liquid
scintillation cocktail (Aquasol®; New England Nucl-
ear)el] A r}sla liquid scintillation spectrometer (Pac-
kard, Tri-Carb, Model 3375)2 ulA}5& &334
mitochondrial Ca** ¥ $-8 Cattokg& AALdled v,

(3) Mitochondria Ca*'-peol 2| 241 & O[] chst
Na* &l K*e| &3} : Mitochodria ¢] Ca**-pool & W
zhg B Catt-uptake of ¢]5le] o] Foi x4z W4 pool
sk o 0 ue] g7d A4 9% pool 2 FRY
Tk B ARAAE o pool & A7 TR L
AL BA5s] 8 5te] mitochondria 892 22
3 E#sht e B3 4 gle Catt-chelator )
EGTA (Reed et al., 1974 b) & o]-£35}4th. & Reed 5
(1974 b, 1975) 2] whilell Fale] w-3ANA FA &)
fF E5ger(0.25m)e F AFAF T AF Y= 2
mM EGTA-tris, pH 7.48 3Hs}3le] 202 Sk A
& milipore filter & 53l¢] oszlsim, o2 A3 4L
EGTA & 71814 €3 S dstste] #4719 w4l
& 2336l 2 pools] 2% ARG £ A
o) HBAE 4713 dhak el Catt-pool & ¥ 3
2+ Ca**-poolo] A€ Ca**4e @ o]e] thgt Nat, K+

o E3bE A% FA gk

B o

1) Na‘ &l K*ol| |3t Mitochondrial Ca**o| &2l

FAAEL AEW Catto]g FxEo ZM7tE W F
=9} Ca**(13.3nmol/mg. protein)s} 5mM trissuc-
cinate &) shol| 4] Mol mitochondria 2] &fu]x] 9
Z4 Ca*+transport & ojgks] &wale] 3EF dbE
gy Ca**e] 95~99%7F FFEel AFAZLE A45H
gon, ow Nat =& K*9 sl Audez A
b AF &% CatifeE Held, T dAFEE
4239t & Na*fd7b4 20 mM o4 transport R
Ca*+e] 8%, 50mMolA 15%7t -freldla, K-t
Ae 20mMol A 3%, 50mMdlA 4% Cattg-g]
tle] gl ek (Fig. la,b). @53 djx AQ22 F+ 4
< 58%, g Nat @ Ko sldabs 4554 v
ElilE sucrose & HsFg 7 $elE mitochondrial
Ca**eb) W3 2R + 997

Rotenone (1 M) 3} antimycin (0. 25 pg/mg. protein)
22 25°CellA 5E A A et WA Cat'g AA
A% 8 mitochondria & 11X Qo] &4 Gx 24
ol A uFEA 22 A$ Catt-transport & 2] AE
el Ca™tF9] 46~61%AE o 302 F A9
AR FFd 2P 582F R Az Add #=)
10%u]wke] Cat*frel 7k del v FA-E B o+
Na* =X K s} mitochondrial Ca**9] & =3}
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Fig. 1. Effect of Na* or K* on the release of Ca** from mitochondria. Mitochondria (1.5 mg. protein/mlL
of reaction medium) were incubated at 25°C in a 4 ml medium containing 250 mM sucrose, 10 mM
tris-HCI, pH 7.4, 5 mM tris-succinate and 13.3nmol CaCly/mg. protein. 0,25 ml of aliquote was.
taken and used for determination of miocthondrial Ca**-transport and release as described in the
method. After 5min ineubation(}), Ca** release was induced by additions of either 40 mM
sucrose (O), 20 mM KCl(A), and 20 mM NaCl(@) in (a). or 100 mM sucrose(Q), 50 mM KCI(A),.

and 50 mM NaCl(@) in (b).

