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Abstract 

ATP synthase, CFoCF 1, is both activated and driven by protonmotive force. Composed of more than 20 (8 different) subunits it 
probably functions as an electro-mechano-chemical transducer. We characterized conformational changes involving subunit y of CF] in 
response to proton flow through CF o. At the C-terminal end y contains one cysteine (Cys 322, 'dark site'), which is readily accessible to 
modification by maleimides. Whereas the modification of this group with a monofunctional maleimide is without effect on the activity, 
the modification with the bifunctional ortho-phenylenebismaleimide (OPBM), in the presence of protonmotive force, causes a cross-link, 
induces proton leakage and inhibits photophosphorylation. We used these effects of OPBM to monitor the activity-linked conformational 
changes involving subunit y. These conformational changes were induced by both modes of proton flow through the enzyme, slipping, 
without added nucleotides, and coupled, at catalytic concentration of ADP causing ATP synthesis. They were not induced when proton 
flow was blocked at intermediate ADP concentration. The implications are two-fold: (1) Proton slip, i.e., the idling of the proton transport 
machinery, induces the same type of conformational changes of y as the coupled catalytic cycle. (2) The clutch to ATP synthesis resides 
beyond y at its interface with the rest of CF t, i.e., in the F~-portion of this enzyme. 
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I. Introduct ion 

ATP synthase, FoF1, catalyzes the formation of ATP 
from ADP and phosphate at the expense of protonmotive 
force. Its structure is bipartite with a membrane embedded,  
proton conducting portion, F o, and a peripheral portion, 
F~, which carries six nucleotide binding sites, three of  
which are potentially catalytic (for recent reviews see 
[1-5]).  CF l, the Fl-port ion of  the chloroplast  enzyme, is 
composed of  five subunits in stoichiometric proportion 
0/3/33]/~E" Recently a partial structure of  F~ from beef  
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heart mitochondria has been disclosed at 2.8 A resolution 
[6]. It provides a 'snapshot '  of  the ADP-inhibi ted state of 
the enzyme where the symmetry of the 0/3/33-moeity is 
broken by different nucleotides but also by y. The spatial 
arrangement of  y relative to the three pairs of  0//3 differs 
depending on whether the respective /3 contains ADP, 
AMP-PNP (a non-hydrolysable ATP analogue) or nothing. 
The three positions of  y relative to 13 are highly sugges- 
tive of  rotatory mechanical coupling steps between proton 
flow and ATP synthesis [7]. This is in line with electron 
microscopic evidence showing different relative arrange- 
ments of  the smaller subunits depending on the nucleotide 
load of  the enzyme [8]. The detailed structure of  the 
channel portion and the arrangement of  the functionally 
essential smaller subunits, of  6e and one portion of  y,  that 
are supposedly at the interface between F o and Fj, remains 
to be elucidated. 

Protonmotive force not only drives ATP synthesis by 
CFoCF l but also activates the enzyme [9-13].  The confor- 
mational changes which accompany activation a n d / o r  
turnover have been indirectly assayed by the following 
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indicators: the release of tightly bound nucleotides [14-18], 
the accessibility of the regulatory disulfide bridge in y 
(Cys 199 and Cys2°5 in spinach) to added reductants [ 10,19] 
and the accessibility of the covalently bound probe eosin- 
isothiocyanate to the triplet quencher dioxygen [20]. An- 
other approach to monitor conformational changes was 
based on the accessibility to SH-reagents of Cys 89 on 
subunit y [19,21-27]. Cys 89 has been coined 'light acces- 
sible cysteine' to indicate that it is buried in the dark and 
only exposed to added maleimides like N-ethylmaleimide 
(NEM) [21] and N,N'-ortho-phenylenebismaleimide 
(OPBM) [24] in the presence of protonmotive force as 
induced by light (see Section 4). 

