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SUMMARY 

I. Ethylenediaminetetraacetate (EDTA) markedly activates the accumulation 
of Na + and Li + and the swelling which accompanies the ion uptake by isolated heart 
mitochondria. This activation is reflected in the removal of limited amounts of endo- 
genous Mg 2+ and extensive loss of K +. The removal of these cations requires the pres- 
ence of Na +, a source of energy, and a permeant anion as well as EDTA. The effects 
of EDTA on the activation of Na + uptake and cation removal are duplicated by 
chelators with a high affinity for Mg 2+, but not by ethyleneglycol-bis-(fl-aminoethyl- 
ether)-N, N'-tetraacetic acid. Mg 2+ at concentrations 5 to 6 times less than EDTA 
prevents both activation of Na + uptake and cation removal. 

2. EDTA does not appear to be bound by heart mitochondria. At neutral pH 
the chelator penetrates into the mitochondrial water volume to the same extent as 
sucrose and mannitoh At pH 8.i where the removal of mitochondrial Mg ~+ by EDTA 
is more effective, EDTA penetrates virtually the entire water volume. This penetration 
requires the presence of a source of energy, a transported cation such as Na ÷, and a 
permeant anion. It appears possible that the oscillations in ion uptake and swelling 
observed in the presence of EDTA at pH 8.1 may be related to the presence of the 
chelator in the interior compartment under these conditions. 

INTRODUCTION 

Work reported from a number of laboratories suggests that bound Mg 2÷ may 
be an important factor in controlling the permeability of the mitochondrial mem- 
brane 1-4. AZZONE AND AZZI 1 have noted that treatment of liver mitochondria with 
EDTA results in changes which are similar to those induced by valinomycin and 
gramicidin. The addition of EDTA resulted in an increased permeability of liver 
mitochondria to univalent ions and cycles of swelling and shrinking which were 

Abbrev i a t i ons  : EGT A,  e thyleneglycol -b is - ( f l -aminoethyle ther ) -N,  N ' - t e t r aace t i c  acid ; TMPD,  
t e t r a m e t h y l - p - p h e n y l e n e d i a m i n e .  

* U. S. Publ ic  H e a l t h  Service pos t -doctora l  fellow AM-35 482, 
** Es t ab l i shed  inves t iga to r  of  t he  Amer i can  H e a r t  Associat ion.  
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coupled to ion movement 2. The effects of EDTA were antagonized by low concentra- 
tions of added Mg 2-* (ref. 2). PACKER, UTSUMI AND MUSTAFA a have emphasized the 
oscillatory nature of this response in EDTA-treated rat liver mitochondria when the 
reaction is carried out at pH 8.o-8.3. It  has been reported that parathyroid hormone 
which is known to affect the permeability of the mitochondrion to Mg ~+ and K+ also 
promotes the loss of mitochondrial Mg 2+ under the proper conditions 5. In addition, 
the removal of Mg 2+ by parathyroid hormone and histones has been related to in- 
creases in 42K + flux across the mitochondrial membrane 4. 

Mitochondrial cation transport can be activated by the interaction of the mem- 
brane with Zn ~+ and other heavy metal ions 6-s and with thiol-group reagents ~, such 
as p-chloromercuriphenyl sulfonate, as well as by the 'ionophorous' antibiotics x°. The 
reported interaction of EDTA with the membrane appears to represent still another 
chemically distinct reaction which can bring about the activation of mitochondrial 
ion transport. In the course of a survey of changes in the intrinsic permeability" of 
isolated beef heart mitochondria which result from treatment with the above classes 
of reagents, we became aware that changes as a result of EDTA treatment required 
much more specific conditions than did those resulting from the addition of heavy 
metals, thiol-group reagents, or the antibiotics. The present communication examines 
the conditions necessary to obtain EDTA-dependent changes in ion uptake and 
swelling in heart mitochondria and the effect of EDTA under these conditions on the 
level of the endogenous Mg =+ and K + of the mitochondrion. In addition, the uptake 
of EDTA by the mitochondrion has been investigated and related to the cation 
accumulation reaction. 

METHODS 

Beef heart rflitochondria were prepared by a modification of the Nagarse pro- 
cedure of HATEFI, JURTSHUK AND HAAVIK 11. Ethyleneglycol-bis-(/5-aminoethylether)- 
N,N'-tetraacetic acid (EGTA) (I raM) was used in place of EDTA in order to keep the 
endogenous Ca ~+ concentration low without removing bound Mg 2.. Otherwise the 
isolation conditions were identical to those previously described6,12. Yields of mito- 
chondria were improved considerably when 6oo g of washed muscle mince was sus- 
pended in 3 1 of sucrose-Tris-EGTA rather than the smaller volume used in the 
procedure as published 6. 

Mitochondrial swelling was measured by the decrease in absorbance at 546 m/, 
and was monitored either in a circular cuvette (o.75 inch in diameter) mounted in 
the light path of the Eppendorf photometer or in a standard i-cm cuvette. 

The cation content of the mitochondria was determined from acid extracts by 
use of atomic absorbtion spectroscopy s. The mitochondria were removed from tile 
incubations by rapid centrifugation using a Sorvall SE-I2 rotor operated at 4o ooo × g. 
The resulting pellets were extracted with o.5 M HC10, and diluted with o.I M HC1. A 
Perkin-Elmer Model 303 Atomic Absorbtion Spectrophotometer was used to deter- 
mine Mg ~+ , Ca 2+, Na +, and K + . 

Total mitochondrial water, dextran-permeable water, mannitol-permeable 
water, and EDTA-permeable water were determined by a dual isotope method de- 
veloped in this laboratory which employs a distribution of the solute similar to that of 
MALAMED AND RECKNAGLE 13. The details of this procedure will be presented elsewherelL 
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The composition of the reaction mixtures and other experimental conditions are 
described with the individual experiments. 

RESULTS 

EDTA markedly enhances the energy-linked swelling of isolated heart mitochon- 
dria suspended in ioo mM sucrose and 60 mM Na + acetate at pH 7.I (Fig. IA). Swelling 
under these conditions is closely related to ion uptake by mitochondrial,4,s& ~°,12. 

