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Summary 

The values of midpoint potential (Era) of cytochrome c-555 bound to the 
chromatophore membranes of a photosynthetic bacterium Chromatium 
vinosum was determined under various pH and salt conditions. 

After a long incubation at high ionic concentrations in the presence of car- 
bonylcyanide m-chlorophenylhydrazone, which was added to abolish electrical 
potential difference between the inner and outer bulk phases of chromato- 
phore, the Em value was almost constant at pH values between 4.0 and 8.4. 
With the decrease of salt concentration, the pH dependence of the Em value 
became more marked. Under low ionic conditions, Em became more positive 
with the decrease of pH. Addition of salt made the value more positive or 
negative at pH values higher or lower than 4.5, respectively. Divalent cation 
salts were more effective than monovalent cation salts in producing the positive 
shift of Em at pH 7.8. 

The Em value became more positive when the electrical potential of the inner 
side of the chromatophore was made more positive by the diffusion potential 
induced by the K ÷ concentration gradient in the presence of valinomycin. 

These results were explained by a change of redox potential at the inner 
surface of the chromatophore membrane, at which the cytochrome is assumed 
to be situated, due to the electrical potential difference with respect to the 
outer solution induced by the surface potential or membrane potential change. 

The values for the surface potential and the net surface charge density of the 
inner surface of the chromatophore membrane were estimated using the Gouy- 
Chapman diffuse double layer theory. 

Abbreviation: CCCP, carbonylcyanide rn-chlorophenylhydrazone.  
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Introduction 

The midpoint redox potential (Era) of the membrane-bound cytochrome 
c-555 in chromatophores of Chromatium vinosum is reported to change 
depending on ionic conditions of the medium by Case and Parson [1]. From 
the analysis using the Debye-Hiickel theory, these authors concluded that the 
different ionic dependences of the activity coefficients of oxidized and reduced 
forms of the cytochrome result in such Em change. However, quantitative 
explanation for the observed shift of Em was not fully given by the analysis. 
Recent studies on the reactions and redox equilibria of membrane-bound elec- 
tron transfer components [2--5] indicated that the Gouy-Chapman diffuse 
double layer theory gives a better information for analyzing the phenomena 
on the membrane surface than the Debye-Hiickel theory which was developed 
to explain the behavior of small ions in solution. In the present study the salt 
and pH effects on Em of the membrane-bound cytochrome c-555 were 
analyzed according to the former theory. 

Theory 

As discussed by Hinkel and Mitchell [6] or more recently by Walz [5], 
when an electrostatic potential difference exists between the bulk solution 
and a site in the membrane, Em of the redox couple on the membrane takes a 
different value from the standard redox potential, E °, since a change in the 
chemical potential of electrons (redox potential) should compensate the dif- 
ference in the electrical potential for the equilibration of electrochemical 
potential of electrons. The following relationship should exist between the 
values of Em and E °. 

Em= E ° + ~ (1) 

where A~o denotes the electrostatic potential difference at the membrane 
with respect to the outer solution where the redox potential is measured by 
electrodes. Such relation is observed in the cases of the membrane-potential- 
induced shifts of Em of cytochrome a in mitochondria [6] and of cytochrome 
c2 in chromatophore of Rhodopseudornonas sphaeroides [ 7 ]. 

In the absence of the externally applied field, too, an electrostatic potential 
difference on the membrane surface with respect to the bulk outer solution 
exists due to the presence of immobilized charges on the membrane surfaces 
[2--5] (Fig. 1A). The relation of the electrical potential difference, 4o (surface 
potential), to the net surface charge density, q, and the bulk concentration of a 
salt with z : z ion composition, Cb, can be expressed as follows according to 
the theory, 

?r 

~0 = 2z--~ sinh -1 (V2RTeCb'q)  (2) 

where e is the dielectric constant of water and other symbols have their usual 
meanings. The difference of the electrical potential on the membrane surface 
changes the chemical potential of ions at the surface. Activity of ion at the 
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surface (a,) and in the outer solution (a b) is then expressed as follows 

C as = ab exp [-- ~ - - ]  (3) 

The higher valence cation and anion salts decrease the negative and positive 
surface potential, respectively, more effectively than the salts of  monovalent 
ions. 