2l & &9 sl Na* 1~20mMoll &af4 9~53%7}
el s gl (Fig. 2a) K*9 A4l 1~20 mM A7)
A 14~59%2) Cat*%-81 & Jehsdch(Fig. 2b).
5 Fig. loAek Zol ol FAEAA Holk
Na® @ Krell o3t Ca**felrh dxald £ AL
d=t el Hgwd Cattel 94 mitochondria Vivt& &
gt ddz g2 AFF HEe A HEels)
dqARen®, Na* == Kb 93§ mitochondrial
Cat*el A 2l F& F3es] Yk Na*t g K7y
7F 3054 o ruthenium red(2nmol/mg. protein)-&
# 7Fske] mitochondria i ibel EA ke X Y&
4 Ca**-uptake & 3 ZAAGA4 4AFsdsd
Na* 1~50 mM A 7HA 4%F &% o EH e F43
g Cat*d] 8§~57%7F 592 (Fig, 3a), K'el
IH AL 13%12] fEiabd BYw w2 Frbdl
B G5 o EAq FAE Rej gokrh(Fig. 3b). 2
21} NatisEo) wha Ca*+e] 2] Carafoli 5(1974)
s} Crompton-$-(1976; 1977)2] ¥4 mitochondria o
AY Bamrrh e Car el & Rd e, e B
Age] A}L5 ruthenium red 8. & FEd 71 F

ALor A3, A7 FEL Y 2EEE XA
AdlE A& Cat"frel &4 2o 4 FEY T A&
Ca**-carrier 8 24 Aol £4 + g+ 4=
HAE == gk

Fig, tollAel 543 A4 Cat*E5 85 A
ARE Az Asel wet F Azl 0.25mlde
AF YL o] §F AH A2 FA millipore filter 2
o gata, oFE AN 2mM EGTA-tris, pH 7.4
2 202 A3F d3ad Pasg $4 5224 mito-
chondria ¢ Ca**-pool & W-qlck. & EGTA 2] |4
&) 5l chelation 5 =] &2 vl 494 el Cartomig
mitochondria W3¢ F3}e u & poole] <5 Catt
k¢ A 4l3+4 3, & mitochondrial Ca**3} u]& Catt
-paol &] ko] = 9 B Cat*-pool &] F& &3 ul, ub-
& 15&0] & mitochondrial Ca**8) 54%F =7} &3
poolell A3 Ae) 2 EAl st ot A7 A5t e}
A Ll 3E o] Folle 12~16%FTnke] JH
poolof FgrHe] glx fF-Fef Cat*g W& pool
= $45E A%E BYoh(Fie. ). Wed QA=
%<5, & mitochondria W4 Ca**-poal o412 Na*
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Fig. 2. Effect of Na* or K* on the release of Ca** from the de-energized mitochondria. Mitochondria were
pretreated for 5 min with both rotenone (1 ¢#M) and antimycin (0.25 pg/mg. protein) to deplete
endogenous Ca** and washed by centrifugation before incubation. The mitochondria (1.5 mg/mg

of medium) were incubated in a 4 ml medium containing 250 mM sucrose,

10 mM tris-HCI, pH

7.4, 13.3nmol CaCl,/mg. protein, 1 M rotenone and antimycin 0. 25 pg/mg. protein. Mitochondrial
Ca**—trangport and release were determined as described in Fig. 1. After 5 min incubation (),

Ca** release was induced by additions of 1(), 3(A), 5(A), 10(®), and 20 mM([]) of NaCl
in(a) or KCl in (b), and 40 mM sucrose(Q).
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Fig. 3. Release of mitochondrial Ca** by Na* or K* in the presénce of ruthenium red. Experimental
conditions were exactly same as in Fig. 1, except that ruthenium red (2 nmol/mg. protein) was
added 30 sec before induction of Ca** release from the mitochrndria by additions of 1( ), 5(A),
10(A), 20(®), and 50 mM([]) of either NaCl in (a) or KCl in (b), and 40 M sucrose(O).
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Al 58 % 1mM EGTA-tris, pH 7.43g]2 %
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Fig. 5414 ¢} 7+¢] Na'e]l 2]3 mitochondria vj &
poolell 4] H-e1e] Ca**e] frol& dAstd 48 AAF
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Fig. 4. Time courses of mitochondrial Ca**-binding
and uptake. Medium conditions were the
same as in Fig. 1. Two aliquotes(0.25ml
each) were taken simultaneously. One(Q)
was filtered instantly and the other(-)
filtered 20 sec after rapid mixing with 2
mM EGTA-tris and assayed for radioa-

1~10 mM #H 7}ol] =}e} 18~90%9) Ca* el & Hyx
(Fig. 5a) 20 mM Foj A& 3&Eq A 443 {F
£ AFAE B4rh oo 9, K'e 50 mM 9 a5E

ol AZ WY pooldl A CattfelEs Helx fotet

(Fig. 5b).

