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SUMMARY 

1. The transport of Ba 2 ÷ by mung bean (Phaseolus aureus L) mitochondria 
is examined and its uptake properties compared with the accumulation of other 
alkaline earth metals by plant mitochondria. Uptake is supported by oxidizable 
substrates but not by ATP under the conditions examined. Ba 2+ uptake shows an 
absolute requirement for Pi, whereas AsO4, acetate and oxalate do not replace Pi- 
ATP synthesis inhibits Ba 2 ÷ uptake 50 ~o and both 2,4-dinitrophenol and valinomycin 
plus K + inhibit uptake over 80 ~ .  

2. The relative capacity to transport a series of alkaline earth metals showed a 
preferred order of: Sr 2 + > Ca 2 + > Ba 2 + >> Mg 2 +. Mitochondria isolated from 
three plant sources showed net levels of Mg 2+ uptake 7 ~ or less than the observed 
Sr 2 + uptake values. The same relative order of alkaline earth metal supported uptake 
of Pi was observed with bean (Phaseolus vulgaris L) mitochondria. It is suggested that 
salt transport in plant mitochondria involves a carrier complex which binds both 
divalent cations and Pi. 

INTRODUCTION 

Mitochondria isolated from a wide range of  organisms possess the capacity 
to transport divalent cations [1-5]. However some of the properties of the transport 
system differ depending on the source of  mitochondria. Thus mitochondria from 
plants, in contrast with vertebrate animal mitochondria, show an absolute require- 
ment for Pi which cannot be replaced by other anions [4, 6]. Moreover plant mito- 
chondria do not stimulate respiration nor eject H + during divalent cation transport, 
and appear to lack a high affinity binding site found in a wide range of  animal mito- 
chondria [1, 4, 7, 8]. This study examines the uptake of the alkaline earth metal, Ba 2 +, 
by mung bean mitochondria. Ba 2 + is known to be toxic to the growth of several plants 
including mung beans, and it has been shown to be present in mitochondria isolated 
from Ba 2 + exposed plants [10, 11 ]. This study compares the relative capacity of mito- 
chondria to transport Ba 2 + and a series of  alkaline earth metals. The results are re- 
lated to the possible mechanism of salt transport in plant mitochondria. 

Abbreviation: Tricine, tris(hydroxymethyl)methylglyeine. 
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MATERIALS AND METHODS 

Etiolated mung bean hypocotyls (Phaseolus aureus L) were harvested from 
4-5-day-old plants grown in vermiculite. The isolation of mitochondria was done 
in a medium containing: 0.4 M mannitol, 50 mM Tris-tris(hydroxymethyl)methyl- 
glycine (Tricine), pH 7.4, 1 mg per ml bovine serum albumin, 4 mM cysteine and 
5 mM EDTA. The shoots were ground with a Moulinex mixer and isolated by differen- 
tial centrifugation as previously described [11 ] except the last centrifugation involved 
passing the mitochondria through a wash layer of 15 ml of 0.8 M mannitol. The final 
mitochondrial pellet was resuspended in 2.0 ml of the above medium and had approx. 
5 mg/ml protein. Electron micrographs showed mitochondria the predominate 
organelle with some contaminating vesicular membranes and endoplasmic reticulum. 
Maize (Zea rnays L) mitochondria and Kentucky wonder pole bean (Phaseolus 
vulgaris L) mitochondria were isolated as previously described [4, 12]. 

Divalent cation content was determined on mitochondria which had been incu- 
bated in 3.5 ml of medium containing: 0.4 M mannitol, 50 mM Tris-Tricine pH 7.8, 
1 mg/ml albumin, 2 mM BaC12, 2 mM potassium phosphate pH 7.4 and substrate as 
indicated in the legends. Controls contained 2 mM KCN and showed no respiration 
on the oxygraph. After 8 min incubation at 26 °C, 3.2 ml of medium containing be- 
tween 0.6 and 1.5 mg protein per ml were transferred to a cold centrifugation tube and 
the mitochondria harvested by centrifugation through a layer of 5 ml of 0.8 M man- 
nitol at 31 000 x g  for 10 min. After the centrifugation tubes had been decanted and 
wiped dry, the mitochondrial pellet was resuspended in 2.5 ml of 10 ~ trichloroacetic 
acid plus 1 ~ La203. The suspension was centrifuged for 10 min at 35 000 x 9  and 
the divalent cation content of the decanted supernate determined by atomic absorption 
spectrophotometry [4]. Oxygraph procedures and Pi assay were as previously de- 
scribed [4]. Proteins were determined by the Lowry method [14]. 

