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Summary 

The external alkalinisation ApHe, or the rate of  oxygen evolution vO2, of  a 
suspension of  envelope-free chloroplasts was correlated with their internal 
acidification, estimated from the transmembrane ApHet. Knowing the external 
buffer  value, the concentrat ion of  the total protons moved Hi was calculated 
from the ApHe, measured with a glass electrode ([Hi] was also obtained from 
vO2), and the free proton concentrat ion [H~] was determined from ApHei, 
measured with 9-aminoacridine. This gives a ratio 7i = a [Hi]/~ [Hi*], which is 
independent  of  the thylakoids internal volume. Within a large pHi range, 
scanned by varying the light intensity, 7i was kept  reasonably constant;  it was 
hardly sensitive to pile.  This apparent  invariability implies a continuous change 
of  the internal buffer  value ~i with pHi, since ~t/Ti = --2.3 ..... 10 -pHi, a rela- 
tionship which includes neither the total concentrat ion of  protonizable groups 
[Ai] nor pK i. As 7i ~ Ki[Al]/(Ki + [H;])  2, to keep % constant  when pH i 
drops, pKi and [Ai] must  increase. This may be achieved by  a progressive 
unmasking of  anionic functions, initially inaccessible in the membrane.  The 
relative slowness of  this process may explain why 71 calculated from the initial 
kinetics was sometimes smaller in highthan in low light, where it always equalled 
that  measured from the steady-state amplitude at all intensities. A small deficit 
o f  [Hi] deduced from what  could have been expected from ApHe may reflect 
a limited binding of  protons in the membrane itself, abou t  1 H ÷ for 30--130 

Abbrev ia t ions  and convent ional  symbolis~n: subscripts  e, i, e/, external,  internal,  external  minus  internal 
phase or  state o f  the thy lako id  space,  respectively;  subscripts  @o, condi t ions  in darkness  • and in light o ; 
H, total  p r o t o n s  (bound  + free,  H*); ~ = a [ H ] / a p H  (buffer  capaci ty ,  <0);  ? = ~[H]/a[H*]  (proton binding 
ratio, >0) ;  ~H*, ~gequiv./l  of pro tons  (free or total); Chl, ch lorophyl l .  
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chlorophylls (7i could be between 70 and 240, more frequently around 100); 
these numbers varied depending on the samples, but  were constant  for a given 
preparation. 

Int roduct ion 

It is important  to s tudy the proton binding inside the thylakoid for several 
reasons: (1) the inner buffer  capacity or a related value must  necessarily be 
used in any quantitative modelling of  the proton movements  across the thyl- 
akoid membrane;  (2) this parameter  or any similar one is directly related to the 
energy storage in chloroplasts (see e.g. Ref. 1), at least in the frame of 
Mitchell's chemiosmotic hypothesis [2]; (3) any buffering group acts as a n  
osmotic as well as an ionic trap, thereby modulating the magnitude and the 
direction of  water, solutes and cations fluxes (e.g., see Refs. 3, 4); and (4) 
if the proton binding property is of  membranous  nature, it will necessarily 
be involved in the control  of  the light-induced conformational  changes. 

Jagendorf  and Uribe [5] and Rot tenberg et al. [6] have shown that most  of 
the internal protons must  be in a bound form; similar problems were treated in 
mitochondria [7].  Polya and Jagendorf  [8],  then Walz et al. [9] have measured 
the overall buffering property of  chloroplasts in darkness and under illumina- 
tion; the latter group a t tempted  to evaluate the inside buffer  capacity and 
estimated that the mean pK i is close to 5.2. However,  in all these works, the 
outside and the inside proton movements  were not  measured in a common 
experiment  and, more often, only one of  these was studied. This justified to 
follow simultaneously both events on the same sample, thereby establishing as 
clear as possible a distinction between the external and internal proton storage 
properties. A preliminary outline of  this work was published [10].  The use of  
the 9-aminoacridine fluorescence quenching [11] for measuring the light- 
induced transmembrane pH difference, ApH:i ,  is debated in Discussion. 

Methodology 

Material. Envelope-free chloroplasts were extracted from freshly harvested, 
approximately 2-months-old spinach (Spinacia oleracea L.), grown in a regulated 
chamber (day: 11 h, 22°C, night: 13 h, 12°C), or sometimes from lettuce. 
About  50 g of  washed leaves were chopped twice for 5 s under dim light in a 
blender with an equal volume of  the cold buffer  400 mM sorbitol/10 mM Tricine/ 
10 mM NaC1, pH 7.8, containing fresh 40 mM sodium ascorbate/bovine serum 
albumin (1 g per 1). The extract  was filtered through ten layers of  cheesecloth 
and centrifuged for 2 min at 200 × g, then again 5 min at 2000 × g; the chloro- 
plast pellet was washed once with approx. 100 ml of  10 mM Tricine/10 mM 
NaC1, pH 7.8, hypotonic  buffer  and centrifuged for 5 min at 3000 X g. The 
chloroplasts were kept  concentrated (2--5 mM Chl) in ice and darkness; they 
were coupled to  at least 80 mmol ATP • mo1-1 Chl • s -1 in the phenazine meth2 
osulfate functioning mode and lost only few percent of  their activity during 
the experiment.  Chlorophylls a + b (Chl) were determined in aqueous acetone 
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with coefficients computed  from the data of  Mackinney [12]. 
Measurements. A simple set-up, similar to that  previously built [13],  was 

used to measure simultaneously ApH:i and, either ApH: with a glass-calomel 
combined electrode (kinetic controls being sometimes made with the fluores- 
cein probe [13]) ,  or 02 evolution with a Clark-type membrane electrode, 
designed to fit into a 1 × 1 cm temperature-controlled cuvette, magnetically 
stirred. A weak (~1 W .  m -2) blue light at 420 nm (half bandwidth 7 nm), 
exciting the 9-aminoacridine, was passed through one of  the windows, opposite 
to another through which was passed the strong (approx. 500 W - m -2) red light 
at 650--695 nm (half bandwidth about  95 nm), exciting the chloroplasts. At 
right angles to these beams, a 10 mm diameter fiber guide conducted  the dye 
fuorescence  to the photomult ipl ier  cathode (S-20 type),  protected by  a set of  
filters determining a transmission band around 528 nm (haft bandwidth about  
28 nm). The double channel recorder used has a response time of  1/3 s. 