A. pH 7.1 B. pH 8.1 

No + No + 
0 | I Succinate ~. I 

\ - . a  \ 
" ~ , , ,  EDTAI 

AA546rn• I. No Energy 

2. No EDTA 

3. Energy + EDTA 

k ,,,,11 

0.50 ~ I rn'm ~1 

Fig. I. EDTA-dependen t  swelling of isolated hear t  mitochondria.  Mitochondria (2. 5 mg of protein) 
were added to 3 ml of a medium of sucrose (IOO mM), Tris chloride (Io raM, p H  7.1 or 8.1 as indi- 
cated) and rotenone (7/~M). The absorbance at 546 m~ was recorded with an Eppendorf  photo-  
meter. At the  designated point,  the reaction was s tar ted by  the addit ion of Na + acetate to a final 
concentrat ion of 60 mM. The exper iments  labeled I and 3 were obtained in the presence of EDTA 
(1. 3 raM). In  Expt .  2 the EDTA was omit ted and added at  the indicated point.  Expts .  2 and 3 
contained Na + succinate (3 mM) as the source of energy. Succinate was omit ted from Expt .  i 
and added where indicated. In  each case the sharp inflection point  corresponds to the point  at  
which the suspension became anaerobic. 

EDTA induces no swelling in the absence of respiration, but increases the spontaneous 
rate of respiration-dependent swelling substantially. At pH 8 and above the rate of 
EDTA-induced swelling is greater than at neutral pH, but the extent of swelling is less 
and there is a decided tendency for an oscillation in the trace of absorbance at 546 mF 
(Fig. IB). These observations are in agreement with earlier reports from other labora- 
tories 1-a. The observed effects of EDTA on mitochondrial swelling require the presence 
of rather high concentrations of Na + and of a permeant anion such as acetate. Li+ 
responds like Na + but the effect of EDTA in a medium in which Na + is replaced by K + 
is usually difficult to observe. A corresponding swelling is also not seen in media con- 
taining 60 mMTris acetate, or 60 mM choline + acetate in place of tile Na + salt when 
EDTA is added. Since it has been suggested 1-3 that the effects of EDTA on mito- 
chondrial ion uptake and swelling are dependent on the removal of Mg 2+ from the 
membrane, we felt it would be of interest to obtain analytical data on the mito- 
chondrial cation content under several of these conditions. 

Biochim. Biophys. Acta, 162 (1968) 487-499 



49 ° c . T .  SETTLEMIRE, G. R. HUNTER, G. P. BRIERLEY 

E d ect o f E D TA on mitochondrial cations 

The data of Table I, Expt. i were obtained with the same preparation of mito- 
chondria and under the identical conditions as the swelling experiments presented in 
Fig. I. I t  is apparent that in the absence of energy EDTA has little, if any, effect on 
the endogenous levels of Mg 2+ and K-  in the high Na ~ medium. In the presence of 
respiration, however, the mitochondrial Mg ~+ is reduced from 23 to 17 re#moles per 
mg of protein by addition of 1.3 mM EDTA at pH 7.0. Mitochondrial K + drops from 
97 to 68 m#moles per nag of protein under these conditions and there is a marked in- 
crease in tile Na + content of the pellets. The Na + values should be regarded only as a 
qualitative estimate of ion uptake in this case since the concentration gradient favors 
loss of accuumlated Na + to the medimn during centrifugation. At pH 8.i there is a 
greater spontaneous loss of K + as compared to neutral pH, Addition of EDTA at this 

T A B L E  i 

C A T I O N  C O N T E N T  OF I S O L A T E D  H E A R T  M I T O C H O N D R I A  T R E A T E D  W I T H  F ~ D T A  

Mitochondr i a  (5 mg of prote in)  were  su spended  for 3 m i n  a t  25 ° in  3 ml  of a m e d i u m  con ta in ing  
60 mM sod ium ace ta te ,  IOO mM sucrose, i o  mM Tris  chlor ide  (pH 7.0 or 8.1) and  7 ttM rotenone.  
W h e r e  i n d i c a t e d  Tris succ ina te  (3 raM), T r i s - E D T A  (1. 3 raM), d in i t ropheno l  ( ioo  /zM), and  
g ramic id in  ( io  #M) were also present .  The  tubes  were cen t r i fuged  and  the  r e su l t ing  pel le ts  p r epa red  
for m e t a l  ana lys i s  as descr ibed in t he  tex t .  E x p t .  i r epresen ts  a cen t r i fuge  e x p e r i m e n t  conduc t ed  
w i t h  the  same mi tochondr i a l  p r e p a r a t i o n  used  for the  s t u d y  p resen ted  in Fig. I. Exp t s .  2 and  3 
r ep re sen t  s tud ies  w i t h  different  p r e p a r a t i o n s  of mi tochondr i a .  

Expt, Conditions EDTA pH Cation content 
(raM) (ml~moleslmg) 

Mg2+ 1£+ Na + Ca2+ 

No energy  1.3 7 .0 23 99 270 
Succ ina te  o 7 .0 23 97 256 
Succ ina te  1. 3 7.0 17 68 49o 

No energy  i .  3 8.1 22 61 264 
Succ ina te  o 8.1 23 67 302 
Succ ina te  1. 3 o.I I I  13 31o 

No ene rgy  o 7 .o 34 I io  
No ene rgy  1.3 7 .0 3 ° 94 
Succ ina te  o 7 .0 31 97 
Succ ina te  i .  3 7.o 21 66 
Succ ina te  + d in i t r opheno l  1.3 7.0 31 98 
Succ ina te  + Mg ~+ (25 ° /zM) 1.3 7 .0 38 94 
Succ ina te  + d in i t r opheno l  + g r amic id in  1.3 7.0 29 8 

No ene rgy  1. 3 7.0 27 82 
E n d o g e n o u s  r e sp i r a t i on  1.3 7.0 22 67 
Suce ina te  1-3 7.0 I I 29 
T M P D - a s c o r b a t e  1. 3 7.0 22 64 
ATP 1.3 7.0 22 7 ° 
Succ ina te  + d in i t r opheno l  1.3 7.0 25 85 

No ene rgy  1.3 8. i 26 5 i 
E n d o g e n o u s  1.3 8.1 19 17 
T M P D - a s c o r b a t e  I. 3 8. I 21 23 
ATP 1.3 8.1 20 13 
Succ ina te  1.3 8.1 16 20 

14 
I I  

7 
I I  

1 2  

8 

17 
I3 
I I  
I6  
IO 
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pH causes no loss of Mg 2+ or K + in the absence of energy, but results in much more 
extensive loss of both of these cations in the presence of succinate respiration. 