2) Mitochondria L4 pool oljA{2{ Natolf 2J%t
Catt2| kinetics

Mitochondria Wj 3 Ca**-pool ¢l 4] ¢] Nate] 2] %
Cat*42]l & ZHeEogoz 2437 ¢35l rotenone
1 #g/mg protein 0.2 25°Cell4] 73 A XA st A
3t 9= Cat*g A zFA 7] mitochondria § 25 nmol/
mg. protein 2] Ca*+E&A] 3}l A succinate & o<1
o2 78 47 £ 1mM EGTA-tris & Hrlstz
Na*d] 9% Ca** el 428 &9 o8 24
ol Al Na*drbo] we H2 1879 Ca* gl FA
Hql FAE Rgoemz, Natislg 187 fesE
Cat*e}g 3Reld 27 Cat*fel4EE Adbstgch
Natd] 213§ Ca**f2l4E+ 3o 23 11.44:10.59
nmol/mg. protein ¢] ¢ & sigmoid ¢kt Natrx= ¢
ZEE 2y} olelgt A3 Nat-Cat*m% carrier

ctivity. 8] Nat#d g3 multimer & EA431s Natd i 4
16r(a) N 6r et
12 -{D o 12
- .3
£
~
s 8} 8
E -
<
w
e
3 af af ]
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Fig. 5. Release of mitochondrial Ca*t by Nat* or K* in the presence of EGTA. Experimental conditions
were the same as in Fig. 1, but at 5 min(]), Ca** release was made by adding 1(.). 3(A),
5(A), 10(®) and 20 mM([T]) of either NaCl in (a) or KCI in (b) with 1 mM EGTA-tris; 1mM

EGTA-tris only (O).
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Fig. 6. Na* induced Ca**-efflux from heart mito-
chondria. Mitochondria were pretreated
with rotenone(l pg/mg. protein) for 7 min
to deplete endogenous Ca** and, after
washing, the mitochondria were incubated
in the same conditions as in Fig. 1 except
that the amount of mitochondria was 1
mg/ml and concentration of Ca**, 25 nmol/
mg. protein. After 7 min incubation, EGTA
(final concentration 1 mM) was added to
chelate externally bound Ca**, and, 1 min
later, Ca** efflux was observed by adding
varying concentrations of Na* without
(QO) or with(@®) contact of rotenone (1 zM)
and antimycin(0. 5 #g/mg. protein)for 2 min
before Na* addition. Ca** efflux rate was
taken as the amount of Ca** released for
the first one min after addition of Na*.

Table . The kinetic constants obtained from Hill
plots as in Fig. 7

(a)Energized (6) ¥ (b) De-energized (5) *

Vmax(nmol/mg.

protein/min) 11.44+0.59 6.81-+1.58**
Hill coefficient 1.8310.09 1.70+0.17
[Na*J,.5(mM) 8.58710.48 7.6610.48

Numbers represent Mean+S.E.

*; No. of experiments

**; Statically different from energized mitochon-
dria, 0.01<p<0.02

-7l B4l A/ AR Ao dAHe
2, ¢ % Hill equationd] A-@AA}. o]w) Hill
plot & 71¢71%& 1.8340.090) 9l i F o} Cattfa)4x

)

v
Vev

Log (

o8 r

[ 4

OAr-

C2p

~02}

-04}

~0.6r

) o
Log(Na*} imM

Fig. 7. A Hill plot of the data obtained from Fig.

6, where v is the velocity of Ca** efflux

(nmol/mg. protein/min) and V is the

maximum velocity of efflux at saturating

Na* concentrations. Energized (Q) and de-

energized (@) mitochondria.

Q{ 12 14

Y 50%% vebde Natel 55 (Na*d.s) e 8.58%
0.48 mMe] ¢} (Fig. 6,7, Table 1). ¥ succinate
€ 713 R §e Ca**-uptake T H-E%) 3 rotenone(l
#M)st antimycin (0.5 pg/mg. protein)-S- A rlsled
ol =] -4 Abukat Aol A $lel A8k o] Cattfg)
T AANY L A EFAAY At WY pool &
Fd Ca™ s AA¢ felAglon], olu Nate g
& 2 Ca**frel £E& 2+ 6.8141.58 nmol/mg.
protein & zk4& = gk, olwe Hill plot & 7€ %=
1.70+0.17¢1 9l 5z, (Na*Jy ;% 7.664-0.48 mM ¢] ¢l o}
(Fig. 6,7, Table 1).