Computation of  ApI~e i and of  ApI~e (extent and rate); measurement o f  the 
electron flow. It was previously established by one of  us that  the complete 
formula relating [H~] ° to a monoamine partition across the thylakoid mem- 
brane is: 

[ [ R e l ' / V :  K * [H~I*~ Vi* V~} 
[H;I ° = (K + [H;I °) ~ ~-,. + -- - - K  

[[Re] \V~ K + [ S ; ] ' / V i  ° ~-~ 
(1) 

where K is the amine dissociation constant;  [Re ] is the external total  amine 
concentrat ion,  measured, for the 9-aminoacridine, by the fluorescence intensity 
F, the dye concentrat ion being always low; and Ve and Vi are the external 
and internal volumes of  the thylakoids. 

If there is no dark pH gradient (of Donnan type),  [H~]* = [H~]*; neglecting 
the possible variation of  V i in light (V~i = V~i = Vl) and recalling that  the total 
suspension volume Vt ~ Ve + Vi (omission being made of  the membrane 'dead'  
volume), one finally has, since K is negligible here (pK ~ 10): 

[H;]° Vt 
[H:]-----~ = ( ~ - - 1 ) ~ i  + 1 

In this case: 

(2) 

ApI-I~ei = (pI-I~e -- pHi)  = ApH: -- ApH~ ~ -- ApH ° = (pH i -- pHi )  , 

since ApH ° < <  ApH ° 

(3) 

Eqn. 2 is almost identical to the equation of  Schuldiner et al. [11],  generally 
used, bu t  is valid down to the  situation where F" may equal F*.  Eqn. 1 is used 
to appreciate the weight of  the different parameters (Haraux, F. and de Kouch- 
kovsky, Y., unpublished data). 

V i was estimated by the method  [14] of  centrifugation of  a chloroplast 
suspension in various osmotic conditions, determining the interstitial volume 
of the medium in the pellet by colorimetry or f luorimetry of  non-permeant  
markers Blue<iextran or FITC<textran (de Kouchkovsky,  Y., unpublished 
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data): 

Vi (1 • mo1-1 Chl) = k/osmolari ty,  hence Vt _ medium osmolarity 
V i ~ " chlorophyll  molarity (4) 

with k ~ 2.0 -+ 0~3. 
The external pH shift, ApH: ,  was measured in a slightly buffered medium, 

making that  its limits never overpassed abou t  0.1. In this condition, the 
external buffer  capacity He was essentially constant  and the influence of  the 
CO: equilibrium shift and of  the possible chloroplast buffering-property change 
may be considered negligible, minimizing this source of  error. 

The rates of  the protons fluxes were obtained from the initial slope of  the 
ApI-I~ rise and from the analysis, point  by point, of  the 9-aminoacridine fluo- 
rescence-quenching time course curve; those of  02 were computed  from the 
slopes before and after turning on or off  the actinic light (calibration was made 
assuming 02 concentrat ion from air in water at 20°C = 234 uM, the zero O2 
current  being negligible). 

The graphical error on the fluorescence level was +0.5%; the 'noise' of  the 
glass electrode, in the presently used slightly buffered medium of sufficient 
ionic conductivity,  was -+0.002 pH unit  and that  of  the 02 electrode +0.1% of 
the air saturated signal. Typical recordings are displayed on Figs. 3 and 6. 

Results * 

Correlation between external alkalinisation and internal acidification 
The basic postulate is the proton conservation: any proton disappearing from 

one compartment appears in the other (that is, only negligible amount, if any, 
of protons may be bound by the membrane). Thus, it should be possible to 
appreciate the internal buffer capacity by comparing in light the total number 
H ° of  protons taken up from Ve, and the quanti ty  of  free protons H~ released 
in Vi. AH~ must  be identical to --AH ° : 

AH~e ------Ve~ e ApH~ = AH ° (5) 
and 

AH~ _ Ve 
A[Ui] ° = [Hi] ° --  [Hal" - Vi - ~ e  ApH: (6) 

f~e is equal, for  each Pile, to the slope of  the t i tration curve of  the chloroplast 
suspension at that  pile. Below pH 7, the titration curves of  the suspension 
and of  the medium were superposable, bu t  at alkaline pH, the suspension was 
more buffered,  due to the residual Tricine buffer  brought  by  the chloroplasts 
added from the stock solution. On the other  hand, no significant change of  
slope was seen when the suspension was ti trated in fight; yet ,  the internal 
buffer  capacity should have changed dramatically between the dark initial 
pHi' (~pH~) and the final steady-state in the light pH~i, more than three 'units '  
below. Therefore,  the overall buffer  capacity of  the suspension was essentially 
that  of  the external aqueous phase. 

The free protons concentrat ion change is: 
A[H~ ° = [H~] ° -- [H~]* ~ [H~] ° (7) 

• Care m u s t  b e  t a k e n  n o t  to confuse  to t a l  p r o t o n s ,  H,  and  free p r o t o n s ,  H +. 
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since [ H i ] ' ,  assumed = [H~] ' ,  becomes rapidly < <  [H;] ° (the latter being com- 
puted from Eqn. 2, knowing [H~ ]°). 

In a first series of  experiments,  ApH: and ApH:i  were modulated by varying 
the actinic light intensity. Fig. 1 shows, as already noticed [6,22],  that ApH:i  
saturates at much lower intensities than ApI-ff~ • the relationship between these 
two functions is therefore not  linear (see insert). 