The amount  of Mg 2+ and K + found in isolated heart mitochondria is subject to 
some variation. In preparations which contain larger amounts of endogenous Mg 2+ 
initially (cf. Table I, Expt.  2), addition of EDTA in the presence of energy removes 
cons}derably more Mg 2+ (13 vs. 6 re#moles per mg protein for the preparation of 
Expt.  I). More Mg 2+ is also retained by  these mitochondria under these conditions, 
however. The removal of Mg 2+ by EDTA is blocked by the addition of dinitrophenol 
and other uncouplers. In addition, the uncoupler prevents the loss of endogenous K ÷ 
which normally occurs in the presence of EDTA and succinate. The loss of K + is also 
prevented by the addition of low levels of Mg 2+. In the experiment shown in Table I, 
250/,M Mg 2+ prevented the loss of mitochondrial K + in the presence of about five times 
the molar concentration of EDTA. A similar antagonism of the Na+-dependent 
swelling (such as that  shown in Fig. I) by Mg 2+ in the presence of a large molar excess 
of EDTA has also been observed (of. ref. 2). Addition of EDTA to uncoupled respiring 
mitochondria does not result in extensive loss of Mg 2+ even when gramicidin is added 
to cause the ]oss of endogenous K +. The requirement for a supply of energy in addition 
to EDTA in order to remove even a portion of the mitochondrial Mg 2+ can be met by a 
number of substrates other than succinate (Table I, Expt.  3). Endogenous respiration 
and tetramethyl-p-phenylenediamine (TMPD)-ascorbate cause the loss of limited 
amounts of Mg ~+ and some decrease in the internal K + content. Succinate is more 
effective in both respects, however, in the experiment shown. As mentioned above, 
the effect of substrate on the removal of cations is blocked by dinitrophenol. This 
result is consistent with the participation of an energy-linked step at some point in 
the reaction. At pH 8.1 all of the energy sources tested were more effective at lowering 
Mg 2+ and K + levels. I t  is of interest that  in preparations such as that  used for Expt.  3 
of Table I which contain higher endogenous levels of Ca 2+, there is a tendency to lose 
Ca 2+ with the combination of EDTA and a source of energy. However, in the case of 
Ca 2+ removal the loss is not prevented by  addition of dinitropheno]. 

Effect of other Mg 2+ chelators 
The correlation between the removal of limited amounts of Mg 2+ by the chelator 

and the increase in Na + uptake and K + loss is further substantiated by the results 
obtained with two other chelators with a high affinity for Mg 2+. The experiments 
presented in Table I I  show that  trans-i,2-diaminocyclohexane-N,N,N',N'-tetra- 
acetic acid and uramil diacetic acid are both more effective than EDTA in stimulating 
the Na+-dependent energy-linked swelling just described. Both of these chelators also 
lower the endogenous Mg 2+ of the mitochondrion only in the presence of respiration 
and when the Mg ~+ is lowered there is a decrease in mitochondrial K +. In contrast, 
EGTA which has a high affinity for Ca 2+ as opposed to Mg 2+ does not remove Mg ~+ 
even in the presence of respiration, and does not result in the loss of endogenous K +. 

Ionic environment and the removal of Mg 2+ by EDTA 
As noted before EDTA induces little change in mitochondrial swelling in media 

in which Na + is replaced by  Tris, or choline +, and the changes are less striking in K + 
media. There is also no swelling in a Na + medium when the impermeant C1- is used 
in place of acetate. The data summarized in Table I I I  show that  EDTA in the presence 
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T A B L E  I l 

E F F E C T  OF V A R I O U S  C H E L A T O R S  ON S W E L L I N G  R A T E  A N D  I O N  C O N T E N T  OF M I T O C H O N D R I A  

Mitochondria were incubated at p H  7 under  the conditions described in Table I. Energy was 
provided as 3 InM Tris succinate where indicated. Chelators were present  at  a concentrat ion of 
67o #M. Swelling was followed at 546 m/~ wi th  an Eppendorf  photometer  in the presence of suc- 
cinate respiration. The reaction was s tar ted by the addition of mitochondria.  

Chelator Rate of  swelling ,%Ig ~+ (mtzmoles/mg) lx "+ (ml, moles/mg ) 
~'lA for first rain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
after N a  + No energy Energy No energy Energy 
addition 

EDTA 0.290 34.I 21.o 84 35 
EGTA 0.035 34.3 34.5 94 96 
Trans- i ,2 , -d iamino-cyc lo-  

hexane-N,  N, N' ,  N ' -  
te traacet ic  acid* o.364 34.2 17.7 96 44 

Uramil  diaacetic acid* * 0.326 32.o 17.o 87 45 
No chelator 0.056 31 .o 31 .o 9.4 87 

* Aldrich Chemical Co., Inc., Milwaukee, Wisc. 
** Geigy Chemical Corporation, Ardsley, N,Y. 

of succinate respiration lowers the Mg 2+ level from 19 to io m/zmoles per mg of protein 
when the incubation is carried out in the Na + acetate medium already described. This 
removal is accompanied by increased swelling as monitored by absorbance at 546 m# 
in the photometer and also by an increased tritiated water content. As shown before, 
Na + increases under these conditions and there is an extensive loss of mitochondrial 
K +. When the same experiment is carried out in a NaCI medium there is no loss of 
endogenous K + at pH 7, and no increase in the loss of K + as a function of EDTA 
treatment at pH 8.1, no increase in Na ~ uptake, and no increase in swelling by the 
criterion of tritiated water uptake. A similar lack of effect of EDTA on Mg 2+ removal, 
K+ loss, Na* uptake, and water content is seen when Tris acetate is used in place of 
Na + acetate. When K + replaces Na ÷ in this experiment some Mg ~+ is removed (3 
re#moles/rag of protein)by the combination of EDTA and respiration. In this case 
there appears to be no corresponding increase in swelling, water content, or K + 
content as a function of EDTA addition, however. It  appears, therefore, that the 
amount of mitochondrial Mg 2+ removed by EDTA depends on the ionic environment 
as well as a supply of energy. 