3) De-energized Mitochondria o] Cat**-transp-
ortoff clist Nat & K*o| &1}

Fig. 201 A ¢} o] TE A}kl rotenone 3} anti-
mycin &2 X2 § mitochondria & speia] e} Ca*+
3nmol/mg. protein & 5444 WH3A 715 EGTA &
AR5t iR )&l Cat*~transport & 7 pool
ol wel £43 23 2mM EGTA-tris 2] ¢ 7ol 4
1 &4 Ca**-poole] #]7}d4 pool B} &5 .o
=, EGTA w17} 4 el Ca**-pool & A kol whe} 27}
he FAE Helv A4d ARAAFTA L BA A4
Gzt Addle AL Bycl(Fig. ga).

o}
°l F Ca™-poole] @ H4g TAHFA 9lsted
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8. EGTA-reversible and-irreversible compone-

nts of mitochondrial Ca**-pool :in the-de-
energized state. The pretreatment with
roténone and antimycin and incubation of
mitochondria were done in the same cond-
itions to those as in Fig. 2, except that
the concentration of Ca*™* was ‘3nmol/mg.
protein. Two aliquotes (0. 25.ml each) were
taken simultaneously, and filtered without
(=) or with(--) 2mM EGTA-tris and
assayed for radioactivity.

(a): without .any addition.

(b): The same condition as in .(a) but
addition of 2,4-dinitrophenol (50 M)
at the time indicated by -arrow.

(c) : Incubated ‘without any addition (@)

and with 50¢M -2,4-dinitrophenol(A)
or 2.5 ug/mg. protein oligomycin(A).
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-Fig. 9. Effect of Na* or K* on EGTA-reversible

and-irreversible Ca**-pool of de-energized
mitochondria. The experimental conditions
were the same as in Fig 8. Two aliquotes
were taken simultaneously, filtered with-
out(—) and with(---) 2 mM EGTA-tris.
(a): Addition of 10mM of either NaCl(A)
or KCI(A) at 3min of incubation(})
(b): Addition of 20.mM of either NaCl(A)
or KCI(A) at3min of incubation({).
(c): Incubated without(@) or with 10 mM
NaCl(A) or KCI(A).
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ca™t added{nmol/mq.protein)

TFig. 10. Effect of Na* or K* on energy independent
Ca**-binding of de-energized mitochondria.
Experimental conditions were the same as
in Fig. 2, but pretreated mitochondria
were incubated for 3 min with varying
concentrations of Ca*™ in the absence(@)
ot presence of 9 mM of NaCl{A) or KCl
(A). Two aliquotes(0.25ml each) were
taken simultaneously, filtered directly (—)
or with rapid mixing with 2 mM EGTA-
tris for 20 sec(---) and assayed for radio-
activity.

oxidative-phosphorylation 2}elA) gl
nol 50 gm ¢ A 23 A% EGTA v 7} A Catt-pool
<+ FAF AAEE 2g ot g3 Catf-pool -2
e 0a ggrod (Fig, 8b), AMAA%H TER
whA| o} vl o dinitrophenol & zte] Hrlste] b
AL A E 94 EGTA 217194 poold) zhixl &
A%+ davh(Fig. 8c)., T TFALA H A
Holl= EGTA #] 7} 4 pool 9] &)= mitochondria
| WA et 9= ATP o &3 Catt-uptake d < 9)
= AE AT 9 ¢ =-F4 mitochondrial
ATPase 9 A #] 4] oligomycin(2.5 pg/mg. protein) &
AR 3hgloat Bl B & ¢ SieH(Fig 8¢).
De-energized mitochondria ¢]4]¢] Nat @ Kto|
&3 Cat* -8} & 2 Ca**-pool o] we} RAs¢gw u}
10~20 mM Na*.&. EGTA # 7} 4] poolg] Al<&g 2
&9} vl Eo] o H Ca**-pool =3}t &3] ziAg ot
(Fig. 9a,b), olef ukal, Kte] ga1A = EGTA 0|7}
A4 poold] W AAT 4 gdyow g3 Catt-
pool uke] ¥ A F4LE RYr}h(Fig. 9a,b). Nat =
£ K* 10mM & A48 A% 48 2ANAE 7
pool &} 2718 WA E FAe & ARG (Fig. 9c).