RESULTS 

The time-dependent accumulation of Ba 2+ is shown in Fig. 1. Net uptake 
stopped after about 20 min and was followed by a gradual loss possibly due to the 
partial reduction in coupling as reported with Sr 2 ÷ accumulation in bean mitochondria 
[4]. In Table I the uptake of Ba 2÷ is compared using the major oxidizable substrates 
of mung bean mitochondria. Externally added N A D H  supported the highest uptake 
values as well as highest respiration rates. The low values for Ba 2 + uptake with malate 
plus pyruvate can be accounted for by the initially low respiration rates which further 
declined over the time interval when Ba 2 + accumulation was measured. No net Ba 2 ÷ 
uptake was detected with ATP as an energy source. A summary of the characteristics 
of  Ba 2 ÷ uptake is shown in Table II. Of the anions examined only Pi supported uptake. 
The presence of dinitrophenol largely inhibited uptake and induced an approx. 50 
loss of Ba 2 ÷ when added after uptake had occurred (data not shown). One quantita- 
tive difference in the results shown in Table II from studies previously reported on 
divalent cations uptake with plant mitochondria is the 50 ~ inhibition of Ba 2÷ 
uptake by an ATP generating system compared with the nearly 80 ~o inhibition repor- 
ted with Sr 2÷ and Ca 2÷ uptake [4, 15]. This difference may reflect a greater demand 
on the use of conserved energy by Ca 2 ÷ and Sr z + due to the greater uptake rates of 
these ions compared with Ba 2 +. 
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Fig. 1. T ime  course  o f  up take  o f  Ba 2+ by m u n g  bean  mi tochondr ia .  Al iquots  o f  3.2 ml  f rom 32 ml  
were wi thdrawn at  the  t ime intervals  shown  and  Ba 2 + de te rmined  by the  procedure  given in Mater ia ls  
a n d  Methods .  Subst ra te  was 8 m M  s o d i u m  succinate.  Prote in  was 0.7 m g / m l .  Ba 2+ concent ra t ion  
was 2 m M ,  

T A B L E  I 

Ba 2+ U P T A K E  A N D  R E S P I R A T O R Y  P A R A M E T E R S  O F  I S O L A T E D  M U N G  B E A N  M I T O -  
C H O N D R I A  

T h e  m e d i u m  for the  respira tory studies contained:  0.4 M manni to l ,  50 m M  Tr i s -Tr ic ine  p H  7.8, 
1 m g / m l  a lbumin,  5 m M  MgCl2, 2 m M  po ta s s ium phospha te ,  p H  7.4 and  subst ra tes  as shown.  A D P  
was added  in al iquots  o f  223 nmoles .  The  control  lacked substra te  and  conta ined 2 m M  K C N .  The  
m e d i u m  for fol lowing Ba ~ + up take  was identical to the  above with the  addi t ion o f  2 m M  BaC12 in 
place o f  MgCl2.  The  procedure  for fol lowing up take  is given in Mater ia ls  and  Methods .  Incuba t ion  
t ime was 8 min.  Ne t  Ba 2+ up take  is the  difference between the up take  in the  presence compared  with 
the  absence o f  substrate .  

Subst ra te  State 4 respirat ion Respi ra tory  A D P / O  Ba 2 + U p t a k e  
(nmoles  O2/min per cont ro l*  (nmotes /mg protein) 
m g  protein)  

Tota l  Net  
up take  

Cont ro l  - - - 40 - 
8 m M  s o d i u m  succinate  30 3.0 1.4 235 195 
1.4 m M  N A D H  27 3.1 1.3 261 231 
8 m M  sod ium mala te  ~ 15 3.7 1.9 83 43 
8 m M  s o d i u m  pyruvate  
Cont ro l  p lus  3 m M  A T P  - - - 40 0 

* In  the  absence o f  Ba 2 +. 
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TABLE lI 

GENERAL CHARACTERISTICS OF Ba 2+ UPTAKE BY M U N G  BEAN MITOCHONDRIA 

The complete reaction medium is given in Table I. The substrate is 8 mM sodium succinate. Protein 
was between 2.5-4.0 mg per reaction mixture. The results are an average of two or more determina- 
tions. 