From the correlation between ApH~ and ApH~i (i.e. A[Hi]  and A[H~]°), a 
possible molecular mechanism of internal buffering may be imagined. Three 
simple models were tested: that  of  a simple equilibrium of a monoacid,  that  of  a 
constant  ~i, and that of  a constant  7i (ratio of  change of total protons to that  
of  free protons).  In all cases, ApH: being small,/]e is considered constant.  

(a) Monoacid equilibrium 

AHi _~i Af + U[ (8) 

[hi]  = [ i f ]  + [hHi]  (9) 

[Hi] = [H~] + [AHi] (10) 

[Af] [H;] (11) 
K i -  [AHi ] 

= 1 1 Kt 1 + (12) 
[ h S t l  [Ai] [H~] [hi]  

Consider what  happens in light: 

[hHi]  ° = [AHi]* + A[AHi] ° = [hHi ] "  + (A[Si]  ° --  A[H~] °) 

= [AHi]" + [H;]"  --  [H;] ° + A[Hi] ° = [ H i ] ' - -  [H~] ° + h[Hl]  ° (13) 

where total initial [Hi]* becomes rapidly negligible in light. Indeed, Eqn. 12 
may be written: [AHi] / [Ai]  = [1 + 10(PH--pK)]-I; taking, for instance pK i = 
overall pK given by  Walz et al. [9] (5.2), it is clear that  [ A H i ] * / [ i i ]  is very 
small at pH~*(=pH~*) > 6.6 (lowest value used here). On the other hand, free 
protons in light are only a small part  of  the total  ones [5,6] : [H~] ° may also be 
neglected. It comes finally, A[Hi] ° being given by  Eqn. 6: 

- --  Ve/3 e ApU~ (14) [ h i l t ] °  ~ A [ S i ] °  - Vi 

Therefore Eqn. 12 becomes in light: 

1 V ~  V~eK~. 1 
ApH~ = -  Vi[ii] - -  Vi[ii] [H~] ° (15) 

(minus signs are due to the negative character of fie). Thus, by plotting the 
reciprocal of ApH: vs. the reciprocal of [H~] °, one should obtain a positive 
straight line, with a positive zero intercept: this is not the case (Fig. 2a) as 
could have been expected because of the broad ApH:i explored. 

(b) Buffer capacity fli = a [Hi]/apH i constant. From Eqn. 6: 

Ve 
[H,] ° = [Hi]" -- 77-,/~e(pH~ -- pHi) (16) 

v i  
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Fig .  1. V a r i a t i o n  o f  ~ P H e i  ( a p p r o x .  ~ p H ~ )  a n d  o f  ~ p H  e w i t h  t h e  l igh t  i n t e n s i t y ,  o ,  APHei ;  o,  ~ P H e .  
C h l o r o p l a s t  ( 8 0  #M Chl )  in 1 0 0  m M  s o r b i t o i / 1 0  m M  NaCi  + 5 0  MM m e t h y l v i o l o g e n  + 4 # M  9 - a m i n o -  
a c r i d i n e ;  p H ~  ~ 7 .6  CG e ~ - - 6 0  #H*. p H - I ) .  A i r ,  2 0 ° C .  l m a  x ~ 5 0 0  W .  m -2  red  l ight .  S ince  ~PI~ei  
s a t u r a t e s  a t  l o w e r  in te rud t ies  t h a n  ~ P H e ,  n o  l i n e a r  r e l a t i o n s h i p  ex i s t s  b e t w e e n  these  t w o  n u m b e r s  ( inser t ) :  
t h e r e f o r e  j31 is n o t  c o n s t a n t  (see t e x t  a n d  Fig .  2b ) .  

l 1/ApH e ' pH~ pH" @ 

monoacid ,,, , ~5 constant 

o . ,]ofi o ., .', 1/[ .H'-' ApH; ;~ ApH; 

Fig.  2. T h r e e  t y p e s  o f  c o r r e l a t i o n  b e t w e e n  i n t e r n a l  a c i d i f i c a t i o n  a n d  e x t e r n a l  a l ka l i n l aa t i on .  S a m e  expe r i -  
m e n t  i s  F ig .  1. • a n d  ~ ,  e x p e r i m e n t a l  p o i n t s  a n d  e s t i m a t e d  cu rve ;  . . . . . .  , t h e o r e t i c a l  l i nea r  zei~res- 
s i on  l lne  i f  t h e  m o d e l  t e s t e d  w e r e  e x a c t  (see t e x t ) .  Mode l s :  (a)  s imp le  e q u i l i b r i u m  o f  a n  i n t e r n a l  m o n o -  
ac id ;  (b)  c o n s t l n t  i n t e r n a l  b u f f e r  c a p a c i t y  ~i (= a [ H i ] / ~ P H i ) ;  (c)  c o n s t a n t  i n t e r n a l  p r o t o n - b i n d l n g  r a t i o  ? i  
(= a [ H i ] / ~ [ H ~ ] ) .  In  case  (c) ,  t h e  r e g r c u i o n  l ine  i n t e r c e p t s  t h e  abseimm a t  a b o u t  0 . 0 1  p H  u n i t  ( smal l  
h o r i z o n t a l  ba r ) ,  c o r r e m p o n d l n g  t o  a b o u t  0 . 6  #I~ (s ince  Be ~ - - 6 0  # H  + • p H  -1 ), t h a t  is t o  a n  a p p a r e n t  
[I~l]  ° de f i c i t  o f  a p p r o x i m a t e l y  1 I ~ / 1 3 0  Chl.  

L5 
Q7 

• 30 ~ constant o /  

15 , / ~ / "  

'/i 
t 
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Thus 

Ve apI-~ (17) 
f i  = - - v i i f e  OpH~ 

By integration between pH~ and pH~ it comes: 

Ve fe ApH~ (18) 
pI~i = phi" -- Vi ~i 

Ve/Vi is considered invariable and since, experimentally, fie is constant,  as is 
fli by the present hypothesis, plotting pH~ (or ApH~ i, since from Eqn. 3, it is 
~pI-t~i -- p h i )  vs ApHe should give a negative straight line (both fie and fi being 
negative): it is not  the case, as shown in Fig. 2b and already deduced from the 
insert in Fig. 1. 