2,4-dinitrophe-

The Study on Na*-Ca** Exchange in Heart Mitochondria—

Pound/free( nmol/mg.protein 4M )

) 5 1% 15 210 25 * 3;)
C# bound {(nmol/mg . protein)

Fig. 11. Scatchard plot of EGTA-reversible external
Ca**-binding of de-enegized mitochondria.
The data were obtained from the expe-
riments shown in Fig. 10, in the absence
(O) and presence of 9mM NaCl(A) or
KCl(A). The concentration of free Ca*™*
was calculated from the radioactivity of
the EGTA-untreated f{filtrates, whereas
the bound Ca** was calculated from the
differences between the EGTA-treated
and-untreated filtrates.

4) Mitochondria 2|8
Na*, Kt o] &1}

Ca**-pool 2| M4F 2

IEAAAY HHA=R duA FEE AL mito-
3~75nmol/mg. prot.] Ca'*e] FEA]s}
+ Z2ANA 3L 4EAAFE 7 Catf-pool & WF
2 o] eigk Nat & K*9 93kg spaslgdrl. Fig
100 A ¢} Z¢] & mitochondria Ca** @ EGTA w7}
94 pool & Ca**¥E9 Fslo] wek B TrH:
F3TH4 ngoen, of# Na*(9mM)9
mitochondrial Ca** @ EGTA »)7}9d4 pool e 4
2 ex3gx, KY(9mM)-& & mitochondrial Ca**
o zadg vhehi g,

3 Cattyxo] W& EGTA 194 Catt-pool £
W &-E Scatchard plot 2 2442 A9 Fig. 114
A2k zre] A& vehiglel o183 2 3 mitocho-
ndria 8] o< ¥ E4GQ 5 Ca*t-pool-& =Y
BY4 2T Ca"AYVE o] BolA & AL A4

dr AoE dAZoH & AYYY S 28.74+2.87

chondria &

Ate F
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Table J. The kinetic parameters of external Ca**~
binding in de-energized mitochondria
obtained from Scatchard plots as in Fig. 11

“No. Cart _ Dissociation
binding site constant for Na~(mM)
(nmol/mg.prot.)Ca** (uM)

28.744-2.87 33.5942.75 9.652-1.29 7.09E1.16

Inhibition constant
K*(mM)

- Numbers represent Mean+S.E. obtained from 4
experiments.

nmol/mg.prot., Cat*s] 2] A<+ (Kd) &= 33.59+2.75 uM
olglet. =3 Na*t B K'Y alQdl& o & o] ¢
8 Az CavAYe) dAFHE Aoy Nat
8 K*9 o) A= (Ki)x 27 9,654+1.20 mM =t 7. 09
+1.16 mM ¢} ¢le} (Table I).

i) E

A7) excitation-contraction coupling 3o =t
Aete A2 {8 Cattg A8 £ 71 FEHY mito-
chondria ¢ Ca**—transportel] g3l = 27k 2o o
77+ A9 H o] g}, Mitochondria 8] Ca*tgylsa &
1961 Vasington 5-¢) &-& K33 o] & Ca**-uptake
= mitochondria $F ¢ 2 345 proton-motive
force (dg) el ATP Eald] s ol del galzmge}
(Crompton and Heid, 1978; Heaton et al., 1976;
Lstscher et al., 1980; Rottenberg et al., 1974).
Mitochondria 9] Ca**-uptake: ruthenium red £}
lanthanides o] ¢ 3]4 A 5= (Mela, 1968; Reed et
al., 1974 a; Vasington et al., 1972), lanthanides of
9 oAl & ionic radius o} -§-2g = Folxq s
I3t o Fd Ao g F45, ruthenium red o 9] g
A= o}rtx Ca'*-uniport carrier & %3 & Catt
-binding glycoprotein e ztgalelsl Y=z ¢t
(Carafoli, 1980).

Na*ell g} mitochondrial Ca**e] $zl: Az
mitochondria o} 4 2]-&-2 2 <A 3 (Carafoli et al.,
1974), o2& HA =X, $AA 4 FA 2545 Nat
of 9§ Ca**fels} shaelzion, RAXE, A, "=
A5l 4 Nate] 4% Cat* el gl Aoz 2o
5 of o (Crompton and Moser, 1978). 33 Al A=
mitochondria o} 41 9] Nate] &% Cat*$8l= Catt-
uptake 5132 Felsles ruthenium red o] 9siA =
A A ¢k} (Crompton and Capano, 1976), lan-
thanides o]l & 3le] &= ofAld vt Hol4 AZ mitoc-