Conditions Ba 2 ÷ uptake ~ of 
(nmoles/mg protein) maximum 

Total Net 
uptake uptake 

Complete 244 
-- succinate + 2 mM KCN 43 
- -  succinate -- Pl 44 
- -  Pl 4- 2 mM arsenate 35 
- -  Pi q- 2 mM acetate 39 
-- Pt -]- 20 mM acetate 35 
- -  P~ 4- 2 mM oxalate 43 
q- 100/~M 2,4-dinitrophenol 61 
+ 5 mM KC1 d- 2/~g valinomycin 67 
4- 200/ tM ADP q- hexokinase trap* 144 

201 100 
- 0 

1 0 

--9 0 
--4 0 
--9 0 

0 0 
18 11 
34 17 

101 50 

* 20 units of hexokinase (Sigma) q- 10 mM glucose + 2 mM MgC12. 

TABLE III 

THE UPTAKE OF A SERIES OF ALKALINE EARTH METALS BY PLANT MITO- 
C H O N D R I A  

The procedure for following the uptake is given in Materials and Methods. The substrate was 0.5 mM 
NADH. The protein was between 0.5-1.4 mg/ml. The results are an average of  two or more deter- 
minations. Concentration of divalent cations is 2 mM. Incubation time was 8 min. 

Mitochondria Ion Net divalent cation uptake ~ of 
source (nmoles/mg protein) Sr 2 + uptake 

Mung bean Sr 2 ÷ 3084-18 1 0 0  

Mung bean Ca 2 + 2644-11 86 
Mung bean Ba 2 + 234 4-16 76 
Mung bean Mg 2+ 134-5 4 
Corn shoot Mg 2 + 21 7 
Kentucky pole bean Mg 2+ 8 3 

U p t a k e  s t u d i e s  w i t h  B a  2 + p r o v i d e  a n  o p p o r t u n i t y  to  e x a m i n e  t h e  r e l a t i ve  o r d e r  

o f  t r a n s p o r t  o f  t h e  a l k a l i n e  e a r t h  m e t a l  series.  T h e  resu l t s ,  s h o w n  in  T a b l e  I I I ,  i nd i -  
c a t e  t h a t  u p t a k e  f o l l o w e d  t h e  o r d e r :  S r  2+ > C a  2+ > B a  2+ >> M g  2+. M g  2+ u p t a k e  

i n t o  m i t o c h o n d r i a  f r o m  t h r e e  p l a n t  s o u r c e s  w as  e x t r e m e l y  l ow;  m u c h  less t h a n  r e p o r -  
t e d  f o r  M g  2+ u p t a k e  i n t o  r e d  b e e t  r o o t  m i t o c h o n d r i a  [9]. 

I n  a r e l a t e d  s t u d y  w i t h  m i t o c h o n d r i a  f r o m  K e n t u c k y  w o n d e r  p o l e  b e a n s  t h e  

d i v a l e n t  c a t i o n  s u p p o r t e d  a c c u m u l a t i o n  o f  Pi  s h o w s  t h e  s a m e  r e l a t i ve  o r d e r  o f  Pi 

u p t a k e  as  r e p o r t e d  in  T a b l e  I I I  f o r  d i v a l e n t  c a t i o n  u p t a k e  w i t h  m u n g  b e a n  m i t o c h o n -  
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dria. While this appears to support the same order of divalent cation selectivety for 
the two mitochondrial sources, an underlying assumption is that the metal: Pi ratio 
is approximately similar for each divalent cation transported. 