When mitochondria are suspended in isotonic Na + acetate a spontaneous 
swelling is observed in the absence of a source of energy 12. If the energy requirement 
for Mg 2+ removal by EDTA were simply a matter of increasing the permeability of the 
membrane to the chelator by salt uptake and osmotic swelling, then larger amounts 
of Mg e+ might be expected to be removed by EDTA in isotonic Na + acetate. Such is 
not the case (c/. Table III). Small decreases in endogenous Mg 2+ and K + are observed 
only in the presence of respiration in isotonic Na + acetate, In this medium the ten- 
dency of centrifuged pellets to lose accumulated Na + to the medium during cen- 
trifugation is minimal since the concentration gradient favors entrance of Na + into 
the mitochondrion. Under these conditions analytical values for accumulated cations 
and for water content probably reflect Na + uptake and swelling quantitatively 12,u. 

t~iochim. Biophys.  Acta, 162 (1968) 487-499 



T
A

B
L

E
 

II
I 

C
H

A
N

G
E

S
 

IN
 

M
IT

O
C

H
O

N
D

R
IA

L
 

W
A

T
E

R
 

V
O

L
U

M
E

, 
C

A
T

IO
N

 
A

N
D

 
E

D
T

A
 C

O
N

T
E

N
T

 
A

S
 A

 F
U

N
C

T
IO

N
 

O
F

 E
D

T
A

 T
R

E
A

T
M

E
N

T
 

M
it

o
c

h
o

n
d

ri
a

 (
Io

 m
g

 o
f 

p
ro

te
in

) 
w

er
e 

su
sp

e
n

d
e

d
 f

o
r 

3 
ra

in
 a

t 
25

 ° 
in

 6
 n

il
 o

f 
th

e 
in

c
u

b
a

ti
o

n
 m

e
d

iu
m

, 
T

h
e 

is
o

to
n

ic
 s

a
lt

 s
tu

d
ie

s 
c

o
n

ta
in

e
d

 o
.I

2
 M

 
so

d
iu

m
 

ac
et

at
e,

 i
o

 m
M

T
ri

s 
ch

lo
ri

d
e 

(p
H

 7
.0

 o
r 

8
.i

) 
a

n
d

 7
 p

M
 r

o
te

n
o

n
e.

 T
h

e 
re

m
a

in
in

g
 s

tu
d

ie
s 

c
o

n
ta

in
e

d
 t

h
e

 i
n

d
ic

a
te

d
 s

al
t 

(6
6 

ra
M

),
 

su
cr

o
se

 (
IO

O
 r

aM
),

 
Io

 m
M

 
T

ri
s 

ch
lo

ri
d

e 
(p

H
 7

,0
 o

r 
8.

1)
 a

n
d

 7
 ~

M
 r

o
te

n
o

n
e.

 E
n

e
rg

y
 w

as
 p

ro
v

id
e

d
 a

s 
3 

m
M

 T
ri

s 
su

c
c

in
a

te
 a

n
d

 c
h

e
la

to
r 

as
 

1.
 3

 
m

M
 T

ri
s-

E
D

T
A

 
w

h
er

e 
in

c
id

a
te

d
. 

E
D

T
A

 a
n

d
 m

it
o

c
h

o
n

d
ri

a
l 

w
a

te
r 

c
o

n
te

n
t 

w
er

e 
d

e
te

rm
in

e
d

 b
y

 u
se

 o
f 

~
14

C
]E

D
T

A
 a

n
d

 t
ri

ti
a

te
d

 w
a

te
r 

b
y

 t
h

e
 p

ro
ce

d
u

re
 o

f 
H

U
N

T
E

R
 

A
N

D
 

B
R

IE
R

L
E

Y
 14

. 
M

it
o

ch
o

n
d

fi
al

 i
o

n
 c

o
n

te
n

t 
w

as
 d

e
te

rm
in

e
d

 f
ro

m
 a

ci
d

 e
x

tr
a

c
ts

 a
s 

d
es

cr
ib

ed
 i

n
 M

E
T

H
O

D
S,

 S
w

el
li

n
g

 r
a

te
s 

re
p

re
se

n
t 

c
h

a
n

g
e

s 
in

 a
b

so
rb

a
n

c
e

 a
s 

o
b

ta
in

e
d

 
w

it
h

 t
h

e
 E

p
p

e
n

d
o

rf
 p

h
o

to
m

e
te

r 
a

t 
5

4
6

 m
/~

. 

Su
sp

en
di

ng
 

E
D

T
A

 
p

H
 

Su
cc

in
at

e 
C

at
io

n 
co

nt
en

t 
E

D
T

A
 

Sw
el

li
ng

 
T

ot
al

 
E

D
T

A
- 

E
D

IL
d-

 
m

ed
iu

m
 

ad
de

d 
ad

de
d 

(m
lt

m
ol

es
/m

g)
 

co
nt

en
t 

(A
A

 5
46

 m
l,/

m
in

) 
pe

lle
t 

pe
rm

ea
bl

e 
im

pe
rm

ea
bl

e 
(r

aM
) 

(r
aM

) 
(r

ot
*m

ol
es

/r
ag

) 
w

at
er

 
w

at
er

 
w

at
er

 
~/

Ig
 ~+

 
I4

 +
 

N
a

 +
 

(i
d/

m
g)

 
(#

li
m

E
) 

(t
d[

m
g)

 

S
o

d
iu

m
 a

c
e

ta
te

 (
66

 r
aM

) 
o 

7 
.o

 
3 

i8
 

6
9

 
2

2
5

 
--

 
o

.I
I3

 
4

.5
5

 
--

- 
--

 
S

o
d

iu
m

 a
c

e
ta

te
 (

66
 r

aM
) 

1.
 3

 
7

.0
 

o 
19

 
7

9
 

12
4 

1.
9o

 
0

.0
2

0
 

4
.2

4
 

2
,8

4
 

1
.4

o
 

S
o

d
iu

m
 a

c
e

ta
te

 (
66

 m
M

) 
1.