: A2 Mitochondria ¢ Na*-Ca** migd] g oF—

hondria W ¥ell = uptake carrier ¢} o} & Na*-Ca**
xge s Cattgelst Yol UEE Za)dlE carrier 7;
ZAE Aelegl: Busl gdglon (Crompton et al,
1977), ¢}¢} ©lEo] Crompton 5(1978)-2 mitocho-
ndria ¢ & Ca**-uniport, Na*/Ca**-antiport 9@ Na*
/H*-antiport system E£¢] &) 5% mitochondria £
Nat*, Cat* g H*L o] carrier £3 A3 o3¢ 23
2449 o= 3

sl A7 42 glo], Akera ¥ (1978)-&
2 AP A A7 o FE5—c|gFrd ek 5
7 ¢ Al EW §8 Nate] 714 vis} (Na*t-transient)
o] Aol A oAl JAFpFo R Folztvla Rmsla g

e AT o] LEY A7 FE—cldel =BT

%E W37t 424 2 Cat*2A 7T 43¢ HA
2, webd A Ed §3 CattyEe 2Ad AT &
AA Fe7 FHAE 5 drh

Proton-motive force (A¢)7} FAEE A4
mitochondrial Ca**2] ¢ 10%AEL 4 Ca'-
binding site o] AgHo] ZAstz gl.om, mitocho-
ndria ] o= ®] 2] &4 2 Ca**-binding pool &
Cat*A g5y =g Aws zvl: A (Carafoli, 1974;
Reed et al., 1974 b)-& zkoldal], Nat =& Kto] 9
3} mitochondrial Ca**¢] -§&)o] o) gk FEg 24L&
4L 435 Ca**e mitochondria el 4¢ &
A& FEdel @ 2zt g Aoivh #HElq B 4
gl A = mitochondria g W9 F3}x] 7‘1—-3]-»]- o4
o] A%y Ca**-& chelation & 4 ¢gJ= EGTA & 4F
£3%te 24 mitochondrial Ca*+g W2 ‘;3 94 pool
2 W3 o] F poold A4 Cat* el & 5%, E4¢
23} kgl

ol & EGTA-quenching el 9 3}e] mitocho-
ndria o] 418 Ca**ge] & BA39E «, Kt 93
mitochondrial Ca*t] f] = wlkr) 98 Ca**t-pool ¢
A%y Ca**uke] Rl g3¢E & F dgx, o
uks] Na*™g W4 pool 9] Ca™X A5 HelAdE
& 4 dgl=h Natel o3 W4 pooldl 48] Ca**§-
P& 1~3mM ¢ AFEAE WAsg s, o4
29 4% olsA AT 442 AW Aold] zR
5 & Cattefo] 24 gm % 25nmole]s AlZAEY
Ca**e] mitochondria el 9#]Ael zHdg}n 743
X w 422 mitochondria 8] Ca*+feleke] 0.4
nmol/mg. mitochondria 8}=3 (Carafoli, 1975; Kim,
1978)¢ zhaks] 2w, AZule AL NatpEY S

