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Summary 

1. Kinetic studies were made on proton translocation across the phospho- 
lipid bilayer membrane in liposomes; this proton translocation is mediated by 
the uncoupler  3,5-di-tert-butyl-4-hydroxybenzylidenemalononitrile (SF6847) 
and compensated by valinomycin-induced potassium efflux. The initial rate of  
proton uptake was directly proport ional  to the concentrat ion of SF6847 in the 
presence of excess valinomycin, indicating that the monomer  of  SF6847,  at 
least, i s  a proton carrier and participates in limiting the rate of  the proton 
uptake cycle. 

2. The partition constant  of SF6847 between the liposomal membranes, 
prepared from Escherichia coli phospholipids, and the aqueous phase was deter- 
mined kinetically to be 21 mM -1 in medium of pH 7.0 and 4.5 mM -1 in 
medium of pH 8.0. The turnover rates of SF6847 across the bilayer membrane 
at pH 7.0 and 8.0 were determined as 140 and 550 t imes/molecule per s, 
respectively. 

3. The initial rate of proton uptake depended hyperbolically on the concen- 
tration of  valinomycin in the presence of  a limiting amount  of  SF6847.  It also 
depended on the concentrat ion of potassium ion (K ÷) inside the liposomes. 
These results suggest strongly that  a ternary complex val inomycin.  K ÷. SF-  
(SF-,  anionic form of SF6847)  is a direct intermediate, participating in limiting 
the rate of  the proton uptake cycle. 

* To w h o m  c o r r e s p o n d e n c e  should be addressed.  
Abbrev ia t ions  used:  SF 6 8 4 7 ,  3,5.di-tert-butyl-4ohydroxybenzylidenemalononitrile; SF-, anionic 
form of SF6847; SFH, neutral f o r m  of  SF6847; CCCP, carbonylcyanide m - c h l o r o p h e n y l h y d r a -  

zone .  
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4. The equilibrium constants of the following equilibria, 

valinomycin + K ÷ K1 valinomycin • K ÷ and 

K2 
valinomycin • K ÷ + SF- ~ valinomycin • K ÷ • SF- 

were determined: K1 was 3.8 • 10 -1 M and K:/A (A, constant; see text) was 
4 . 0 . 1 0 - 9 M  under the conditions employed. From these results a model is 
proposed for the mechanism of the proton uptake cycle mediated by SF6847 
in liposomes. 

5. The mechanism of proton uptake mediated by carbonylcyanide m-chloro- 
phenylhydrazone (CCCP) was also studied. It was concluded that  the mecha- 
nism was essentially the same as that  mediated by SF6847. 

Introduct ion 

In the chemiosmotic theory the mechanism of action of an uncoupler dissi- 
pating proton motive force in energy-transducing membranes is predicted to 
be of primary importance [1,2]. Translocation of molecules of uncoupler 
through a phospholipid bilayer and the proton conduction coupled with this 
process can be studied quantitatively using artificial phospholipid membranes, 
because these are impermeable to proton and many anions, such as phosphate 
ion. 

Certain weak acids, known to be uncouplers of oxidative phosphorylation, 
act as proton conductors in lipid bilayer membranes [3--9]. Uncouplers can be 
classified into two groups by their mode of action in proton conduction in 
black lipid membranes. CCCP belongs to the group in which both A- (anionic 
form) and HA (neutral form) of the molecule are translocated [10,11]. 2,4- 
Dinitrophenol and derivatives of benzimidazoles belong to the other group in 
which the charge carrier translocated may be the dimer of HA • A- [12,13]. 

In liposomes, uncouplers act as proton conductors only when there is a 
compensating flux of charges, such as valinomycin-induced K ÷ flux [14] or 
ferrocene-induced electron flux [15]. Recently, van Deenen and co-workers 
[16] suggested that  the valinomycin-induced K ÷ leak from liposomes contain- 
ing KSCN was mediated by the ternary complex of valinomycin • K ÷ • SCN-, 
while this type of mechanism was not  directly applicable to black lipid mem- 
branes. Correlation between uncoupling activity and proton conduction has 
been studied by several investigators [17--19]. These papers stimulated us to 
study the mechanism of proton conduction by uncouplers at molecular level. 

In this study we used the uncoupler SF6847, because it is one of the 
strongest uncouplers known [20] and because the spectrum of the neutral 
form of the molecule, SFH, is distinctly different from that  of anionic form, 
SF-, [21]. Quantitative determinations of the partition constants of SF6847 in 
liposomes at different pH values and of the initial rates of proton uptake as 
functions of concentrations of valinomycin, potassium ions and liposomes were 
carried out  kinetically. Theoretical considerations of these kinetic data sug- 
gested the presence of a ternary complex valinomycin • K + • SF- in liposomes 
which acts as a direct intermediate carrying SF- back across the liposomal 
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membrane. A preliminary account of this work has appeared (Yamaguchi, A., 
Ikegami, S. and Anraku, Y. (1976) Japan Bioenergetics Group Abst. 2, 100-- 
102). 