The value of  Em of  a non-protonating redox component on the negatively 
charged surface at the equilibrium can be given, from Eqns. 1 and 2 [5], as 

Em = E° + 40 = E0 + z-'-F- sinh-1 R T e C b  " q (4) 

Thus the salt- or pH-induced change of  the surface potential (i.e., change in 
Cb or q in Eqn. 4) is expected to affect Em of  the nonprotonating membrane 
component. 

On the other hand, for a component which binds proton(s) upon reduction, 
the relation below will hold when it is in equilibrium with protons in the solu- 
tion [5]. 

2 . 3 R T  
Em -- E ° + 40 ~ PHs 

= E° F- PHb PHs = PHb + 2.3R----T 40 (5) 

where pHs and pH b denote the values of pH at the surface and in the bulk 
solution. The relationship in the bracket comes from Eqn. 3. Eqn. 5 indicates 
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r'ig. I .  S c h e m a t i c  r e p r e s e n t a t i o n  o f  e l ec tros ta t i c  p o te n t ia l  across  the  c h r o m a t o p h o r e  m e m b r a n e .  A ,  at  the  
equi l ibr ium af ter  a l ong  i n c u b a t i o n  in 1 m M  ( . . . . . .  ) or  1 0 0  m M  ( ) KCI in the  presence  o f  CCCP, 
w h i c h  abol i shes  e lectr ica l  and Prot ic  p o t e n t i a l  d i f f e r e n c e s  b e t w e e n  the  inner  and o u ter  bulk  phases  ( m e m -  
brane p o t e n t i a l  is e x p e c t e d  to  be  z e r o ) .  B, b e f o r e  ( . . . . . .  ) and af ter  ( ) add i t ion  o f  1 0  m M  KCI in 
the  presence  o f  v a l i n o m y c i n  and 0 .1  M cho l ine  chlor ide  in the  o u ter  s o l u t i o n  ( m e m b r a n e  po ten t ia l  is 
c h a n g e d ) .  Cat ion  c o n c e n t r a t i o n  in the  inner  c h r o m a t o p h o r e  space  was  a s s u m e d  t o  he  1 m M  in Fig. l B .  
N e t  charge dens i ty  o f  the  o u t e r  surface  o f  the  c h r o m a t 0 P h o r e  ( u n k n o w n  in this  organ i sm)  was  c h o s e n  
t o  be  10%  larger than  that  o f  the  inner  surface  ( - - 1 . 2  ~ C / c m  2 e s t i m a t e d  f r o m  the  resul ts  in Figs.  3 and 4 
at  p H  7 . 8 ) .  T he  e x p e r i m e n ~  in Figs,  2 and 3 c o r r e s p o n d  to  the  s i tuat ion  in Fig. 1 A  and that  in Fig. 4 
to  the  s i tua t ion  in Fig. l B .  
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that E m will not be affected by the surface potential change at the equilibrium. 
In the present study relation between the surface potential and the Em 

value of cytochrome c-555, which seems to be a nonprotonating component 
within the pH range tested and is expected to obey Eqn. 4, was studied. Redox 
titrations were carried out after preincubating chromatophores in the media of 
various pH and ionic conditions in the presence of CCCP to equilibrate the 
electrical potential and pH in the solutions inside chromatophores with those 
in the outer solution [10] as shown in Fig. 1A since the cytochrome is 
probably situated on the inner surface of the chromatophore vesicles [11]. 
Then the effect of salt or pH on the surface potential of the inner surface of 
the chromatophore as shown schematically in Fig. 1A is expected to be 
measured by the change of Era. The effect of diffusion potential on the redox 
state of the cytochrome was also studied (Fig. 1B). 