(c) Proton binding ratio 7i = 0 [ H i ]/0 [H~ ] constant. Replacement of  3 pH i by 
[H~] in the above t reatment  and integration between [Hi]* and [H~] ° gives: 

[U~] ° = [S~]* Ve fe ApS o (19) 
Vi 7i 

Since, with the exception of the very initial stage of illumination, [H~]" ( ~  
[H; ]°, one may finally write: 

Ve ApI-I~ 
~', ~ -- ~-~ fe__ [n;]o  (20) 

The expected linear, positive (fie ( 0, "/i ~> 0) ,  relationship between [Hi] ° 
and ApH~ is acceptably obeyed (Fig. 2c); it was so with all the samples and 
confirmed by the other  methods described below. (An interpretation of the 
small initial curvature is proposed in Discussion.) Only the resulting 7i value 
changed from one day to the other (from 70 to 240), but  for a given chloro- 
plast preparation, it was constant. As an average, ~/~ was around 100, which 
means that  whatever the pHi, always about 1% of  the total protons coming into 
the thylakoid remained in the free form. 

Acid-base reactions are very fast processes [15,16], and in mitochondria,  the 
buffer equilibrium itself is almost instantaneous compared to the rate of 
protons diffusion [7]. Based on this analogy, one may consider that the 
protonizable groups inside the thylakoid are always in a quasi-equilibrium 
state: therefore, it is a reasonable assumption that  what was found in steady- 
state applies also to kinetics, i.e. that  a proportionali ty factor links the rate of 
[H~] ° change to that  of  pile. Eqn. 20 thus becomes (vpH~ = dApHe/dt  and 
v[H~] ° = dA[H~]O/dt): 

__Ve vpne (21) 
"~i ---- - -  v i l e  v [ n ; ]  ° 

Fig. 3 shows how these rates are computed (see also Methodology). The 
expected linearity is illustrated in Fig. 4, where the light intensity was changed, 
and confirmed in Fig. 5c, where the variable parameter  was the chlorophyll 
concentration.  Two situations may be described: in low light (giving up to one- 
half of  the maximum ApH~ and three-quarter of  ApH~i), the regression line, 
which now intercepts the origin, has a slope yielding a 71 equal to that  found in 
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s lope gives a 7i  ~ 95 ,  close to  t h a t  o b t a i n e d  f r o m  the  s teady*sta te  d a t a  a t  all l ight  in tensi t ies  ( a b o u t  105) .  
In  s t rong  l ight ,  t h e  l inear  regzes~don gives a 7i ~ 40. Inser t :  s imilar  e x p e r i m e n t ,  b u t  wi th  c o n s t a n t  maxi -  
m u m  light and  var iable  ch lo rophy l l ;  thus ,  to no rma l i z e  the  da ta ,  the  v[H~i] ° are  mul t ip l i ed  b y  the  a s sumed  
V i / V  e ra t io ,  a f u n c t i o n  of  [Chl]  as s h o w n  by  Eqn .  4: the  ILnearlty is c o m p a t i b l e  wi th  a c o n s t a n t  "Yi, 
a l t h o u g h  here again this k lnet ica l iy  d e t e r m i n e d  p a r a m e t e r  was smal le r  in s t rong  than  in low light. (This  
l lnear l ty  suggests  also t h a t  e i the r  the  glass e l ec t rode  signal was s t r ic t ly  p ropo r t i ona l  to the  t rue  ra te  or  t ha t  
its response  t i m e  l imi t a t ion  ha d  a c o u n t e r p a r t  in the  v[H~] ° m e a s u r e m e n t . )  
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9 -aminoac r id ine ;  p H ~  ~ 6.75.  Air ,  20°C.  Red  ac t in ic  l igh t  ~ 5 0 0  W • m -2.  In  (c) ApH~/[Hi+] ° is c o m p u t e d  
f rom (a) and  vpH°e/v[H~] ° is  c o m p u t e d  f rom CO). A c o n s t a n t  7 i  imp l i e s  t ha t ,  s ince Apl~ei is i n d e p e n d e n t  
on  [Ch l ] ,  A p I ~  e is p r o p o r t i o n a l  to  i t ,  and  w h e n  API~ei dec l ines ,  because  of  the  l igh t  l i m i t a t i o n  by  screening 
ef fec t ,  A p I ~  e shou ld  also dec l ine ,  in  a l inea r ly  co r r e l a t ed  m a n n e r  (a). The  ra te  v[H~] ° , as e x p e c t e d ,  is  m o r e  
sens i t ive  to the light factor t h a n  the  e x t e n t ,  m e a s u r e d  by [Hi+]°; to  keep the l inear  r e l a t i onsh ip  b e t w e e n  
v p I ~  e and  v[Hi+] ° (s ince 7 i  is  s u p p o s e d  c o n s t a n t ) ,  a l i nea r  dec rease  of  v[H~] ° ,  seen b e t w e e n  0 and  60  ~uM 
Chl,  s h o u l d  be  a c c o m p a n i e d  b y  a pa rabo l i c  curve  for  vPI~e, c o n t a i n i n g  t he  p a r a m e t e r s  of  the  l ine  v[H~] ° . 
Such a t h eo re t i c a l  p a r a b o l  w a s  traced and seems  in  good  a g r e e m e n t  w i t h  the  e x p e r i m e n t a l  p o i n t s  (case Co), 
p o i n t s  ~):  i ndeed ,  i f  v[H~] ° =  i - - B [ C h l ] ,  whe re  i = v [ S ~ ] ° C h l = 0 ,  w i t h  71 = -'C~evpH°e/[Chl]v[Hi+], 
d e d u c e d  f rom Eqn .  22 w h e r e  C = k / o s m o l a r i t y  and  the  ra tes  axe used  in  p lace  of  the  e x t e n t s ,  one  gets 

o 
vpH e = --(7i/CfJe)(A [Chl]  - -  B [ Chl]  2). 

the steady-state, at low or high light. With stronger illumination, the points are 
more scattered, the weight of  the graphical errors being heavier, but  they fall 
acceptably well near another  line which slope is not  far from being two times 
steeper. In some experiments,  however, a unique 7i is obtained in steady-state 
or by kinetic measurements,  in low or in high light. 