Materials and Methods 

Chemicals. SF6847 was a product of Sumitomo Chemical Industry, Co., 
Osaka and was kindly supplied by Dr. Y. Nishizawa. Valinomycin and CCCP 
were obtained from Calbiochem., Los Angeles. Cholesterol was obtained from 
Sigma, Co. All other reagents were of analytical reagent grade. 

Preparation of phospholipid from Escherichia coll. Phospholipids were pre- 
pared from freshly harvested cells of E. coli strain W3092 by the method of 
Bleigh and Dyer [22] and purified by subsequent chromatography on silica gel 
(Unisil, Clarkson Chemical). 

The purified phospholipids consisted of 80% phosphatidylethanolamine, 
10% phosphatidylglycerol and 10% cardiolipin. Phospholipid was determined 
by measuring its phosphorus by the method of Gerlach and Deuticke [23]. 

Preparation of liposomes containing potassium ion. K÷-containing liposomes 
were prepared by dispersing the E. coli phospholipids in 150 mM potassium 
chloride or 200 mM potassium phosphate at a given pH with a vortex mixer 
(Taiyo Bussan Co., Tokyo) and then sonicating the mixture for 30 s with a 
bath type sonifier (Branson model 220). The final concentration of liposomal 
phospholipids was approx. 10 mM. The K ÷ outside the liposomes was removed 
by dialysis against 150 mM NaC1 at the same pH (adjusted with NaOH), at 
room temperature. These liposomes are multi-lamellar vesicles of about 0.1-- 
0.5 pm diameter. (Electron micrograph not  shown). 

Measurement of pH change. The reaction mixture for measuring the pH 
change consisted of 70 ~l of the K÷-containing liposomes and 630 pl of 150 
mM of NaC1 adjusted at the same pH. The pH change immediately after the 
addition of a pl volume of an ethanolic solution of SF6847 and valinomycin 
was measured with a pH electrode (Yuasa Instrument,  SE 1600 GC) equipped 
with a recorder at 25°C. The amount  of protons taken up was calculated from 
the ti tration curve with standard HC1. 

Release of potassium ion from K ÷ liposomes was measured with a K ÷ elec- 
trode (Nitsushin Instrument) at 25°C. 

Results 

(1) Valinomycin-K÷-dependent uptake of proton by SF6847 in liposomes 
Fig. 1A shows that  SF6847 induced uptake of proton into K ÷ liposomes in 

the presence of valinomycin. A rapid increase in the pH of the medium was ob- 
served on addition of SF6847 to K÷-liposome solution containing 1 t~g of 
valinomycin (0.9 gM). The pH increased to a plateau and returned rapidly to 
the original level on addition of 0.1% Triton X-100 to the medium (Fig. 1A). 
This rise in the pH was due to the accumulation of protons inside the liposomes 
and it only occurred when valinomycin was present. 

Fig. 1B shows that  the pH of the medium decreased when SF6847 was 
added to Na ÷ liposomes suspended in K÷-containing medium. These results indi- 
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Fig. 1. T i m e  course  of  S F 6 8 4 7 - i n d u c e d  pH change  of  r eac t i on  m e d i u m  con ta in ing  K +- and  Na+-liposomes. 
(A) K + l iposomes  were  p r e p a r e d  f r o m  phospho l ip ids  of  E. coil in 150 mM KC1, p H  5.1 and d ia lyzed  
against  i so tonic  NaCl so lu t ion ,  pH 5.1,  fo r  4 h at  r o o m  t e m p e r a t u r e .  The  change  of  p H  was m o n i t o r e d  as 
descr ibed  in Materials  and  Methods  at  25°C in a pH m e t e r  e q u i p p e d  wi th  a r ecorde r .  Th e  l iposomc  con-  
c e n t r a t i o n  used was 1.0 g m o l  p h o s p h o l i p i d / m l .  V a l i n o m y c i n  (0.9 pM),  and  S F 6 8 4 7  (1 pM) were  added  
to the  r eac t i on  m i x t u r e  at the t imes  ind ica ted  by  arrows.  T r i t o n  X-100 (0 .1%) was  ad d ed  w h e n  the  reac- 
t ion  r eached  a p la teau .  (B) E x p e r i m e n t a l  cond i t ions  were  the same as for  A e x c e p t  t ha t  the  Na ÷ l iposomes  
were  p r e p a r e d  in 150 mM NaCl, p H  5.1,  and d ia lyzed  against  150 mM KCl, p H  5.1. V A L ,  va l i nomyc in .  

cate that  p ro ton  flux takes place against a concentra t ion gradient of potassium 
ions and that  in the presence of valinomycin SF 6847 induces K+/H ÷ exchange 
across the phospholipid bilayers in liposomes. 