Cys 322 at the C-terminal end of y is readily and rather 
specifically modified by maleimides even in the absence of 
protonmotive force. This covalent modification is without 
effect on the activity of ATP synthase. If Cys 322, however, 
is modified by the bifunctional maleimide, OPBM, and 
exposed to light, CFoCF 1 becomes leaky to protons and 
ATP synthesis is inhibited [24,28]. Based on a series of 
experiments, this has been ascribed to the cross-linking of 
two cysteines on subunit y, namely Cys 322 and Cys 89, by 
OPBM [24-27]. That these two residues are closely ap- 
posed to each other was backed up by resonant energy 
transfer. A distance of 2.7 _+ 0.6 nm between fluorescence 
probes covalently bound to Cys 89 and Cys 322 has been 
inferred from such studies [29]. This close proximity is 
difficult to reconcile with the partial atomic structure of 
the Fl-portion from beef heart mitochondria [6], which 
represents the C-terminal part of y (with Cys 322 in spinach) 
in the central cleft at the top of MF 1, whereas the small 
helical portion which contains Cys 78 in MF l (equivalent to 
Cys 89 in spinach) is located at the bottom, nearer to the 
stalk region and to the DELSEED-segment on /3. The 
distance between these two sulfhydryl groups amounts to 
more than 7 nm, whereas the distance between the 
maleimide functions of OPBM amounts to less than 1 nm. 
This discrepancy between results from R. McCarty's and J. 
Walker's laboratories remains to be solved. It is beyond 
doubt, however, that the 'dark accessible' site for the 
binding of maleimides is situated on the C-terminal frag- 
ment of y which contains Cys 322 [27,39]. In the context of 
the question addressed in this article, it is without rele- 
vance, whether OPBM which is bound to y-Cys 322 is 
cross-linked intra-y to "y-Cys 89 or intra-y to another 
residue on the same subunit or even intra-CFl to another 
subunit. 

The OPBM-induced effects, proton leakage and inhibi- 
tion of ATP synthesis, are related to subunit y. Thus they 
are useful as markers of conformational changes involving 
this subunit. This property is used in this article. 

There are two modes of proton flow through the mem- 
brane-bound holoenzyme in thylakoids: proton slip in the 
absence of nucleotides and coupled proton flow under 
ATP synthesis (see Ref. [36] and references therein). Pro- 
ton slip represents the idling of the proton translocating 

device, and it is interesting to know to what extent the 
idling motion involves subunits and domains of the cat- 
alytic portion. We scrutinized our previous proposal that 
proton slip drives certain types of relative motion of 
subunits in CFoCF ~ that are also carried out if ATP synthe- 
sis is coupled in. 

The experimental procedure was three-stepped: (1) dark 
incubation with OPBM to saturate the 'dark accessible' 
Cys 322, (2) preillumination of thylakoids to generate suffi- 
cient protonmotive force for cross-linking by the second 
maleimide function of OPBM and (3) assay of the rate of 
ATP synthesis in a second illumination period. Following 
this protocol we found that both types of proton flow, 
slipping and coupled, likewise exposed buried portions of 
the enzyme to OPBM. No such exposure was observed, 
when proton slip was blocked by ADP (+P~) or GDP 

(+Pi). 

2. Materials and methods 

2.1. Preparation of stacked thylakoids 

Experiments were carried out either with spinach 
(Spinacia oleracea) from the local market or with 10 to 12 
days old laboratory grown pea seedlings (Pisum sativum 
var. Kleine Rheinl~inderin). Stacked thylakoids were pre- 
pared as previously described [31 ]. Concentrated stock was 
resuspended in a medium containing 10 mM tricine/NaOH 
(pH 7.8), 100 mM sorbitol, 10 mM NaC1, and 5 mM 
MgC12. The concentrated suspension contained between 3 
and 5 mM chlorophyll as determined according to Ref. 
[32]. It was stored on ice and lasted for at least 4 h without 
significant aging. 