Four  reasons of  these differences in ~i, depending on how it is computed,  
may exist. The first is purely methodological: in low light intensity, the 
ApH: signal rises slowly enough as to be faithfully followed by the glass 
electrode, of  response time ~ 1 s, but  not  in strong light: hence an apparently 
too slow vpH: (note, however, that  the ratio vpH:/v[H~] ° is kept  constant  
when the chlorophyll concentrat ion increases: insert in Fig. 4). The second 
possibility is that  v[H~] ° is measurable only after the filling-up of  a small hypo- 
thetical proton pool in the membrane (see Discussion). The third reason, 
initially proposed [10], could be the time shift, in strong light, between the 
plastoquinone reduction by System II and its reoxidation by System I {result- 
ing in the so ,a i l ed  small oxygen burst [17] preceding the sustained O2 uptake 
by the Mehler reaction). Although this would indeed change the apparent 
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initial H/e-  ratio, it should not  alter that of Hi/H~. The final hypothesis is that  
the proton binding is by the membrane inner face and not  by soluble sub- 
stances in the lumen: therefore, it is dependent  on the relative velocity of the 
pH-induced conformational  changes; this is considered in Discussion. It should 
however be noted that with some samples the straightforward relationship 
between vpH~ and v[I-l~i] ° is obeyed with the same slope all along the whole 
light intensity range. 

It is possible to demonstrate  the constancy of  ~/i in some other way. From 
Eqns. 20 and 4 one gets: 

ApH: /~ 
[Hi]O =-3'~ V~J3e 0smolarity [Chl] (22) 

That is the ratio of  ApH: over [H~i] ° should linearly depend on the chlorophyll 
concentrat ion if 7i is constant,  since all the other  parameters are experimental 
data. Fig. 5 shows that, up to 60 /~M, the extent  of  ApHOi, that  is [H;] °, is 
unchanged, as could be expected inasmuch as the internal volume of  each thyl- 
akoid does not  depend on their number; above 60 /IM Chl, ApH:i starts to 
decrease, owing to the light limitation due to the mutual  screening of  the 
chloroplasts. On the contrary,  the amount  of  He taken up, i.e. Apri l ,  must rise 
with [Chl], up to a concentrat ion where light becomes limiting (Fig. 5a). An 
apparent less clear-cut picture is obtained if the rates are plot ted (Fig. 5b, but  
see the comments  in the corresponding legend). Nevertheless, with both extent  
and rate, the ratio of  ApH: over [H~] ° is indeed proportional to the chloro- 
phyll concentrat ion (Fig. 5c). The two lines intercept the origin, but  the slope 
computed  from the rate is almost twice as low as that  concerning the extent. 
The latter gives a 7i almost equal to that found,  on this same preparation, 
when, at constant  [Chl], the light intensity was varied: 240 instead of  230, 
although two different external pH values were used, 6.75 and 7.60, respec- 
tively. Thus, at least between these two pile values, in fact in a much broader 
range (not  shown),  and down to a pH i which may be as low as 4, 3'i seems con- 
stant. 

Correlation between the electron flow rate and the rate o f  protons release in 
the inner space 

If there is a fixed stoichiometry between the light-induced electron and 
protons fluxes, the correlation between the redox chain velocity (as measured 
by the 02 evolution) and that of  internal acidification reflects directly the ratio 
between the total and free protons.  That  is, replacing in Eqn. 21 - ~ e v p H : ,  
which is --v[He] ° and therefore = v[Hi] ° (total proton flow rate), by n v02 
(where n is the protons/oxygen ratio), one gets: 

Y e uO2 ~i = - - n  (23) 
Vi v[H;]  ° 

Such writing implies that  the passive proton outleak remains negligible, what  
may be considered true at the onset  of  illumination: v [Hi ]°, which corresponds 
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to a balance between the influx and efflux, is quantitatively identified to the 
influx rate only. 

It is a common observation that the electron transport  begins, at Pile near or 
above neutrality,  with an initial fast rate followed by a lower steady-state, a 
consequence of  the feedback effect,  by unknown mechanisms, of  the building- 
up of  the ApH:t  on the redox chain. Addition of  an uncoupler  maintains the 
steady-state rate equal to the initial value. Since the membrane-type O= elec- 
trode used here cannot  detect  the initial events, it was assumed that  the steady- 
state uncoupled rate is representative of  the initial one wi thout  added 
uncoupler. Practically, above 5 mM, NH4C1 enhances no more the electron 
flow (at this concentrat ion,  however, a ApH:i around 2 may be detected in 
strong light [18]).  

Fig. 7 extends the illustration given in Fig. 6 that NH4C1 in low light does 
not  enhance the O= evolution (it even slightly inhibits). Thus, the coupled 
steady-state rate is saturated already at 25% of  maximum intensity, whereas the 
maximum uncoupled rate may well be still unattained: the initial 
(= uncoupled) /coupled ratio is over 5 {hyperbolic regression analysis of  the 
light curve suggests that  it may be as high as 10). 