Next  we examined the K*/H ÷ exchange process quantitatively. K ÷ liposomes 
were prepared and dialyzed against 0.3 M sucrose, pH 7.0. The initial rate of 
pro ton  uptake was nearly equal to that  of  K*-release from the liposomes (Fig. 
2). The ratio of  the amount  of  H ÷ accumulated to the amount  of K ÷ released 
was found to be H*/K ÷ = 1.1. 
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Fig. 2. S t o i c h i o m e t r y  of  K*/H ÷ exchange  r eac t i on  in K+-containing l iposomes .  K + l iposomes  (1 .0  m M  
phospho l ip id )  were  p r e p a r e d  in 200 m M  p o t a s s i u m  p h o s p h a t e  (pH 7.0),  d ia lyzed  against  0.3 M sucrose  
(pH 7.0) for  4 h,  and  s u s p e n d e d  in the  s ame  sucrose  solut ion.  V a l i n o m y c i n  (1.8 #M),  and S F 6 8 4 7  (1.4 
#M)  were  a d d e d  to the  r eac t i on  m i x t u r e  at  the  t imes  ind ica ted  by  ar rows.  The  change  of  p H  and  the  
release of  K + were  m o n i t o r e d  (see Materials  and  Methods )  and  expressed  as c o n c e n t r a t i o n  of  H + and K + 
in the  m e d i u m .  
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(2) Dependence of  the initial rate of  proton uptake on the SF6847 concentra- 
tion and pH of  the medium 

Fig. 3 shows the initial rates of proton uptake in the K ÷ liposomes as func- 
tions of the concentrations of the uncouplers SF6847 and CCCP in the pres- 
ence of excess valinomycin (0.3 ~M). The initial rates are directly proportional 
to the concentrations of the uncouplers at concentrations of  up to about 5 nM. 
This indicates that one molecule of  SF6847 or CCCP carries proton. The result 
with CCCP is not incompatible with that obtained using black lipid membranes 
[111. 

The initial rate of proton uptake mediated by SF6847 increased with 
increase in the pH of  the medium from 6.0 to 8.0, while that mediated by 
CCCP decreased (Fig. 4). The reason for this interesting difference is discussed 
later. On the basis of the pH profile of  SF6847 (Fig. 4), it is noted that the 
binding of  proton to SF- in liposomes is not rate limiting. We also found that 
the initial rate of proton uptake in the liposomes prepared in KC1 medium was 
less than that in the liposomes prepared in potassium phosphate (see Fig. 5). 
This suggests that the pH inside the liposomes affects the initial rate. 

(3) Effect of  cholesterol 
Scarpa and de Gier [24] observed that valinomycin-induced translocation of 

potassium ion in liposomes was inhibited by cholesterol, possibly because the 
fluidity of  the membranes decreased. As shown in Fig. 5 the initial rate of pro- 
ton uptake was significantly less when the liposomes contained cholesterol. Fig. 
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Fig. 3. D e p e n d e n c e  o f  the  init ial  rates  o f  p r o t o n  u p t a k e  o n  t h e  c o n c e n t r a t i o n s  o f  u n c o u p l e r s  S F 6 8 4 7  and 
CCCP. T h e  init ial  rates  o f  p r o t o n  u p t a k e  i n t o  K + l i p o s o m e s ,  prepared  in 2 0 0  m M  p o t a s s i u m  p h o s p h a t e  
( p H  7 . 0 )  (1  m M  p h o s p h o l i p i d ) ,  w e r e  d e t e r m i n e d  b y  m o n i t o r i n g  t h e  c h a n g e  o f  pH for 1 - - 3  s after  add ing  
the  u n c o u p l e r  w i t h  a p H  e l e c t r o d e  in 0 .7  m l  o f  0 . 1 5  M NaCl.  F o r  detai l s ,  see  Materia ls  and  M e t h o d s .  T h e  
f inal  c o n c e n t r a t i o n  o f  v a l i n o m y c i n  a d d e d  w a s  0 . 3  # M .  S F 6 8 4 7  (o )  and CCCP ( e )  w e r e  a d d e d  at t h e  c o n -  

c e n t r a t i o n s  i n d i c a t e d .  

Fig.  4 .  E f f e c t s  o f  pH o n  the  init ial  rates  o f  p r o t o n  u p t a k e  m e d i a t e d  b y  u n c o u p l e r s ,  K + l i p o s o m e s  w e r e  
prepared  in 2 0 0  m M  p o t a s s i u m  p h o s p h a t e  as d e s c r i b e d  in Mater ia ls  and  M e t h o d s  and  t h e  p H  o f  the  
m e d i u m  u s e d  w a s  as i n d i c a t e d .  T h e  u n c o u p l e r s  u s e d  w e r e  S F 6 8 4 7  ( o )  and  CCCP ( e )  at c o n c e n t r a t i o n s  o f  

1 n M .  For  o t h e r  c o n d i t i o n s  see  l e g e n d  to  Fig .  3) .  
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Fig. 5. E f fec t  of  c h o l e s t e r o l  o n  the  initial r a te  of  p r o t o n  u p t a k e  in to  K + l iposomes .  K + l i posomes  were  
p r e p a r e d  as for  Fig. 1, e x c e p t  t ha t  t h e y  c o n t a i n e d  the  a r a o u n t  of  cho les te ro l  ind ica ted .  The  pH change  
was  m o n i t o r e d  in  1 .0  m l  o f  m e d i u m  c o n t a i n i n g  1 m M  K+- l iposome  p h o s p h o l i p i d s ,  1 5 0  m M  NaCl  a n d  2 
~tM v a l i n o m y c i n .  T he  final c o n c e n t r a t i o n s  of  S F 6 8 4 7  were  0.1 pM (B), 1 #M (e)  and  10 #M (©), respec-  
t ively.  