Materials and Methods 

C. vinosum was grown photoautotrophically in the medium of Bose. The 
cells harvested were once washed with a medium containing 2 mM MgC12, 
50 mM KC1 and 50 mM Tris-HC1 buffer, pH 7.8, and resuspended in the same 
medium. Chromatophores were prepared by passing the cell suspension through 
a French Pressure Cell (Ohtake) at 1000 kg/cm 2. The cell debris were 
precipitated by a centrifugation at 10 000 × g for 30 rain. The supernatant was 
further centrifuged for 1 h at 100 000 × g and the resultant pellet was washed 
in the same medium. The precipitate obtained after washing was then sus- 
pended in distilled water and the suspension was centrifuged at 10 000 ×g  
for 30 min to remove large fragments. An aliquot of the chromatophore 
suspension was diluted with the reaction medium (final bacteriochlorophyll 
concentration, 10--15 pM) and used for measurements. 

Bacteriochlorophyll concentrations of chromatophores were determined 
in acetone/methanol (7 : 2, v/v) extracts using the absorption coefficient of 
75 mM -1 • cm -1 at 772 nm [12]. 

Redox titration of cytochrome c-555 was done by measuring absorption 
change at 422 nm upon excitation with a single-turnover Xe flash of 20 ~s 
duration at saturating intensity (Sugawara, s-3A) with a single beam spectro- 
photometer (Union Giken) at varied redox potentials which were determined 
by a Pt-Ag/AgC1 electrode (Toa, PSll5C).  Before reductive titration the 
chromatophores were preincubated in a mixture of 100 /~M ferricyanide, 
10 gM phenazine methosulfate, 10 /~M N,N'-tetramethyl.p.phenylenediamine, 
0.4 pM CCCP, 1 mM phosphate buffer and varied concentrations of salt for 
more than 10 h at 4°C unless otherwise mentioned. Reductive titration then 
were carried out by adding small aliquots of 100 mM ascorbate or dittrio- 
threitol at room temperature. Back titration was carried out sometimes with air 
or ferricyanide as oxidant. In the cases of titrations at pH 4 and 5, the chro- 
matophores were preincubated in a medium comprising above mixture of redox 
reagents and phosphate buffer at pH 5.4 for more than 10 h, and then an 
aliquot of succinic acid solution was added to adjust pH and incubated for 
another 30 min before the titration. 
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Results 

Effect of surface potential 
Fig. 2 shows the pH dependence of the E m of cytochrome c-555 measured 

after long incubations in low- and high-ionic media containing CCCP. The 
existence of two cytochromes for a reaction center changes a little the shape 
of the titration curve of this cytochrome measured by the flash-induced absorp- 
tion change from the Henderson-Hasselbach relation and shifts the apparent 
Em value approx. 20 mV more positive than the true Em as reported by Case 
and Parson [1,9]. The pH dependence of the Em value measured depended on 
ionic conditions of the medium as expected from the result of these authors. 
In the presence of 0.3 M KC1, Em was only slightly pH dependent within the 
pH range tested. On the other hand, at a low ionic concentration a significant 
pH dependence of E m was observed. Em became more negative as the medium 
pH increased. A large change of the value of Em was observed at pH values 
between 4 and 6 but the change was less in the higher pH region. Addition of 
KC1 at pH values less than 4.5 made the Em negative, while that at higher pH 
values made it more positive. 

The results can be explained by assuming that the change of surface poten- 
tial of the chromatophore membrane depends on the pH and salt concentration 
of the medium according to Eqn. 4 (see Fig. 1A). At pH values less than 4.5, 
the membrane surface of the chromatophore is assumed to be positively 
charged, with a positive surface potential; then the addition of KC1 will 
decrease the positive surface potential by screening the charges. On the other 
hand, at pH values higher than 4.5, where the surface is negative, addition of 
KC1 will decrease the negative surface potential (Eqn. 2). These changes of the 
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Fig. 2. pH d e p e n d e n c e  of  E m o f  c y t o c h r o m e  c -555  in l o w  an d  h igh  ionic med ia ,  o, no  KCI.  o ,  in  the  
p ~ e s e n e e  of  0.3 M KCI. The  va lues  of  E m were  m e a s u r e d  af ter  i n c u b a t i n g  c h r o m a t o p h o r e s  in t h e  r e a c t i o n  
m e d i u m  con ta in ing  0 .4  /~M CCCP as d e s c r i b e d  in Mater ia ls  a n d  M e t h o d s .  T h e  E m values  are  ap p ro x .  
20  m V  m o r e  Posit ive t h a n  the  t rue  E m va lue  o f  the  c y t o c h r o m e  due  to  the  ex i s tence  o f  t w o  c y t o c h r o m e  
molecu le s  p e r  o n e  r e a c t i o n  c e n t e r  [9 ] .  E m values  d e t e r m i n e d  f r o m  the  a b s o r p t i o n  changes  u p o n  the  sec-  
o n d  flash exc i t a t i ons  (given 20 m s  af ter  the  first  f lash),  w h i c h  w e r e  a p p r o x .  40  m V  l o w e r  t h a n  those  mea -  
sured  by  the  first  flash [ 9 ] ,  also s h o w e d  s imilar  p H  and  i o n i c  d e p e n d e n c e s  (no t  shown) .  
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surface potential  by  KC1 addition will change the value of  E m according to 
Eqn. 4, showing the negative (below pH 4.5) and positive (above pH 4.5) shifts 
of  E m. 