 3
 

7 
.°

 
3 

io
 

25
 

4
4

3
 

2.
65

 
0

.2
6

3
 

5
.1

3
 

3
.8

5
 

t 
.2

8 
S

o
d

iu
m

 a
c

e
ta

te
 (

66
 m

M
) 

o 
8

.i
 

3 
16

 
36

 
2

2
9

 
--

 
o

~
io

6
 

4
.6

7
 

--
 

--
- 

S
o

d
iu

m
 a

c
e

ta
te

 (
66

 r
aM

) 
1.

 3
 

8
.i

 
o 

I9
 

3
6

 
2

0
0

 
3

.0
8

 
o

.o
1

5
 

4
-7

4
 

3
.6

o
 

1.
o4

 
S

o
d

iu
m

 a
c

e
ta

te
 (

66
 r

aM
) 

1.
 3

 
8

,i
 

3 
i 

i 
io

 
25

 ° 
3.

7 
° 

o
.2

o
o

 
5 

-1
6 

5
.4

3
 

o 

N
aC

l 
(6

6 
m

M
) 

1.
3 

7.
0 

o 
17

 
6

0
 

2
3

0
 

2
.3

6
 

--
 

4-
43

 
3

,5
2

 
o.

91
 

~
, 

N
aC

1 
(6

6 
m

M
) 

1.
3 

7 
,0

 
3 

17
 

63
 

2
0

0
 

2
.2

8
 

~ 
4

.2
9

 
3

.4
1

 
0

.8
8

 
~ 

N
aC

1 
(6

6 
m

M
) 

1.
 3

 
8,

1 
o 

18
 

32
 

2
9

0
 

2
.4

2
 

--
 

4
.4

5
 

3-
 6

1 
0

.8
4

 
N

aC
l 

(6
6 

ra
M

) 
i.

 3
 

8.
1 

3 
18

 
33

 
3

8
0

 
2

.3
9

 
~ 

4
.7

8
 

3
,5

6
 

1.
22

 

t:0
 

T
ri

s 
a

c
e

ta
te

 (
66

 r
aM

) 
1-

3 
7

,0
 

o 
18

 
5

4
 

7 
1

.8
i 

o
.o

o
i 

4,
21

 
2

.7
0

 
i 

.5
 I 

~
" 

T
ri

s 
a

c
e

ta
te

 (
66

 m
M

) 
1.

3 
7

.0
 

3 
17

 
53

 
7 

1
.8

i 
0

.0
3

8
 

4
.4

2
 

2
.7

 ° 
1.

72
 

T
ri

s 
a

c
e

ta
te

 (
66

 m
M

) 
1.

3 
8

,I
 

o 
16

 
38

 
IO

 
1.

83
 

o
.o

o
i 

4
.3

1
 

2
.7

3
 

1.
58

 
.~

 
T

ri
s 

a
c

e
ta

te
 (

66
 m

M
) 

1.
 3

 
8.

1 
3 

I5
 

3
0

 
io

 
2

,O
l 

o
.o

o
 4

 
4,

41
 

3
.0

0
 

1
,4

i 
a~

 
P

o
ta

ss
iu

m
 a

c
e

ta
te

 (
66

 r
aM

) 
o 

7 
.0

 
3 

16
 

41
1 

--
- 

-~
 

o
,i

ii
 

5
.1

o
 

~ 
--

 
.~

 
P

o
ta

ss
iu

m
 a

c
e

ta
te

 (
66

 l
n

M
) 

1.
 3

 
7

.0
 

o 
~

6 
2

3
5

 
--

 
1.

85
 

0
.0

0
3

 
4

.2
7

 
2

.7
6

 
1,

51
 

P
o

ta
ss

iu
m

 a
c

e
ta

te
 (

6
6

 r
aM

) 
i.

 3
 

7 
.0

 
3 

13
 

4
1

2
 

--
 

2
.7

4
 

o
,I

 1
3 

5
.9

4
 

4
-0

9
 

1.
85

 
,~

 
P

o
ta

ss
iu

m
 a

c
e

ta
te

 (
6

6
 r

aM
) 

o 
8

,I
 

3 
17

 
3

3
2

 
--

- 
--

 
0

.0
8

5
 

4
.8

8
 

--
 

--
 

P
o

ta
ss

iu
m

 a
c

e
ta

te
 (

6
6

 r
aM

) 
1.

3 
8.

~
 

3 
14

 
28

1 
--

- 
2

.9
8

 
o~

o8
I 

4
.4

9
 

4
.4

5
 

0
-0

4
 

Is
o

to
n

ic
 s

o
d

iu
m

 a
c

e
ta

te
 

1,
3 

7,
1 

o 
16

 
43

 
7 

°0
 

2
.3

9
 

o~
o6

5 
7

.4
 ° 

3
-5

7
 

3
.8

3
 

, 
Is

o
to

n
ic

 s
o

d
iu

m
 a

c
e

ta
te

 
1.

 3
 

7 
.1

 
3 

14
 

25
 

il
o

o
 

3
,3

2
 

0
.3

5
0

 
lO

-7
5 

4
.9

7
 

5
.7

8
 

-n
o°

 
Is

o
to

n
ic

 s
o

d
iu

m
 a

c
e

ta
te

 
I.

 3
 

8.
1 

o 
16

 
3 

° 
1

2
1

o
 

3
.4

2
 

0
,0

7
5

 
7.

31
 

5
.I

2
 

2
.I

9
 

* 
Is

o
to

n
ic

 s
o

d
iu

m
 a

c
e

ta
te

 
1.

3 
8.