5 also shows that  the initial rate of proton uptake depended on the concentra- 
tion of  SF6847,  even when cholesterol was present. These findings suggest that 
the fluidity of  the membranes affects, not  only the rates of  valinomycin- 
induced release of potassium ion, but  also SF6847-mediated proton uptake. 
Therefore, the rate limiting step of proton uptake seems to be translocation of 
SF6847 through the liposomal membrane. 

(4) Partition equilibrium and turnover rate of  SF684 7 
If the binding of  SF6847 to liposomes follows partition equilibrium [21] 

and the initial rate of  proton uptake is directly proportional to the amount  of 
bound SF6847,  the initial rate of  proton uptake should be hyperbolically 
dependent  on the liposome concentration. The partition constant  Kp at a par- 
ticular pH in a constant  volume of reaction mixture is defined as follows: 

SFb 
Kp - SFf • [lip] (1) 

where SF b and SFf are the amounts of  bound and free SF6847,  respectively, 
and [lip] represents the liposome concentration. When the total amount  of 
added SF6847 is expressed as SFt, SFf can be written as follows: 

S F f  = S F t  - -  S F b  (2) 

Substituting Eqn. 2 into Eqn. 1 and rearranging the latter, we obtain: 

1 _ 1 1 + 1 
SFb K p . S F t ' [ l i p ~  SFt (3) 

Assuming that the initial rate of  proton uptake depends upon the amount  of  
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SFb, then: 

V~H+ = U" SF b (4) 

where V~H ÷ represents the initial rate of proton uptake and U is a constant. Sub- 
stituting Eqn. 4 into Eqn. 3, we obtain: 

1 1 1 1 
YAH+ ---- V "  Kp • S E  t [lip] + V '  S F  t ( 5 )  

If the assumption presented by Eqn. 4 is correct, a plot of the reciprocal of 
V~H ÷ against the reciprocal of the liposome concentration according to Eqn. 5 
should give a straight line. Fig. 6 shows that  this is indeed the case. 

From Eqn. 5, we can obtain the V and Kp values by extrapolating 1/[lip] = 0 
and l / Y A H  ÷ = 0, respectively. Table I summarizes the V and Kp values deter- 
mined in the presence of various amounts of SF6847. The turnover rate of 
SF6847 across the membranes is obtained by dividing the V value by the 
amount  of added SF6847. The rate is affected greatly by the pH of the 
medium. It is also comparable to the value for the turnover rate of SF6847 in 
mitochondrial  membranes estimated from the value for 50% inhibition of oxi- 
dative phosphorylat ion [25]. The V increased with increase in pH value, sug- 
gesting that  not all the bound SF6847 participated in the rate limiting step. 
Thus it seems very likely that  the dissociated form of SF6847 (SF-) partici- 
pates in the rate limiting step of proton uptake. Confirmation of this possibility 
is given in the following paper [26]. The ratio of dissociated to undissociated 
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Fig.  6 .  D o u b l e  r e c i p r o c a l  p l o t s  o f  t h e  in i t ia l  r a t e  o f  p r o t o n  u p t a k e  against  the  l i p o s o m e  c o n c e n t r a t i o n  at 
p H  7 .0  (A)  a n d  p H  8.0  (B). K + H p o s o m e s  w e r e  p r e p a r e d  in  1 2 0  m M  p o t a s s i u m  p h o s p h a t e ,  and  d i a l y z e d  
against  1 5 0  m M  NaCI at the  s a m e  pH.  S F 6 8 4 7  was  a d d e d  at c o n c e n t r a t i o n s  o f  8 nM (o) ,  6 nM (o)  a n d  4 
n M  (m), in t h e  p r e s e n c e  o f  1 # M  v a l i n o r n y c i n .  
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T A B L E  I 

P A R T I T I O N  C O N S T A N T  A N D  T U R N O V E R  R A T E  OF S F 6 8 4 7  

Fo r  def in i t ion ,  see Eqn.  5 a nd  Fig. 6. 

pH Kp  S F 6 8 4 7  T u r n o v e r  ra te  * 
( raM-  1 ) (nM) ( n u m b e r s  o f H + t ranslo  ca ted  per  mo lecu l e  

of  SF6847  per  s) 

7.0 21 4 1 .4"  102 
6 1 .4"  102 
8 1.4 • 102 

8.0 4.5 4 6.4 • 102 
6 5 . 4 .  102 
8 4 . 8 .  102 

* T he  a m o u n t s  of  S F 6 8 4 7  b o u n d  to the  l iposomes  were  ab o u t  90% or  m o r e  o f  the  to t a l  S F 6 8 4 7  
added .  ( F o r  detai ls ,  see the  fo l lowing  p a p e r  [26 ] ) .  