Dependence of  the salt effect  at pH 7.8 on the ionic species is shown in 
Fig. 3. Salt of  monovalent  cations (KC1, K2SO4 and NaC1) were effective in 
increasing Em in similar cation concentrat ion ranges. Divalent cation salts 
(MgC12, MgSO4 and CaC12) were more effective in lower concentrat ion ranges 
than the monovalent  cation salts. When the chromatophores  were preincubated 
for  shorter t imes (e.g., 30 rain) these salt effects did no t  fully develop 
(especially in the case of  divalent cations) suggesting that  the penetrat ion of  
salt into the internal space of  chromatophores  is necessary for a change of  Em. 

These results with salts of  mono- and divalent cations indicate that  the 
effectiveness of  the salt depends on the valence of  cations, and not  on the ionic 
strength as originally proposed by  Case and Parson [1] .  

The solid lines in Fig. 3 represent theoretical curves for the dependences of  
the  value of  Em on the concentrat ions of  1 : 1 and 2 : 2 symmetrical salts. 
The lines were calculated according to Eqn. 4 with q values of  --1.2 and --1.7 
~C/cm 2 by  assuming 4o = 0 at Em= 383 mV, at which potential  the crossover 
of  the  salt effect  occurred (Fig. 2). On the right-hand ordinate of  Fig. 3 a scale 
for  the Co value thus calculated is shown. The values of  Em experimentally 
determined somewhat  deviated from the theoretical curves. However,  the 
difference observed between the effectiveness of  the mono-  and divalent cation 
salts was almost as expected from the theory.  The q value of  --1.2 +- 0.4 ~C/ 
cm 2 was found to be most  appropriate to explain the experimental results. 
Within this range of  q value, larger absolute values of  q were estimated from the 
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Fig .  3. D e p e n d e n c e  o f  E m o f  e y t o c h r o m e  c -555  on  c a t i o n  c o n c e n t r a t i o n s  a t  p H  7.8 .  o KCI.  e ,  K 2 S O 4 .  
B, NaCI .  ~, MgCI  2 . i M g S O  4 . o ,  CaCI  2 . T h e  va lues  o f  E m w e r e  m e a s u r e d  a f t e r  i n c u b a t i n g  c h r o m a t o p h o ~ c s  
in  the  r e a c t i o n  m e d i a  c o n t a i n i n g  0 .4  ~M CCCP a n d  v a r i e d  c o n c e n t r a t i o n s  o f  sal ts  as  d e s c r i b e d  i n  Mate r ia l s  
and M e t h o d s .  1 m M  Tr ic inc  b u f f e r ,  p H  7.8 ,  was  u s e d  in place  o f  p h o s p h a t e  buf fe~ .  Sol id  l ines  s h o w  the  
t h e o r e t i c a l  cu rves  ca l cu l a t ed  b y  a s s u m i n g  ~ o  ffi 0 a t  E m = 3 8 3  m V  w i t h  q va lue  o f  - -1 .2  ( cu rves  a a n d  c)  
o r  - -1 .7  /~C/cm 2 ( cu rves  b a n d  d) .  Curves  a a n d  b fo r  1 : 1 s y m m e t r i c a l  sal ts .  Curves  c a n d  d fo r  2 : 2 