The expected correlation between v[H~] ° and steady-state vO2 is linear only 
in coupled condit ion (Fig. 8). Therefore, of  the two possible relationships 
between vO2 and v[H~] °, that  implying a sigmoidal kinetics of  internal acidifi- 
cation, real or apparent (due to instrumental reasons or to time migration of  
9-aminoacridine), seems more probable than that which supposes an instan- 
taneous maximum rate (Fig. 9 and see also Fig. 3b). Recalling that  e-/O2 = 4 

80 i,,--_ ~ "  " ~ ~  ~300 

g f :E 
{, I ÷NH4Ct {, l 

t tight dark 5raM hght dark ~1 
• ~ 80 1 fluorescence ~ I I 1275w I 
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0 20 z,O 50 1 |255 lime, s 

Fig. 6.  S i m u l t a n e o u s  measurement  o f  0 2  evo lut ion  and 9-aminoacridine  f luorescence  quenching d u r i n g  
ferricyanide reduct ion  in  l igh t .  C h l o r o p l a s t s  ( 2 0  ~M)  in  4 0 0  rnM s o r b i t o l ,  1 0  m M  Tr i c ine ,  1 0  m M  NaCI ,  
I m M  K 3 F e ( C N ) 6  , a n d  4 ~M 9 - a m t n o a c r i d i n e  (9 A A ) ;  p i l e  @ = p I ~  e = 7 .6  ( b u f f e r e d  m e d i u m ) .  Ai r ,  2 0 ° C .  
H igh  m a x i m u m  red  ac t i n i c  l i g h t  ( ~ 5 0 0  W • m - 2 ) ;  l o w  = 1 .5% o f  ' h i g h ' .  Addi t ion  of  NH4C1 (5 m M )  enhances  
the 9-aminoacr id ine  f luorescence  in the presence o f  ch loroplasts  (not  in their absence) ,  probably  in con-  
sequence  o f  the removal  o f  the surface-bound a m i n e  [ 2 8 - - 3 0 ] .  T h e  9 - a m i n o a c r i d i n e  f luorescence  increase 
in strong light after NH4CI addi t ion  m a y  be attributed to the abo l i shment  o f  the ferrteyanide quenching 
and l ight-absorption effects .  
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Fig. 7. Var ia t ion  of  the  c o u p l e d  and  u n c o u p l e d  s t eady-s ta te  ra tes  of  0 2  evo lu t ion  in f e r r i cyan ide - type  Hill 
r eac t ion  wi th  the  l ight  in tens i ty .  S a m e  cond i t ions  as in Fig. 6. e0 coup led ;  o, u n c o u p l e d  (+NH4CI05  raM). 
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Fig. 8. Cor re l a t ion  b e t w e e n  the  ra tes  o f  in te rna l  ac idi f ica t ion,  u [ H i ]  , and  of  0 2  evo lu t ion ,  vO 2, Experi-  
m e n t  of  Fig. 7. At  each  Hght in tens i ty ,  the  s ample  is i l l umina ted  1 rain a first t ime  w i t h o u t  NH4CI  (giving 
v [ H i ]  ° and  s t eady-s ta te  c oup l e d  vO 2) (e ) ;  t hen ,  a f t e r  NH4CI  add i t i on  an d  1 rain da rk  in terval ,  1 ra in 
again (giving vO 2 s t eady-s t a t e  u n c o u p l e d )  (o).  v [ H i ]  ° is mu l t ip l i ed  b y  V i / V  e as in the  Fig. 4 ( inser t ) ,  and  
t he r e f o r e  if vO 2 is mu l t ip l i ed  by  the  pos tu l a t ed  ra t io  n = Hi /O 2 (giving v [ H i ] ° ) ,  the  s lope-rec iprocal  
r ep resen t s  7i: 7i = [ ( V e / V i ) ]  " [(n • vO2)/(v[H*i]°)];  if n = Hi (=e) /O 2 = 8, 7i ~ 90 ,  a value which  c o m p a r e s  
well wi th  the  general  7i values  f ound  by  d i rec t  [H~] ° and  ApH e cor re la t ion .  
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Fig. 9. T heo re t i c a l  t ime  d e p e n d e n c e  b e t w e e n  the  e lec t ron  t rans fe r  ra te  and  tha t  of  the  free p r o t o n s  
release in the  t hy l ako l d  l u m e n .  T o p  curve:  the  b iphas ic i ty  of  the  e l ec t ron  t rans fe r  ra te ,  seen in high b u t  
n o t  in low light,  leaves place to a sus ta ined high ra te  ( . . . . . .  ) in u n c o u p l e d  cond i t ions ,  t h o u g h t  to  
r ep r e sen t  the  initial r a te  w i t h o u t  u n c o u p l e r  added ;  in c oup l ed  cond i t ions ,  the  change  of  the  initial ,  in. ,  
( s e g m e n t  O A )  to  the  s t a t i o n a r y ,  st., ( s e g m e n t  BC) ra te  is clamflcally i n t e r p r e t e d  as the  f eed-back  e f fec t ,  on  
the  r e d o x  chain ,  of  the  Apl~ei bu i ld ing-up ,  wh ic h  is r e p r e s e n t e d  b y  the  H~i release inside the  t hy i ako id .  
Middle curve:  in a first hypo thes i s ,  v[Hi+]~nax c o ~ e s p o n d s  to  uO2st .  ( s e g m e n t  BC): the  lag- t ime in the  
p r o t o n  k ine t ics  m a y  be i n s t r u m e n t a l  ( t ime  m i g r a t i o n  of  9 -aminoac r id ine )  or  due  to  the  filling up  to  an 

+ o i n t e r m e d i a r y  pool ,  such as the  m e m b r a n e  (see text ) .  B o t t o m  curve:  in a s econd  hypo thes i s ,  u [ H i ] m a  x 
c o r r e s p o n d s  to vO2in .  ( s e g m e n t  OA).  Fig. 8 shows  tha t  the  lineLr co r re l a t ion  ho lds  only  for  vO2st .  
coup led :  t he r e fo re ,  the  second  b y p o t h e ~ s  m a y  be ru led  out .  In  b o t h  s i tua t ions ,  the  bend ing  d o w n  of  the  
curve  of  th.e ° [H~] ° va r ia t ion  ( . . . . . .  ) m a y  re f lec t  the progressive increase of  the  p r o t o n  eff lux ( d e p e n d e n t  
on  the  ApHei  m a g n i t u d e  and  on the  m e m b r a n e  pe rmeab i l i t y  [18 ] ) .  

and assuming an overall He/e-  = 2 [19] ,  % computed from Eqn. 23 gives 90 (if 
a 'protonmotive-type Q cycle' [20] may operate [18] ,  giving He/e- = 3, ?t ~ 
130). This value agrees well with that found by direct measurement o f  ApI-I~ 
and ApH ° i. 