TABLE IV 

THE EFFECT OF A SERIES OF CATIONS ON PHOSPHATE UPTAKE WITH KENTUCKY 
WONDER POLE BEANS MITOCHONDRIA 

The complete reaction mixture of 6.4 ml contained: 0.4 M mannitol, 50 mM Tris-Tricine (pH 7.5), 
1 mg/ml albumin, 5 #M rotenone, 2.0 mM concentration of the divalent cation salt, 2.0 mM Tris- 
phosphate and 8 mM Tris-succinate. Protein was 0.8 mg. Incubation time was 10 rain at 27 °C. 

Salt added Total Pi uptake Net Pl uptake 
(nmoles/mg protein) (nmoles/mg protein) 

None 10 - 
SrCI2 190 180 
CaCI2 136 126 
BaC12 106 96 
MgCI2 21 11 
KCI 19 9 
NaC1 17 7 
LiC1 17 7 
NH4C1 10 0 

DISCUSSION 

The relative capacity of mung bean mitochondria to accumulate divalent 
cations in Group II of the Periodic Table follows the order Sr 2+ > Ca 2+ > Ba 2+ 
Mg 2÷. Current theories of divalent cation selectivity based on binding studies with 
non-biological materials including zeolites [16] and glass electrodes [17, 18] have 
stressed the importance of the free energy difference between cation-site interaction 
and the free energy of hydration of the divalent cations as decisive factors in deter- 
mining the relative order of divalent cation binding with these systems. From such 
studies with non-biological materials a number of permutations of these four divalent 
cations were predicted as the preferred order to binding. 

While the selected series predicted from binding studies to zeolites [16] has 
been shown to agree with the order observed for binding in a number of biological 
systems [19], the order reported here for divalent cation transport does not coincide 
with any of these. This suggests that the relative affinity for the transport binding 
sites does not in itself determine the selectivety in transport and that other factors 
influence the order of uptake. While the available evidence does not allow conclusions 
concerning what factors may be effecting the transport of these cations, it is interesting 
that studies with divalent cation selective glass electrodes indicate that mobility of 
the divalent cation across the electrode membrane plays a central role (in addition 
to binding) in the selectivity with that system [18]. 

An hypothesis for the mechanism of salt transport in higher plant mitochon- 
dria has previously been suggested in which Pi was considered the actively transported 
species [6]. Support for this conclusion comes from the absolute Pi requirement for 
divalent cation uptake [4, 6] as well as the identification of a Pi transport system which 



27 

funct ions  in the  absence o f  d iva lent  ca t ions  [13, 20]. However ,  it  is clear  tha t  m a x i m u m  
Pi accumula t ion  occurs  only  when an a p p r o p r i a t e  d iva lent  ca t ion  is present  and  t rans-  
po r t ed  with  the Pi (Table  IV).  Thus  an  a l ternat ive  mechan i sm might  involve the for-  
ma t ion  o f  a d iva lent  ca t ion -P i - ca r r i e r  complex  in which the d ivalent  ca t ion  is b o u n d  
bu t  no t  t r anspo r t ed  independen t ly  o f  the Pi [4, 7]. The relat ive capac i ty  for  mi to-  
c h o n d r i a  to  accumula te  different  d ivalent  ca t ions  m a y  depend  on the d ivalent  ca t ion  
affinities for  the t r anspo r t  b ind ing  sites as well as o ther  possible  factors  such as the 
mobi l i ty  o f  the  complex  across  the membrane .  

Whi le  Ba 2 + is non-essent ia l  for  p lan t  growth,  and  funct ions  only poo r ly  as a 
" ' spar ing i o n "  for  Ca  2+, it  can be toxic  to p lants  inc luding e t io la ted  mung  beans 
grown in its presence.  Studies with mi tochond r i a  i sola ted  f rom such p lants  show 
Ba 2÷ levels o f  over  100 nmoles /mg  prote in ,  higher  respi ra t ion  rates than  norma l  and  
reduced  resp i ra to ry  cont ro l  over  n o r m a l  g rown plants  [11 ]. These responses,  s imilar  
to  responses  seen with  classical uncouplers ,  m a y  be due to  the accumula t ion  o f  Ba 2 ÷ 
in m i tochond r i a  in vivo and  account  for  the inhib i ted  g rowth  of  p lants  in Ba 2 ÷ soils. 
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