computer

.= A mitochondria v2tel] 41 Nat-CattmgtrA o
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2 AZFFd Ry F2HY Cattg fEl 4
eelel FAet ¥ Catf-uptake G & ARHA|
& Aol A8 Nate] ¢ mitochondrial Cat*el
2l = ®] k3 net Ca™* 2l & HgEdl o]& Catt-
uptake carrier 4] Ca**-uptake £%>} Na‘td] 3+
Carrfrel S 2R gA8] 27 aFd AR A%
ol 23 o]l g A2 Mgtte] 4= mitochondria
2] Ca**-uptake 55 A3 LA n3
(Crompton and Siegel, 1976; Jacobus et al., 1975) ¢l
A &9 in vivodl g & 992 X &% Aeld,
A Zu Na*5x 938 mitochondria ¢ Ca*+$up-&
TE3] FFE WS T Yz MgtEY e AFEY e
24 FEd wel WaEo 24y Aow Judd.
Na*s} mitochondria W] ¥ pool&] Cat+e] msgke
sigmoid ¢¥4F¢] saturation kinetics & Heo o] m3}
cycle =Feb 27 ¢]4ke] Nate] sod @k sl54 o] A ALy
9lt}. Crompton & Capano(1976) = ruthenium red &
Ca**-uptake & w3t 714 Hill coefficient 7} 3
o 747431 antimycin &2 o) JAYE Fx3 A%
v CartSelExrs) 4TS B3 Nat-Carrmile)
717 -2 electrogenic w3ty Ao =2 H g v
o] AgEA-2 g4 CaF*-pooldl A4 Ca*t fel7t &
g o E e 2 AR Uk B 4PdAAE Hill
coefficient &= 2o} 7}7}gl e o] Carafoli(1980)%)
succinate A 7}ol] ¢] g Catt-uptake poole] 42l Nat
o 98 Ca**$3] 4] mitochondria 9] =}A] ¢to] o §}x)
SerthE X322 W Fo] 4] mitochondria ¢ Na*/
Ca*t-antiport carrier o} 28 Na™-Ca**m3--2 ele-
ctro-neutral g, & = W 9 HzE &3
% 2Nat-1Ca’"8 mgle] dold A2 YL
g antimycin X 2] 2 o v 2 Q& Ak} 4 Catt
219 Huol$E7) L 23 Nat-Cat*amgh-
mitochondria ¢ U= FHe] o] &FE Relx A5
E A5Ee Nat-CatmiAlg o= e vjat g
7F 875 e}, [Natl, = mitochondria & o] x] $9)
sl FA$e] [ smMPE 2 Yebyron] o] Cro-
mpton & Capano(1976) &} Crompton & Kiinzi(1977)
o Ashe} AT Cat el 4B} (NatJel o)
3l oFAle, Lee & Fozzard (1975) ¢} cation-selective
microelectrode o] 3 7LE A4 5T A3 {2l
Na*e] =7} 6~7mM ol 3¢ Zdea, A Iy
Nat®xe] 2 w3lE mitochondria g} W33 7Y
Cat*33XE & For ZAF 328 Andrh
Mitochondria ¢] W3- Ca*t-pool ¢]&]ol] E 3}}9)

pool gl ojiix] w & &4 9§ Ca**-binding pool &
A A 8o oldl g Na* 2 K*9 ZHE 33
71 914 ol A Q] $ie] mitochondria TFFA A &
A 3ol A mitochondria ¢] Ca**-transport & EGTA-
quenching © & ¥4 g gl vt. o= mitochondrial Ca**
2 mjuls EGTA w7194 pool s} 74 pool & F
BEeon, ustd4 pool-& EGTA ¢ ¢34 chela-
tione] HA @, X zHA I W} FrrkSE Kol
o, Cat*%x Zs}d] we} saturation kinetics & X
o] o =4 o] pool 2] Ca*t—transport = whg- ZrAkd]
g Aol obd Aez AAFgon, =% EGTA
7+ 4 pool o] dinitrophenol X E S 4slH,
Nate] ojsi4] e} Khell oslAE 4R §&
A=k, Reed (1974 b)2l M 3ol 4o} 7o) ruthenium
red 8 Lat*e] s AuHe AR wRel ol
Catt-uptake carrier & 538 mitochondria W %29
Ca**-uptake 2] & =3 2% AlE5v}. 3% Reyna-
farje 5 (1969) 3 Carafoli(1971) % #-& ZA 414 high
affinity binding site ¢} low affinity binding site ¢
F & %9 binding site & B uslgrh. 28k ¢] 5ol
high affinity binding site 2 FF 3= A2 A7y
EGTA vl 7194 pool F4d4dAL AVE A2E o
ARt & ol Fe] g ArEAY 57 EGTA
wl7bd 4 pool(l.08~4.90 nmol/mg. protein)=}
AL et olyjgl, Southard(1974)¢] high affinity
binding site = TF AAA FE Zrbel el i
gt Bwe), 3$59A mitochondria A= Ca**
-carrier & &3 Cat*e] electrochemical gradient
o) &) Cat*Fadvl deldrl: B (Selwyn, 1979)
E w2y o B 48444 EGTA w1794 pool &
Reynafarje 5(1969)¢} high affinity binding 5 %
Ag Aelw el AR active transportd AL
2 223 =3 sd4 Cat?-pool gl & pool
binding site = Scatchard plot ¢l 4] =} & & Na*, K*
AZ A 2 vy S5 binding site & BeJ o] EA
o7 WA Catt-carrier o] ZFAHZ gl ke
35 o ole di¥ FTE HE APEANA A
ok stejzt AR}t & binding site 8 = o
F 28.74 nmol/mg. protein ¢}x], Ca*™*3) 7 A<= 33.
59 M 24 Reed(1974b)¢] W A9 7-4 = mitochon-
dria 8} Noack $(1977)¢] W44z e st fa
sl o= Na* g K*& ¢ 3 Cat*~binding site & Ca**