SF6847 varies greatly in the pH range examined, since the pKa of SF6847 
is about  6.7 [21].  

(5) K ine t i c  ev idence  for  the f o r m a t i o n  o f  the ternary complex ,  va l inomyc in  • 
K ÷ • S F -  

In the presence of excess SF6847,  the initial rate of  proton uptake is directly 
proport ional  to the amount  of added valinomycin (Fig. 7). This suggests that 
valinomycin participates directly in the process of  proton translocation. 
Accordingly we examined the dependence of  the initial rate of proton uptake 
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Fig. 7. D e p e n d e n c e  of  the  init ial  r a te  of  p r o t o n  u p t a k e  on the  c o n c e n t r a t i o n  of  va l inomyc in .  K + l iposomes  
(1.2 m M  phospho l ip id )  were  p r e p a r e d  as in Fig. 3. The  r eac t ion  was s t a r t ed  by  adding  S F 6 8 4 7  (5 #M) to 
m i x t u r e  c o n t a i n i n g  K + l i pos ome s  in the  p resence  of  the  ind ica ted  a m o u n t  o f  v a l i n o m y c i n .  

Fig. 8. D o u b l e  r ec ip roca l  p lo ts  of  the  init ial  r a te  o f  p r o t o n  u p t a k e  against  the  v a l i n o m y c i n  c o n c e n t r a t i o n  
in the  p resence  of  va r ious  c o n c e n t r a t i o n s  of  a c o m b i n a t i o n  of  p o t a s s iu m and  s o d i u m  ions inside the  
l iposomes .  L i p o s o m e s  (1.2 m M  phospho l ip id )  were  p r e p a r e d  in po t a s s ium p h o s p h a t e  (pH 7.0) at  con-  
c e n t r a t i o n s  of  200  m M  (o) ,  67 m M  (e )  a nd  33 m M  (u)  w i th  0 raM, 133 raM, and 167 m M  s o d i u m  phos- 
pha te ,  p H  7.0,  r espec t ive ly .  T h e  l i posomes  were  d ia lyzed  separa te ly  against  150 m M  NaCI, p H  7.0. The  
c o n c e n t r a t i o n  o f  S F 6 8 4 7  u s e d  w a s  6 riM. 
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on the valinomycin concentra t ion in the presence of a limiting amount  of  
SF6847.  In Fig. 8, the reciprocal of the initial rate of pro ton  uptake is plot ted 
against the reciprocal of  the valinomycin concentrat ion.  The initial rate of  pro- 
ton uptake depended hyperbolically on the valinomycin concentrat ion.  There- 
fore, it was difficult to explain this phenomenon  simply by electrical coupling, 
because potassium ions can cross the liposomes much more freely than pro- 
tons under  these conditions. Fur thermore ,  as shown in Fig. 9, the initial rate of  
pro ton  uptake also depended hyperbolically on the K ÷ concentra t ion inside the 
liposomes in the presence of excess SF6847 and a limiting amount  of valino- 
mycin. It is not  due to alteration in the amount  of bound valinomycin since the 
affinity of valinomycin for liposomes is not  affected by the K ÷ concentra t ion 
inside the liposomes [16].  Therefore,  the results strongly suggest that  a ternary 
complex of va l inomycin .  K ÷. SF- participates in limiting the rate of the 
pro ton  uptake cycle. 

Thus we assume that  the following equilibria exist on the inside surface of 
the outermost  bilayer of  multi-layered liposomes: 

valinomycin + K ÷ K1 valinomycin • K ÷ 

K2 
valinomycin • K ÷ + SF- ~ valinomycin • K ÷ • SF- 

where K1 and K2 represent equilibrium constants in the respective reactions. 
The val inomycin-  K ÷. SF- is a complex which undergoes fast transmem- 

brane diffusion while translocation of  single molecule of SF-  is relatively slow. 
On the basis of this assumption, immediately after  addition of valinomycin in 
the presence of a limiting amount  of  SF6847,  the following equation holds (see 
Appendix) : 

1 Km 1 + 1 {6) 
Van+ U" SF t [val inomycin]t  U .  SF t 

where K m represents (2/A) • (KI" K2/[K÷]i + K2). [Valinomycin]t  and SF t are 
the total  amounts  of added valinomycin and SF6847,  respectively, [K÷]i is the 
concentra t ion of K ÷ inside the liposomes, and A and U are the constants 
defined in the Appendix.  