Discussion 

The use of  9-aminoacridine is based on some postulates which were chal- 
lenged to various extent by some authors [21--24] but considered essentially 
valid by others [ 11 ,25--27] .  One main point is that the quenching could be due 
not to the amine distribution between two compartments of  different pH, but 



468 

to some membraneous effects, probably related to a surface electrical double 
layer [28--30]. Actually, an acridine fixation may well be proportional to 
ApH:i, through a mechanism similar to that  suggested by Dilley and Giaquinta 
[31]. It should also be remarked that  none of the other probes thought  to be 
more faithful, such as [14C]methylamine [23 ], was used in identical conditions 
as 9-aminoacridine, making a quantitative comparison difficult; on the other 
hand, some of  the reported anomalies refer to intact chloroplasts [24]. Never- 
theless, it is clear that  an amine binding always occurs, which may be released 
by cations addition [28--3011 But we found that  if this affects the light- 
induced dye quenching, ApH~ is similarly changed and, independently of the 
actual 7i value, the same type of  H ÷ binding as that  described here is still 
observable (Haraux, F. and de Kouchkovsky, Y., unpublished data). Thus, a 
strict correlation seems well to exist between the total number of external 
protons taken up in light (= internally released) and the change of the protons 
remaining free in the thylakoid lumen. The resulting proportionali ty ratio 7i is 
illustrated by the linear relationship linking the internal acidification to the 
external alkalinisation or to the electron flow (O: evolution). However, the 
straight line joining the points of [H~] ° vs. ApH: never passes through the origin 
(Fig. 2c): some He disappear without  having their counterpart  appearing inside 
the thylakoid or this counterpart  escapes the measure because the correspond- 
ing protons are completely bound to protonizable groups. The binding may be 
in the membrane itself, which could be related to the Williams' hypothesis of 
membrane anhydrous protons [32] or to the suggestion of Dilley and 
Prochaska [33] that  the protons released by the water-splitting system may be 
temporarily trapped inside the membrane. Knowing ~e, the intercept ApH~ of 
Fig. 2c gives this reservoir capacity of  the membrane: about 8 H*/1000 Chl 
here, but this value may be up to ten times higher, depending on the samples 
and, seemingly, the external pH. 

It must  be emphasized here that  the concept of a constant  7, should not  be 
considered in a dogmatic way. Many factors govern this parameter and are 
discussed in a forthcoming paper. One may think that  one of these could be 
the erroneous estimation o f  the internal volume V i. This should indeed alter 
the calculation of  free [H~] °, as shown by the Eqn. 1, but on the other hand, the 
concentration change of total [Hi] ° also depends on Vi. Eqns. 2 and 6 give, in 
effect ( since V t / V i ~ Ve / Vi and +1 becomes quasi immediately negligible): 

Ve 
a[Hl] ° A[Ht] ° - Yi t3eApH~ --13e ApH ° 

Therefore 7t is independent  of V,. 
The parameters 7i and fli are mathematically related, since ?i = a [HI]D [H;] 

and/3 i = ~ [Hi]/apHi. It is easy to show, recalling that  d[H~] = d(10--PMl), that: 

~i/Ti ---- ( - - in  10)  10  -pHi (25) 

This means that,  if ?i is constant,  ~l should increase in absolute value when pH i 
decreases. For instance, with 7i = 100, fli = --23 uH* • pH -1 at pH i = 7, and 
--2300 ~H ÷ • pH °1 at pH i = 5. It is interesting to note that  the relationship 
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between ~i and 7i depends neither on the concentration of  the concerned acid 
nor on its pK. 

One may try to imagine a simple pH equilibrium model  which would explain 
the existence of  a constant 7, using reasonable numerical values. For instance, 
the monoacid Eqns. 8- -11  give, after derivation: 

~ [ H i ]  K i [ A i ]  K i [ A i ]  

~fi - ~[n~] - 1 + (Ki + [n~]) ~ ~ (Ki + [n~])  2 (26) 

To keep ~/i c o n s t a n t ,  [ H ~ ]  must always be small compared to Ki: in this case 
71 ~ [ Ai ] /Ki.  AS pHi may drop in the vicinity of  4, pKi must be about 3 in order 
to maintain the 7i variation less than 10% (see below and Table I!; this implies 
that for a current ~/'i = 100,  [Ai] should be ~ 0 . 1  M with respect to the internal 
volume Vi. This high concentration of  Ai would give, considering the value o f  
Vi given by Eqn. 4 for isotonic conditions (osmolarity around 0.2--0.4 M), an 
amount  of  protonizable groups comparable to that of  chlorophyll molecules,  
what seems unrealistic; besides, a pK i ~< 3 is about two units below the 

TABLE I 

T H E O R E T I C A L  V A R I A T I O N S  OF ~ (PROTON-BINDING RAT IO)  OF A MONOACID WITH pK AND 
pH 

F r o m  Eqn.  26 and for a species j of  monoac id  at an in terns]  p r o t o n  c o n c e n t r a t i o n  [H~] : 

Kj [Ai] Kj[Aj] 
7j(real) = 1 + and 7j (approx . )  