s y m m e t r i c a l  sal ts .  T h e  va lues  o f  e x p e r i m e n t a l l y  d e t e r m i n e d  E m are  a p p r o x .  20 m V  m o r e  pos i t i ve  t h a n  the  
t r u e  E m o f  t h e  c y t o c h r o m e  [ 9 ] .  
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values of  E m at higher salt concentrations.  This observation seems to be reason- 
able, since at neutral pH the difference between pH values at the surface and in 
the bulk solution will decrease, i.e., surface pH will increase with the increase 
of  salt concentrat ion,  and this will make the surface more negative due to the 
deprotonat ion of  surface groups. 

Effect of diffusion potential 
If the cytochrome is situated on the inner side of the chromatophore mem- 

brane, changes in the membrane potential (potential difference between the 
outer and inner solutions) should also affect the E m ValUe as shown in Fig. lB. 
The chromatophores were preincubated in 0.1 M choline chloride and the 
redox mediators at an Eh of approx. 350 mV for 30 rain and then valinomycin 
and varied amounts of KCI solution were added (in this type of experiment 
CCCP was not present). Redox state of the cytochrome was monitored by the 
flash induced absorption change before and after the KCI addition. When the 
full titration was done in the presence of 0.1 M choline chloride at pH 7.8, 
an Era value of 340 mV was obtained. This value was more negative than that 
observed with 0.1 M KCI or 0.05 M K2SO4 (Fig. 3) and seemed to reflect the 
situation that penetration of salt into the internal space of the chromatophore 
is necessary to decrease the surface potential in the vicinity of the cytochrome. 
When KCI was added in the presence of valinomycin, change in the redox level 
of the cytochrome was induced. The change took approx. I rain to attain the 
new steady level with a half-time of 15 s. From the Eh value and the redox 
level of the cytochrome determined by the flash I rain after adding KCI, the 
value of Em was calculated (Fig. 4). A rise of Em of approx. 20 mV was 
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Fig. 4. D e p e n d e n c e  of  E m on K + c o n c e n t z a t i o n  a d d e d  in t h e  p resence  o f  v a l l n o m y c i n .  C h r o m a t o p h o r e s  
were  p r e i n c u b a t e d  in 0.1 M chol ine  ch lor ide ,  1 m M  Tr ic ine  buf fe r ,  p H  7 . 8 , 1 0  #M p h e n a z i n e  m e t h o s u l f a t e ,  
10  #M N , N ' - 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 ,  0 .1 rnM po t a s s in m fe r r i cyan ide  an d  d i th io th re i t o l  a t  E h = 
350  + 10 m V  and  t h e n  v a l l n o m y c i n  (f inal  c o n c e n t r a t i o n  o f  0 .13  ~M) was  a d d e d  fo l l owed  b y  add i t i on  o f  
var ied  c o n c e n t r a t i o n  of  KCI.  R e d o x  level  o f  t he  c y t o c h r o m e  was  m e a s u r e d  by  the  f lash- induced  abso rbance  
change  a t  422  n m  a t  1 rain be fo re  and  a f t e r  the  a d d i t i o n  o f  KC1. Da ta  o n  add i t i on  o f  NaCl in the  p lace  
of  KC1 (z~) and  on  a d d i t i o n  of  KCl in the  absence  of  v a l l n o m y c i n  (4) ,  respec t ive ly .  
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observed for every 10-fold increase of KC1 concentration. When the valino- 
mycin was added after KC1 addition, the change of redox level was almost the 
same in extent. KC1 addition without valinomycin or NaC1 addition with 
valinomycin caused a smaller change in the redox level (Fig. 4) indicating that 
the change in the electrostatic potential was induced by the diffusion potential 
of K ÷. 

By the use of the Goldman equation, a +60 mV change of the electrostatic 
potential at the inner surface of the chromatophore is expected for the 10-fold 
increase of KC1 concentration in the outer solution, while the observed shift of 
E m w a s  only +20 mY. Change of the surface potential on the outer surface is 
negligible in this case due to the pre,existence of choline chloride. The quan- 
titative discrepancy is probably due to the decay of the diffusion potential 
after adding KC1, since the field-indicating carotenoid band shift [13,14] 
measured by the change of absorption difference between 483 and 500 nm 
decayed approx. 50% within the first minute after the KC1 addition (Itoh, S., 
unpublished data). 