AL ARA LR gAF, Na* ® K*e] A4

BF 9.65mM 3t 7.09mM & eldgch Wk,
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mitochondria 9} 3 Cattspool 8] $45%-& =2y
2] Cat*EA o] F231t, A oA 9 & energized
mitochondria o] 4] = o] £.5-¢] mitochondrial Ca*te]
W& poole] EAm JAAor e A Fy Ko
SEE 2 A2 SRS 93 A Hae
2 25 ol $ES AL WHIe B AT
Ca** 5y &z 249 7l Ex= mitochondria 9 W%
poolel] uls] = 947 ER AL AL=E A=),
ol4ke] AYAZE Mol HABHE AZ A2 &
T3k ARt Jelvhe AlE Nat 8 K*9] 7t
o #HIE A5 s Tatslsl A2 A TR
atfo #3l NatgEd d313-¢ Agts] ¢ 5+ o
__v]- A XY Nate 42%%E H3EZT mitochondria
Wepe] 49 Na*-Car*m@AAdE 5T A F0 Cat
= 246 49T 98¢ ezt 43R

Z_QLF{»::

# =

R AAFA 4] =23 mitochondria o] 4 Ca**-
pool @ Na*zl K*ell g Cat*f2) E3515 st gvlh

1) Mitochondria ¢l -2dkg Ca**e u=h& E3
Cat*-uptake pool 3} mitochondria )8 utel] AgE
A ] o4 pool 2 FEHo] EAslgith. Energized
‘mitochondria o 4] &= o) ¥-32] mitochondrial Ca*+e]
Y& poolel] &A}etg . de-energized mitochondria
oA ks Cattel ghgake] 92 poolel] Ag{H
Ae 2 EA 55 e

2) Mitochondria o] & Catt-pool o] = 5} Kte]-
& 814 poold] AgH Ca**e] fejukd Qogloy,
Nar& 84 Ca**-pool ¥3k ohieh, W4 pool o] 4%
Catte] $21 8 dog

3) Mitochondria ¢] W4 pool o] F4-35 Ca*tt-& &
%) Nave] S84 A4s) Helsges, Natol ¢
F o CattfeldEE B3 11.44+0.59 nmol/mg.pro-
teinejaz, ofw [Na*Jos 8.58+0.48 mM ¢]gl.on
Hill coefficient & 1.8340.09¢] ¢}, gkl mitocho-
ndria 3 && AP L Addl= A4 pools A Ca*t
~felel gle] [(Natlysel Hill coefficient o] W3+ ¢f
g2 o Cattfel$EE  6.81+1.58 nmol/mg.
protein/min. 2 F9) § ZF4&E gl

4) Mitochondria &] energynl2]&4 % Catt-
pool - A Fe Cat*Ait-gAl 2 o] Fo]R okt
vetd gl o Catt-854.2 28.74-+2.87 nmol/mg.
protein, Ca**el] of §F 3 ] A= (Kd) &= 33.59+2.75 M

41 Mitochondria 8] Na*-Ca** ghel] g o F—

“o]9d®}. =3 mitochondria o] ¥ Ca*+hgre]. Catt

9 P Nar @ K*of s Aoz oA=ge
], Na* @ K+o] oA A4 (Ki)x 7 9.65+1.29 mM
3} 7.0941.16 mM o] g =},

o]Are] Ax® w|Re] Ho} mitochondria g <%
Cat*-pool & energy & F 4 Al Zu] Nat, K*&9 o]
LEE7 A4 AEA A4 CattggEHel
W4 poolel wlsled =X ZFE ohjel, Na+t g K*
o glste] Cattdgoe] A LE JAHE AR £
W ATV e gE 5 A & 98E A £8A
o2 ZZHv}, ¢]d] dkste] mitochondria W4 Ca**-
pool-& Natol] & A=l e o] & 4] &35 Cat* el &
Beld, Ca**frel&§xrsl [(Na*J% wi#slz [(Natlys
7t AElA Axd Natgzel w3 AS zadHd
AZY f2 Cattex 2dd F29¢E T A=
FR3dch AelA AZA 2 Az FEIA A
H A X $3 Natkx=xe =.¢& Z71& mitochondria
W Catt-pool 2 ¥ 9 Cattfe] $Eo & Fol
AW 47 Cat*BEY WslE obrlAd Ao 23
A
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