(Kj + [H~ | )  2 (Kj + [H; ] )  2 

For  t w o  d i f f erent  [H~] c o n c e n t r a t i o n s  q <: p, one  m a y  de f ine  a rat io  ~?r b e t w e e n  the  c o r r e s p o n d i n g  ~?j at 
di f f erent  pK, w h i c h  m e a s u r e s  t h e r e f o r e  the  var ia t ion  of ~'j: 

(K~]J. + [H~]P~ 2 
~'r = 7j,qTj0p ; thus  mr(approx . )  = ~ - ~ ]  

and, taking ~?j,p real for re ference:  

"}'r(real) = mr(approx.)  + (1 -- '?r(approx.)) /~?j ,p(real)  

(1) Variat ion of 7 r ( approx . )  wi th  pKj and at t w o  c o u p l e s  of pH i c o m m o n l y  f o u n d  in the e x p e r i m e n t s :  

[H~]q = 5/~H*, [H~]p = 30/~H*; [H~]q = 30 JuH +, [H~lp = 70 ~H + 

pKj mr(approx.)  = Tj, 5 ~H+/Tj, 30 pH + 
+ 

mr(approx.)  = 7j, 30 ~H /Tj, 70 ~H + 

3.5 1.16 1.24 
4.0 1.53 1.71 
4.5 2.83 2.72 
5.0 7.11 4.00 
5.5 16.31 4.87 

a given s a m p l e  b e t w e e n  these  e x t r e m e  [H~] is m u c h  smal l er  than  those  The  e x p e r i m e n t a l  var ia t ion  o f  

given here .  

(2) Compar i son  of  mr(real) and mr(apProx.)  for  three pKj values  and  var ious  7j(real) (at [H~] = 30/~H +) 

7j(real) pKj = 3.5 pKj = 4.5 pKj = 5.5 
(~'r approx .  = 1.16) (Tr approx .  = 2.83) (Tr approx .  = 16.31) 

1 1.00 1.00 1.00 
5 1.13 2.46 13.25 

I 0  1.14 2.65 14.78 
50 1.16 2.79 16.00 

100 1.16 2.81 16.16 
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published estimates [6,11,14].  Furthermore,  if the single monoacid model  was 
really valid, a linear relationship would have existed in Fig. 2a: this is not  the 
case even for  the smallest ApH:i .  

It could be that  the ~i constancy corresponds to the titration of  a mixture of  
preexistent monoacids (a polyacid may be treated as a sum of monoacids,  with 
the restriction that  the same concentrat ion should be used for each of  its 
titrable group). Let be m monoacids; the overall 7i is necessarily equal to the 
sum of  the inidividual ~j of  all these monoacids taken apart, since 7 like ~, is an 
additive expression *. Therefore: 

~ i = ~ j  and d~i _ d~j (27) 
I d[H~] I d[H;] 

The relative variation of 7j with the [H~] may be expressed by a parameter ~oj 
which, contrarily to 7i, is not an additive function: 

dTj 1 d In 7j 
- - -  ( 2 8 )  

(JJ = }i[H~] ~,j d[H~] 

and 
m 

dTj 
~ 1  m d ~  i . 1 = d7i 1 _ d[H;] ¢ ~ d[n;]  (29) overall ~i  ~ '~i m 1 7~" 

1 

Considering absolute values ( ~  is a negative number,  since, see Eqn. 26, 7i 
decreases when [H~] increases), total [¢oi [ must be at least equal to the smallest 
individual i coil (in a series of  ratios x/y, ~,x/Zy is necessarily greater than the 
smallest x/y, if all the x/y are positive). Therefore: 

I ~ i l =  d[H~] > IcO~lm~ Jd[H~]lm~ (30) 

Integration of  this equation between [H~lp and [H~lq([H~lp > [H~lq) gives: 

"yj, [H lq ~'i, [H~lq > ~'r % = rain (31) 
[H;I  [H;I  

Table I shows how ~,~ varies for [H~]q and [H~]p = 5 ~H* and 30 ~H ÷ or 30 ~H ÷ 
and 70 uH ÷ in case of  monoacids of  pKj between 3.5 and 5.5, a range broad 
enough to  include all the reasonable experimental situations. Unless one 
accepts the improbable case where the majori ty of  the acids have pKj < 3.5, 
the existence of  a fixed mixture of  monoacids seems excluded: experimentally, 
71 appears almost constant  when [Hi] ° varies between 5 and 70 ~I-I ÷. 

Therefore,  another model  should be considered, in which the 7i stability is 
insured by  a Ki and [Ai ] cont inuous variation with pHT. For instance, inclusion 
of  the data of  Fig. 2 into Eqn. 26 would result in a variation of  [Ai ] from 7 to 
50 raM, with the pKi shifting from 4.4 to 4.7. A-good support  to this proposal 
is its similarity with the protein titration, which progressively reveals, in a time- 
dependent  manner, new titratable groups (see e.g. Tanford [34],  especially pp. 

* More  prec ise ly ,  as s h o w n  b y  the  l e f t -hand part  o f  Eqn .  26,  i t  is  7 - -  1 w h i c h  is addi t ive .  
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90--95):  thus, the buffering molecules may be some proteins at the inner mem- 
brane face. In this case, the neutralization, at a particular pHi, of  the available 
negatively charged groups may relax the membrane constraint due to the 
electrostatic repulsion, thereby allowing new anionic functions to be accessible 
to the new protons incoming. Although this is somewhat  an ad hoc hypothesis,  
based nevertheless on the experimental evidences of  thylakoid conformational 
changes [35] ,  it may also explain why ?i, kinetically determined, is greater in 
low light than in high light, and equals 7i determined in the steady-state at all 
illuminations. The conformational changes of  proteins [34] and of  membranes 
[35] are relatively slow processes; they are completed in the steady-state and 
may have enough time to fol low the ApH~i build-up in low light, but not 
during the initial step of  rapid internal acidification under strong light. This 
would result in a temporary excess of  unbound protons, hence in an under- 
estimation of  ~/i. 
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