Eqn. 6 shows that  a double reciprocal plot of the initial rate of pro ton  
uptake against the concentra t ion of added valinomycin in a constant  volume of 
react ion mixture  gives a straight line. To test this, we prepared liposomes con- 
taining various concentrat ions of K ÷ and Na ÷, but  with constant  total  osmolar- 
ity. These preparations were then dialyzed separately against isotonic NaC1 
solutions for 4 h. These liposome preparations had various concentrat ions of  K ÷ 
inside but  their concentra t ion gradients of  K ÷ across the liposomal membrane 
were approximately  the same. Using these preparations we found that  the Km 
value depended on the K ÷ concentra t ion inside, whereas the V value was con- 
stant (Fig. 8). These results show that  the above assumption is correct.  

The K m values were obtained by extrapolating the curves to 1/Va,  H ÷ = 0 (Fig. 
8). A plot  of the Km values against the reciprocals of [K÷]i gave a straight line, 
as shown in Fig. 10. The intercept  on the ordinate and the slope of this curve 
represent the value of  2 K 2 / A  and K1 • 2K2/A, respectively. Using these values, 
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Fig. 9. Doub le  r ec ip roca l  p lo t  of  the  initial ra te  of  p r o t o n  u p t a k e  against  the  c o n c e n t r a t i o n  of po tass ium 
ions inside the  l iposomes .  L i p o s o m e s  were  p r e p a r e d  in so lu t ions  con ta in ing  the  i nd i ca t ed  c o n c e n t r a t i o n s  
of  po t a s s i um  p h o s p h a t e  wi th  suff ic ient  s o d i u m  p h o s p h a t e  to  keep  the  ionic s t reng th  cons tan t .  The  final 
c o n c e n t r a t i o n  of  p h o s p h a t e  b u f f e r  used  was  120 m M  and  the  p H  was  7,0. The  pH change  was m o n i t o r e d  
as in Fig. 8 using 1 nM v a l i n o m y c i n  and  10 pM S F 6 8 4 7 .  

Fig. 10. Plot  of  the  K m value  against  the  rec iproca l  of  the  c o n c e n t r a t i o n  of  po tass ium ion inside the  lipo- 
somes .  T he  K m values  were  d e t e r m i n e d  f r o m  the  in t e rcep t s  on  the  abscissa of  p lo ts  of  1/VhH+ vs. 1/[val i -  
n o m y c i n ]  in Fig. S. o, S F 6 8 4 7 ;  e ,  CCCP. F o r  f u r t h e r  details ,  see Eqn.  6 in text .  

g l  w a s  ca lcu la ted  to  be  3.8 • 10 -1 M, and  K2/A to  be  4.0 • 1 0  -9 M. * 
The  m e c h a n i s m  o f  p r o t o n  u p t a k e  m e d i a t e d  by  CCCP was also e x a m i n e d  on 

the  basis o f  Eqn.  6. As the  p lo t  o f  the  Km values against  the  1 / [K*] i  values gave 
a s t ra ight  line {Fig. 10) we c o n c l u d e d  t h a t  the  m e c h a n i s m  wi th  CCCP is essen- 
t ial ly the  same as t h a t  wi th  S F 6 8 4 7  and t h a t  CCCP can  f o r m  a t e rna ry  com-  
plex wi th  v a l i n o m y c i n  • K ÷. With CCCP the  K 1 value was 2.7 • 10 -1 M and K2/ 
A was 1.5 • 10 -s M. 

Discussion 

In this w o r k  we d e t e r m i n e d  the  initial  ra te  of  p r o t o n  u p t a k e  m e d i a t e d  b y  
S F 6 8 4 7  in l i posomes  k inet ica l ly .  This  u p t a k e  is c o m p e n s a t e d  by  va l inomyc in -  
i nduced  p o t a s s i u m  ef f lux .  As s h o w n  by  Eqn.  6, the  m e c h a n i s m  of  the  reac t ion  
can be bes t  exp la ined  by  suppos ing  t h a t  a t e rna ry  c o m p l e x  v a l i n o m y c i n  • K ÷ • 
S F -  acts  as a d i r ec t  i n t e r m e d i a t e  in the  p r o t o n  u p t a k e  cycle .  The  scheme  in Fig. 

* T he  va lue  A is a c o n s t a n t  r ep resen t ing  [SF~] i / [ S F ]  t (see A p p e n d i x ) .  Th e  o rd e r  and  range  for  A are 
e s t i m a t e d  in the  fo l lowing  p a p e r  [ 26 ] .  
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11 summarizes the mechanism of the proton uptake cycle mediated by 
SF6847.  