1 
3 

12
 

i6
 

1
6

o
o

 
5

.6
5

 
0

.3
7

5
 

9
,3

5
 

8
.4

3
 

0
.9

2
 

~0
 

~D
 

a~
 

oq
 

o H
 m
 

>
 ©
 

N
 

©
 

~z
 

4a
 



494 C. T. SETTLEMIRE, G. R. HUNTEB, G. P. BRIERLEY 

The data of Table I I I  establish that the uptake of Na + is increased by EDTA at both 
pH 7.I and 8.1 and that in both cases swelling as monitored both by absorbance at 
546 m# and by tritiated water distribution is increased. 

Penetration of EDTA into mitochondria 
Since the amounts of Mg 2+ removed from the mitochondrion by EDTA were 

seldom large and seemed to have rather specific requirements, the possibility that  the 
observed effects of EDTA on mitochondrial cation uptake were the result of a binding 
of EDTA to the membrane was investigated. The penetration of ~RC-labeled EDTA into 
mitochondrial water in a medium of o.12 M Na + acetate at pH 7.0 is shown in Fig. 2A. 
Under these conditions in the absence of respiration there is a slow passive penetra- 
tion of Na + and acetate into the mitochondrionl2, ~4 and an osmotic swelling. The bar 
graph shows that the total water content of a mitochondrial pellet under these con- 
ditions is 5.0 #1 per nag of protein. Of this volume 1. 4 [,1/mg is penetrated by I1¢C-1 - 

A 
MITOCHONDRIAL WATER (#l/m(;i) 

I ~ \ ~  ,aT,L is . . . . . . .  

04 , 1 
NO + Acetof t / 

/Complltl 
~ 03 pH 70 / Penetrofion 

0.2 

~ 0.1 

MITOCHONDRIAL WATER (/JI ling) 

~ ~  TOTAL I No E°,~, 

1.2- 

T • r o'1 .~08- 

0 

i I 016 Su¢clft°il j 2 

o!z o.a o'.~ o.s 10 Lz 
EXTRAMITOCHONORIAL EOTA (raM) 

B 

Na + Acetote 
0.12 M 
pH 81 / 

Complete / ~ I  

/ / Succinate 
/ / , 8 9  / Succjnote 

EXTRAMtTOCHONDRIAL EDTA (raM) 

Fig. 2. A. Penetra t ion of EDTA into hear t  mi tochondrion at  pH 7.o. Mitochondria (IO mg of 
protein) were t rea ted  with rotenone (4 m/~moles/mg) and suspended for 3 rain at  25 ° in 6 ml of 
a medium of Na + acetate (o.12 M) and Tris chloride (IO mM, p H  7.o) containing tri t iated water  
and the indicated concentrat ions of zRC-labeled EDTA. The mitochondria  were isolated by  cen- 
t r i fugat ion (Sorvall SE-I2  rotor,  20o00 rev. /min for 5 min), extracted with HC104 and the 3H 
and liC radioact ivi ty  of the  residue and the supe rna t an t  was determined wi th  a liquid scintillation 
counter  14. In  parallel incubat ions  unlabeled EDTA was used and 14C-labeled ca rboxydext ran  
(New England Nuclear, tool. wt.  6o0o0-9ooo0) was included to est imate the ext rapar t icula te  
water  space of the  pellets. The total  water,  dextran-permeable  water, and EDTA-permeable  water  
were calculated by  comparing the specific activities (disint. /min per #1) of the superna tan t s  with 
those of the residues as described by  HUNTER AND BRIERLEY 14. The bar  graph compares the  
values found in mitochondria  isolated under  these conditions in the absence of a source of energy 
wi th  the corresponding volumes obtained in the  presence of succinate (3 mM) respiration. Also 
plot ted is the  int ramitochondria l  EDTA concentrat ion (corrected for the EDTA of the dextran-  
permeable volume 1~) as a funct ion of the concentrat ion in the  suspending medium. The slope of 
such a plot gives an indication of the percent  of in t ramitochondria l  water  in equil ibrium with 
the suspending medium and the intercept  m a y  be taken as a value for bound  EDTA 15. ]3. Pene- 
t ra t ion of EDTA into hear t  mi tochondr ia  at  p H  8.1. The exper iment  was carried out  as described 
for A except at p H  8.i. 
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carboxydextran of 60 000-90 ooo molecular weight. This volume has been taken to be 
the value of the extramitochondrial solvent occluded in the centrifuged pellet 15. 
~14C]EDTA penetrates a total  of 2. 4 #l/rag under these conditions. Therefore about 
I.O #l/rag of the intramitochondrial water volume is penetrated by EDTA and about 
2.6/A/rag is not penetrated by this solute. When a plot of the intramitochondrial 
concentration of EDTA (corrected for EDTA and water in the dextran-permeable 
space) is made against the EDTA concentration of the suspending medium (Fig. 2A) 
under these conditions, a straight line is obtained which extrapolates very nearly to 
the origin. This result is consistent with EDTA penetration as a strict function of the 
concentration in the external medium into a compartment  within the mitochondrion. 
The slope of the line would indicate that  about 28 % of the intramitochondrial water 
is penetrated by EDTA under these conditions. Parallel evaluation of the sucrose and 
mannitol-permeable space under these conditions established that  EDTA penetrates 
to the same extent as these solutes. The fact that  the line of Fig. 2A extrapolates to the 
origin indicates that  little, if any, EDTA is bound by the membrane. In the case of 
solutes such as Mg 2+ a similar plot intersects the ordinate at a value very close to the 
amount  of Mg 2+ adsorbed to washed mitochondria 15. In addition virtually all of the 
[~4C]EDTA is removed by a single wash in isotonic sucrose. 

In the presence of succinate respiration the accumulation of Na + and acetate is 
accelerated and is accompanied by more extensive swelling 1~. Under these conditions 
the water volume of the packed pellets increases to 9.1/A/rag, the dextran space to 
2.0/A/rag and the amount of water permeable to EDTA is 3.3 #l /mg (Fig. 2A). This 
further emphasizes that  EDTA is excluded from the compartment  within the mito- 
chondrion which is expanding due to the uptake of salt and water. The plot of intra- 
mitochondrial EDTA concentration vs. the concentration of chelator in the suspending 
medium now shows that  only I6 % of the intramitochondrial water is penetrated by 
EDTA. Again, as in the absence of energy, there is no indication of adsorption of the 
chelator and the degree of penetration corresponds well to that  of mannitol. 