This diffusion potential-induced reduction of the cytochrome was very slow 
and incomplete if N~'-tetramethylphenylenediamine was omitted from the 
reaction medium, indicating that a membrane-permeant reductant is necessary. 

These results confirm the view that cytochrome c-555 is situated in the 
membrane close to the inner surface of the chromatophore. 

Discussion 

Electrostatic potential difference, created either by the surface potential 
change of the inner surface of the chromatophore or by the membrane poten- 
tial change induced by the diffusion potential of K ÷, affected the Em value of 
cytochrome c-555 as expected theoretically. The result in the present study 
indicated that a change in the surface potential of the inner surface of the 
chromatophore membrane induces pH- or salt<lependent change of the Em 
value as expected from Eqn. 4. It is concluded that the pH~lependent change 
of Em in low ionic medium represents the pH dependences of the surface 
potential and of the net surface charge density of the inner surface. The suscep- 
tibility of Em to the diffusion potential supports this view and indicates that 
the change in the Em value can be a probe of electrostatic potential difference 
at the inner surface. 

The direction of the salt effect changed at approx, pH 4.5, suggesting that 
the net surface charge on the inner surface changes its sign at this pH. This 
pH was a little lower than the reported isoionic pH of the chromatophore 
membrane (pH 5.2 according to Case and Parson [1]), and may represent 
isoionic pH of the inner surface of the chromatophore which may be a little 
different from that of the outer surface. 

The q value of - -1 .2  ± 0.4 pC/cm 2 (0.07 +- 0.02 elementary charge/100 ~ )  
estimated at pH 7.8 corresponds to 0.2 -+ 0.06 elementary charge/bacterio- 
chlorophyll molecule provided that the surface area of one bacteriochlorophyll 
is 300 .~2 [15]. This value is a little lower than that estimated for the outer 
surface of R. sphaeroides chromatophores by the measurement of the caro- 
tenoid band shift induced by the surface potential change (--2.8 pC/cm 2) [10] 
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and is similar to those estimated for chloroplast membranes [2--4]. Whether 
this difference between the values of q for the chromatophore membranes 
reflects the difference of the surfaces or comes from the difference of the 
methods used cannot be concluded yet. 

According to the results by Case and Parson [ 1 ], not only the Em value of 
cytochrome c-555 but also that of P-870 in Chromatium chromatophore 
depended on the ionic strength of the medium in similar extents. The result 
can be explained in a way similar to that for cytochrome c-555 using the q value 
estimated in the present study. The value of Em of another component, cyto- 
chrome c-552, which also seems to be a nonprotonating component, has been 
reported to show less dependence on the ionic strength [1]. This may reflect 
a difference in the local charge distribution in the vicinity of this cytochrome. 
It remains to be studied. Em of other electron carriers, X and Y (primary and 
secondary electron acceptors) were reported to be independent of ionic 
strength. The results are as expected, since these components were shown to 
protonate upon reduction, and therefore their Em should be independent of 
ionic conditions of the medium according to Eqn. 6 as indicated by Walz [5]. 

Effect of electrostatic potential difference at the membrane surface due to 
the surface potential should affect Em of many membrane-bound electron 
carriers. In the case of cytochrome c2 of R. sphaeroides, Em becomes more 
positive when the cytochrome is detached from the negative membrane surface 
[16]. A study to find out how the redox states of such dissociable components 
are affected by the surfacepotential will be published elsewhere [17]. 

The inner surface of the chromatophore membrane is regarded to be homo- 
logous to the outer surface of the cell membrane in photosynthetic bacteria 
[18]. The surface of the cell membrane will experience the changes in pH or 
ionic conditions of the culture medium through the cell wall, which is perme- 
able for small ions. It is important to know how the surface-potential-induced 
changes in the redox states and in the reactivities [2] of the membrane-bound 
electron carriers situated on or near the surface affect the energy transduction 
performed in the cell. 
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