This model  is unique in the following points: (1) Translocation of  SF- in the 
phospholipid bilayer membrane is mediated by a neutral ternary complex 
valinomycin • K ÷ • SF-  (see Eqn. 6). We did not  measure transmembrane con- 
ductivity of  SF-.  However,  our results suggest strongly that the transmembrane 
diffusion of uncomplexed SF-,  if it would exist, is not  a main pathway in the 
model. ( 2 ) T h e  stoichiometry of  the consti tuents in the ternary complex is 
suggested to be valinomycin : K* : SF-  = 1 : 1 : 1 (Figs. 3,7). (3) Accordingly, 
this cycle should mediate stoichiometric counter  exchange of potassium ion 
and proton.  This was confirmed to be the case (Fig. 2). (4) The rate-limiting 
step in the proton uptake cycle is the back diffusion of this ternary complex 
in the phospholipid bilayer membranes. Therefore, in the presence of excess 
valinomycin, the initial rate of proton uptake depends on the concentration of 
SF-  in the membranes.  

CCCP, which is a typical weak acidic uncoupler,  also translocates protons 
across the membrane (Fig. 10) by the mechanism shown in Fig. 11, but  the 
K2/A value with CCCP and val inomycin.  K* is about  four times that  with 
SF6847 and valinomycin • K ÷. This difference corresponds to the difference in 
the potencies of  SF6847 and CCCP as proton-conducting agents (Fig. 3). 

On the other  hand, the initial rate of  proton uptake mediated by SF6847 
increased with increase in pH, while that by CCCP decreased (Fig. 4). Namely, 
the pH dependences of the abilities of these two uncouplers to take up protons 
differed, although both  uncouplers are weak acidic compounds.  We suggest that 
these differences are due to differences of the interactions of  SF-  and CCCP- 
with liposomal membranes,  because the rate limiting step in the proton uptake 
cycle is the rate of reverse diffusion of the ternary complex (see Fig. 11) and 
because the amounts of the complexes are proportional to the amounts of 
bound SF-  and CCCP-. The amount  of the uncouplers bound to liposomes is 
affected by their pK a values and partition constants. However,  the pH depen- 
dences observed in Fig. 4 can not  be explained simply by differences of  the 
pK a values reported (pKa of SF6847,  6.7; pK a of  CCCP, 6.0 [21]).  Thus, it is 

SFHf~--SFHb< I SFH< SFHb<~ SFH f 

÷ ~vA"K÷'sF-~ + I 

K+ - -  ~ T  V A ~ ~  K" 
VAL ( VAL ( 

Aqueous Polar Hydrophobic llPolar I Aqueous 
phase region region i i region I phase 

INSIDE LIPOSOMAL MEMBRANE OUTSIDE 
Fig. 11.  Mechanism of  the p r o t o n  uptake  cyc le  med ia ted  b y  S F 6 8 4 7  in l iposomes .  SF~  and SF~ are b o u n d  
and free S F - ,  and SFH b and S F H f  are b o u n d  and free SFH,  respectively.  VAL, valinomycin. For  other 
s y m b o l s  and exp lanat ion ,  see text .  
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most  impor tan t  to  determine the part i t ion constants of  uncoupler  in its anionic 
and pro tona ted  forms separately. This problem is t reated extensively in the fol- 
lowing paper [26].  

In studies on the effects of  anions of  valinomycin dependent  K * leak, van 
Deenen and co-workers found that  th iocyanate  ion stimulated K ÷ leak greatly 
and they showed the presence of a ternary complex valinomycin • K ÷ • SCN- 
kinetically [16].  They analyzed the equilibrium constant  K~ of  the reaction; 
valinomycin + K * ~- valinomycin • K ÷ and the constant  K2 of  the equilibrium; 
valinomycin • K ÷ + SCN- ~ valinomycin • K ÷ -- SCN- and determined KI and 
K2 as 0.33--1.59 M and 0.0042--0.0173 M, respectively, on the inside surface 
of  the outer  phospholipid bilayer of  mult i layered liposomes. It is interesting 
to note  that  the K~ value of  3.8 • 10 -1 M obtained from measurement  of  the 
initial rate of  p ro ton  uptake (Fig. 10) was close to the reported K~ vlaue ob- 
tained from measurement  of  K ÷ leak. 

The constant  K2/A (see Appendix) correlates with the po tency  of  pro ton  
conduct ion  by uncoupler  in liposomes. Since the extent  of  binding of  anionic 
form of  uncoupler  to liposomes is determined by the constant  A and format ion 
of a ternary complex is affected by the K2 value, both values must be deter- 
mined separately when we compare the structure-activity relationship between 
different  uncoupler  molecules. In the following paper [26],  we repor t  the K2 
value for  SF6847.  

Appendix 

Calculat ion o f  the  equi l ibr ium cons tan t s  for  the equilibria: 

K1 
va l inomyc in  i ÷ K T ~ ( va l inomyc in  • K÷)i and 

K2 g + 
( va l inomyc in  • K÷)i + S F  7 .~ ( va l inomyc in  • • SF- ) i  

The following symbols are used and all the values defined below are nor- 
malized by the volume of  reaction mixture.  

[Valinomycin] i is the amount  of  uncomplexed valinomycin on the inner sur- 
face of  the outer  liposomal membrane.  