When the corresponding experiment is carried out at pH 8.1 in the absence of 
energy there is considerably more swelling and uptake of Na ÷ and acetate than is seen 
at  pH 7.o. About 30 to 4 ° % of the intramitochondrial water is penetrated by  EDTA 
under these conditions. The plot of Fig. 2B does not extrapolate exactly to zero but 
still indicates very little, if any, bound EDTA. A maximum value for bound EDTA 
from the plot shown would be about 0.3 m/~mole/mg of protein. In the presence of 
respiration at pH 8.1 there is only a slight additional increase in total water but a 
striking increase in EDTA penetration. Under these conditions 90 % or more of the 
intramitochondrial water is penetrated by the chelator. This more complete penetra- 
tion of EDTA into the mitochondrion corresponds well with the increased ability of 
EDTA to remove Mg ~+ from the mitochondrion under these conditions (cf. Tables I 
and III). 

A similar situation prevails in the ioo mM sucrose, 60 mM Na + acetate medium 
described previously. The volume of water which remains impermeable to EDTA 
decreases from about 1.4 #l /mg at pH 7.0 to nearly zero at pH 8.1 in this medium in 
the presence of respiration (Table I I I ) .  No such change is seen in the Na + acetate 
medium in the absence of energy, or in the NaC1 or Tris acetate media, however. In 
the case of the latter two media the amount of water which is inaccessible to EDTA 
remains between 0. 9 and 1.5/~1 per mg and does not increase in the presence of respi- 
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ration at high pH. Increased EDTA penetration occurs at high pH in the K + medium, 
however, and under these conditions the mitochondrial Mg ~+ is lowered from 17 to 14 
m#moles per nag of protein. It  appears therefore that the accumulation of ions and 
osmotic swelling at high pH are conducive to the penetration of EDTA into the 
interior (probably into the matrix14,1") of the mitochondrion and that this penetration 
results in the removal of an additional increment of Mg 2+ from the membrane. 

Osmotic response of mitochondria suspended in EDTA 
Mitochondria respond as osmometers 1~-z9 when suspended in a medium con- 

taining non-permeable solutes. The data of Fig. 3 establish that a typical osmometer 
response is obtained when mitochondria are suspended in varying concentrations of 
Na + EDTA both at pH 7.0 and 8.1. The plots are not altered by the addition of 

20/ 
i/AsqsmP ~ o  r ~ 7.0 

1.0- 

o~- a'o io ~ o  ~o 
I/0SMOLARITY 

Fig. 3. Osmot ic  response  of h e a r t  m i t ochond r i a  s u s p e n d e d  in Na  + E D T A .  Mi tochondr ia  (1.2 m g  of 
protein)  were added  to 3 ml  of N a  + E D T A  of t he  ind ica ted  osmola r i ty  (calculated) and  t he  ab-  
so rbance  a t  546 m/~ was  recorded us ing  t he  E p p e n d o r f  p h o t o m e t e r .  

succinate as a source of energy. Since Na + appears to penetrate isolated heart mito- 
chondria extensively 1~ these results suggest that  EDTA is acting as a non-permeant 
anion under all of these conditions. They further suggest that the extensive pene- 
tration of the mitochondrion by EDTA which occurs in the presence of respiration 
at pH 8 depends on the presence of the permeant acetate ion. The low permeability 
of EDTA at pH 8 in the presence of respiration in a NaCI medium (Table III) also 
supports this suggestion. 

Passive permeability of mitochondria which have been depleted of Mg 2+ 
A number of experiments were carried out to determine whether mitochondria 

which had been treated with Na + acetate, EDTA, and a source of energy so as to 
lower the endogenous levels of Mg *+ and K ÷ showed altered permeability in a second 
incubation. No consistent increase in permeability to Na+ in the absence of a source 
of energy could be detected either by the criterion of passive swelling in Na+ acetate 
or by direct analysis of centrifuged pellets. Particles which had been treated at pH 8. i 
to remove Mg *+, washed, and then resuspended were very refractory and showed little 
indication of energy-linked swelling and ion uptake in the second incubation. I t  should 
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be noted that these mitochondria respired poorly with most substrates with the ex- 
ception of ascorbate-TMPD. Control particles treated in the same way but with the 
omission of EDTA also respired poorly but responded to EDTA in the expected way 
during the second incubation. It  appears, therefore, that the passive permeability 
to Na + in subsequent incubations is not affected by the removal of Mg ~+ under the 
specific conditions described. The rate of oxidation of most of the substrates employed 
is activated by EDTA and it appears possible that the major effect of Mg ~+ removal is 
not on permeability per se but on the coupling of respiration to ion transport. 

DISCUSSION 

Isolated heart mitochondria accumulate Na + and acetate spontaneously and 
swell when supplied with a source of energy at neutral pH. In addition to a supply of 
energy the reaction requires the presence of a rather high concentration of Na + and a 
permeant anion such as acetate. In agreement with previous reports 1-~ we find that 
addition of EDTA under these conditions markedly enhances the swelling and ion 
uptake and activates respiration. The present study establishes that this enhanced 
Na + uptake and swelling are closely related to the Mg 2+ content of the membrane. 
The conditions for the removal of significant amounts of Mg ~+ from the membrane 
parallel the requirements for the energy-linked uptake of Na + remarkably. In addition 
to the presence of rather high concentrations (about 0.5 mM) of a chelator such as 
EDTA with a high affinity for Mg 2+, the removal of Mg ~+ from the mitochondrion 
at pH 7.o requires the presence of a source of energy, high concentrations of Na +, and a 
permeant anion. The Na + requirement for Mg 2+ removal can be met by Li + and to a 
variable degree by K + but not by Tris, or choline +. Li + and K + are accumulated by 
mitochondria by an energy-linked reaction under these conditions and the uptake of 
Li + is activated by EDTA. Tris and choline + do not appear to be accumulated under 
these conditions and the uptake of K + is not consistently affected by the addition of 
EDTA. It  appears, therefore, that when EDTA is effective in removing a portion of 
the membrane Mg 2+ it also brings about an activation of ion uptake. It  must be 
emphasized, however, that  Mg 2+ is removed only under the conditions of energy- 
linked ion uptake. 