[ Valinomycin]t  is the total  amount  of  added valinomycin. 
[Valinomycin] ~ is the total  amount  of  valinomycin on the inside surface. 
[Valinomycin • K÷]i is the amount  of the complex of  valinomycin and K ÷ on 

the inside surface. 
[SF~]i is the amount  of  the dissociated form of  SF6847 on the inside sur- 

face. 
[SF] is the total  amount  of uncomplexed SF6847.  
[SF] t is the total  amount  of  added SF6847.  
[Valinomycin • K ÷ • SF-] i  is the amount  of the ternary complex.  
As constant  l iposome concentra t ion and constant  volume of  the medium, we 

can define the equilibrium constants as follows: 

[valinomycin] i ' [ K÷ ] i 
Kl = (7) 

[valinomycin • K ÷ ] i 
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[va l i nomyc in  • K+]i • [SF{,]i 
K :  = (8) 

[ v a l i n o m y c i n .  K + • S F - ] i  

where  K ,  and  K2 are equ i l ib r ium cons t an t s  and  [K+]i is the  c o n c e n t r a t i o n  of  
the  p o t a s s i u m  ion inside the  l iposomes .  Mul t ip ly ing  Eqn.  7 by  Eqn.  8, we ob- 
ta in:  

[ v a l i n o m y c i n ] i "  [K+]i • [SFb]i  
K,  • Ks = (9) 

[ va l i nomyc in  • K + • SF-]i  

In the  p resence  o f  excess  v a l i n o m y c i n  and a l imit ing a m o u n t  o f  SF6847 ,  we 
can assume  [va l i nomyc in ] i  > >  [S F - ] i .  The re fo re ,  

[va l inomycin] i  = [va l i nomyc in ]  ~ - -  [ va l i nomyc in  • K + ]i (10) 

Subs t i t u t i ng  Eqn.  7 in to  Eqn.  10 and  resolving fo r  [va l inomyc in ] i  we ob ta in :  

K , "  [va l inomycin]~  
[val ino m y c i n  ] i = (11) 

K,  + [K+]i  

Subs t i t u t i ng  Eqn.  11 in to  Eqn.  9 and  resolving fo r  [ va l i nomyc in  • K ÷ • SF - ] i  
gives: 

[va l inomycin]~  • [K+]i • [SFg] i  
[ v a l i n o m y c i n .  K + • S F - ] i  = (12) 

g2" (K, + [K+]i) 

Assuming a fast equilibrium of SFi- with SFHi, which is equilibrated with SFHo 
(see Fig. 11), we can write: 

[SFg]i  = A [ S F ]  (13) 

where  A is a c o n s t a n t  r ep resen t ing  the  relat ive a m o u n t  of  SF~i. Neglec t ing  the  
t e rna ry  c o m p l e x  on  the  o u t e r  surface ,  we can wri te :  

[SF]  = [SF] t  - -  [ v a l i n o m y c i n  • K + • S F - ] i  (14) 

Subs t i t u t i ng  Eqn.  14 in to  Eqn.  13, we ob ta in :  

[SFb]i  = A [ S F ] t  - - A [ v a l i n o m y c i n "  K + • S F - ] i  (15) 

Subs t i t u t i ng  Eqn.  15 in to  Eqn.  12 and  resolving fo r  [ va l i nomyc in  • K ÷ • SF - ] i  
gives: 

A [va l inomycin]~  • [SF] t  

[va l inomyc in  • K + • SF-] i  = K,  • K2 + Ks + A [va l i nomyc in ] [  

[K÷]i  

(16) 

Tak ing  [va l inomycin]~  as [ v a l i n o m y c i n ] t / 2 ,  Eqn.  16 can  be rewr i t t en :  

= A [ v a l i n ° m y c i n ]  t " [SF] t  
[ va l i nomyc in  • K + • S F - ] i  2 { K I  • K :  ~, (17) 

\ ~-K÷-~i + Ks) + A [ v a l i n o m y c i n ] t  

Assuming  t h a t  the  initial  ra te  of  p r o t o n  u p t a k e  (yaH÷) is d i rec t ly  p r o p o r t i o n a l  



1 4 9  

to [valinomycin • K + • SF-] i  , then: 

U~hH+ = U[valinomycin • K ÷ • SF-] i  

where U is a constant.  Substi tuting Eqn. 18 into Eqn. 17, we obtain: 

U[valinomycin] t " [ S F ]  t 

YAH+ 2/A(K1 "K2+ K2) + [valinomycin]t 
\ [K+]i 

(18) 

(19) 

Replacing 2/A(K1 • K2/[K÷]i + K2) by K m and rearranging Eqn. 19, we obtain: 

= K____o___m 1 + ~ (6) 
YAH+ U [ S F ] t  [ v a l i n o m y c i n ]  t U [ S F ] t  

Plotting the reciprocal of  Vail ÷ against the reciprocal of  [valinomycin]t and 
extrapolating the curve to the intercept on the ordinate, we obtain the value of  
Km. A plot of  Km against 1/[K÷]i gives a straight line (see Fig. 10). 
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