The actual amount of Mg 2+ removed under these conditions is variable and can 
be quite small (2 to 3 m/zmoles of Mg 2÷ per mg of protein) in some preparations which 
show a large enhancement of energy-linked Na + uptake and swelling upon addition 
of EDTA. The fact that  reasonably large amounts of Mg 2+ (approx. IO m#moles per 
rag) are not removed by EDTA even under optimal conditions suggests that two or 
more different types of bound Mg 2+ are present in the membrane. Studies now in 
progress show that submitochondrial particles also retain about 6-1o m/~moles of 
Mg ~+ per mg even when treated with EDTA under optimal conditions ~°. The fact that  
added Mg 2+ in quantities considerably lower than the molar concentration of EDTA 
can overcome the effect of EDTA on Na+-dependent swelling and on the removal of 
Mg 2+ from the membrane indicates that the Mg ~+ which affects the rate of Na + uptake 
has a higher affinity for its binding sites in the membrane than for EDTA. 

An extensive loss of endogenous K+ from the mitochondrion is also closely 
related to the amount of Mg 2+ removed by EDTA in these experiments. Since this K + 
movement is in the direction of the concentration gradient the loss of this cation may 

Biochim. Biophys. Acta, 162 (1968) 487-499 



40  ,'i C . T .  SETTLEMIRE, G. R. HUNTER, G. P. BRIERLEY 

reflect an increased passive permeability to K* as a function of the Mg e+ level of the 
membrane. The failure of EDTA to stimulate K + accumulation consistently in these 
experiments may be due to the diminished ability of the chelator to remove Mg 2+ 
from the membrane in a medium containing K + as opposed to Na-. 

Studies of the distribution of laC-labeled EDTA establish that the chelator is 
excluded from the bulk of the intramitochondrial water at neutral pH. In contrast 
to earlier statements in the literature 19 we find no evidence for the binding of signif- 
icant amounts of EDTA to the mitochondrial membrane. EDTA appears to be freely 
permeable to a portion of the mitochondrial water volume and the volume penetrated 
corresponds well with that penetrated by sucrose and mannitoh Recent studies 
indicate that the matrix of the mitochondrion is the morphological equivalent of the 
sucrose-impermeable compartment14,1% It appears, therefore, that EDTA, like many 
other solutes, is unable to pass the inner membrane of the mitochondrion under the 
conditions in which it activates the accumulation of Na + and swelling. The use of 
EDTA to evaluate extramitochondrial water has been reported 21. However, present 
studies indicate that the EDTA space corresponds more closely to the sucrose-perme- 
able space than to the extraparticulate space. The ability of EDTA to inhibit mito- 
chondrial myokinase (see ref. 22, for example) can be readily explained by recent 
studies 2a which localize this enzyme activity in the space between membranes of the 
mitochondrion. 

At pH 8.o and above the addition of EDTA to suspensions of heart mitochondria 
respiring in a medium containing Na ÷ and acetate induces a rapid swelling which is 
iollowed by contraction and a tendency to oscillate a. This aspect of the reaction has 
been documented extensively by PACKER and coworkers3,2~, 2~. The present study 
establishes that the requirements for Mg e+ removal from the membrane at pH 8.o and 
above parallel those at neutral pH. Considerably more Mg ~+ is removed under these 
conditions and virtually all of the endogenous K + is lost when the Mg z+ content is 
lowered. The removal of Mg 2+ by EDTA at elevated pH still requires the presence of 
(a) Na * or Li~, (b) a permeant anion, and (c) a source of energy, The present study 
brings out an additional aspect of the interaction of EDTA with the membrane at 
high pH. At pH 8 the permeability of the initochondrion to EDTA is enhanced 
considerably, and under the conditions used by PACKER, UTSUMI AND MUSTAFA 3 to 
obtain oscillations of various mitochondrial parameters, the chelator penetrates 
virtually the entire water volume of the mitochondrion. Whether the presence of 
EDTA in the interior compartment and the subsequent removal of Mg 2+ from the 
inside of the inner membrane can provide an explanation for the induction of the 
oscillatory state under these conditions remains to be established. AzzI AND AZZONE 26 
have shown that raising the pH of the medium increases the permeability of the mito- 
chondrion to anions. The conditions necessary for penetration of EDTA into the 
matrix, however, appear identical to those which produce the oscillations. The pH 
must be elevated to 8 or above, there must be a permeant anion and a transported 
cation present, and there must be a source of energy in order for EDTA to penetrate 
the nfitochondrion completely. These conditions correspond to those necessary to 
obtain the oscillatory state s and as noted above, result in the removal of an additional 
increment of Mg 2+ and more extensive loss of K +. 

Several aspects of the present work appear perplexing. The requirement for 
energy-linked ion transport in order to bring about the removal of membrane-bound 
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Mg 2+ by a chelator hints that the membrane or portions of the membrane may 
undergo conformational changes which expose the Mg ~+ binding sites. Several alter- 
native suggestions could be advanced but further work appears necessary in order to 
provide a completely satisfactory explanation. The apparent inability of the mito- 
chondrion to retain an increased permeability to monovalent cations through a 
second incubation even though the Mg 2÷ content of the membrane is quite low also 
requires explanation. As mentioned above it appears possible that one of the major 
effects of Mg ~+ removal is on the rate of respiration rather than on the permeability 
to cations. Further studies are in progress in an attempt to clarify this point. It should 
be noted that, in contrast to the results of the present study, studies of the effect of 
EDTA on Coliform bacteria ~7 indicate a major change in passive permeability but 
little change in active transport as a result of the interaction. It has been suggested 
that the effects of Mg 2+ removal can be reversed by steric or chemical changes requiring 
a source of energy 27. Whether similar considerations apply to the mitochondrion 
also remains to be established. 
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