2.2. Incubation, preillumination and cross-linking with 
OPBM 

Thylakoids were diluted to a chlorophyll concentration 
of 10 /.~M in a reaction medium containing 100 mM 
sorbitol, 50 mM tricine/NaOH (pH 8.0), 10 mM NaC1, 5 
mM MgCI 2, 50 /zM phenazinemethosulfate, a mediator of 
cyclic electron transport, and 10 /xM N,N'-ortho-phenyl- 
enebismaleimide (OPBM) in dimethylsulfoxide (Me2SO) 
or the same volume of Me2SO. The control with Me2SO 
was treated in the same way as the sample with OPBM. 
The mixture was incubated for 10 min on ice in the dark. 
Further components (e.g., ADP, P~, tentoxin, dequalinium 
chloride) were then added as indicated. The mixture was 
preilluminated for 90 s with strong white light (150 
m W / c m  2, filtered through 4 cm of water and a KG2 filter 
from Schot0, if not otherwise specified. After preillumina- 
tion 3 mM dithiothreitol was added to stop any further 
reaction of remaining maleimide functions. 
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2.3. Measurement of photophosphorylation 

5 mM ADP and 5 mM phosphate were added to the 
mixture. The sample was then illuminated for 1 min by 
white light (150 mW/cm2) ,  reactions were stopped by 
addition of TCA, and ATP synthesis was measured by 
standard luciferin/luciferase assay (LKB) as previously 
described [33]. The rates of photophosphorylation were 
typically about 1300 /zmol ATP/ (mg  chlorophyll-h) in 
fresh samples with Me2SO and without preillumination, 
typically 1200 with preillumination (chosen as controls) 
and down to typically 500 in samples that were preillumi- 
nated in the presence of OPBM. Because preillumination 
itself lessened the rate of photophosphorylation, we used 
as control a sample with M%SO which was also preillumi- 
nated rather than a sample with OPBM which was kept in 
the dark. 

The rate of ATP synthesis in the presence of OPBM 
was related to the control rate. The relative loss of ATP 
synthesis by preillumination in the presence of OPBM in 
percent of the control was named 'inhibition' in the fol- 
lowing. To merge several series of experiments with vari- 
ous batches of thylakoids that differed in the absolute 
activity of the control and the inhibited samples, we com- 
pared the 'relative inhibition', i.e., the inhibition divided 
by the maximum inhibition in a given series (e.g., under 
variation of the ADP concentration). Usually 3-5 data sets 
from different batches of material sets were averaged. 

The protective action of nucleotides against inhibition 
was phenomenologically interpreted in terms of a binding 
isotherm: 

( ct Ir= 1 -- /°max" K p + c  (1) 

with Ir: relative inhibition, Pmax: maximum protection, c: 
concentration of nucleotides, and  Kp: protection constant. 

The mechanism of inhibition of ATP synthesis by 
cross-linking is complex; it involves both the deactivation 
of the catalytic function of certain molecules and induction 
of proton leaks. The latter affects the protonmotive force 
and therewith the activity of even those enzyme molecules 
that were untouched by OPBM. By using the above phe- 
nomenological equation, we did not attempt to explicitly 
model these features. 

2.4. The acidification of the lumen of thylakoids 

Stacked thylakoids were incubated with OPBM or 
Me2SO in the dark as described above. Then 2 /zM 
dequalinium chloride or 10 /xM tentoxin were added to 
block the catalytic turnover of CFoCF I. The sample was 
kept for 10 min in the dark. It was then preilluminated 
with strong white light for 3 rain. 6 /zM 9-AA was added 
and the sample was transferred into a spectrofluoropho- 
tometer (RF-5001PC, Shimadzu). Photosynthetic electron 

transport and proton pumping were initiated by red light 
(longpath filter RG610, Schott). The acidification of the 
thylakoid lumen was followed by the quenching of fluores- 
cence of 9-aminoacridine [34,35]. The excitation and emis- 
sion wavelengths were 400 nm and 455 nm. 

2.5. Biochemicals 

Nucleotides, pyruvate kinase (PK), phosphoenolpyru- 
vate (PEP) and OPBM were purchased from Sigma. The 
ATP monitoring kit for measurement of photophosphoryla- 
tion was from BioOrbit. Additional chemicals of analytical 
grade were supplied by Biomol and Roth. The AdN con- 
tamination of GDP was checked by the ATP biolumi- 
nescence assay from Boehringer. The ADP content was 
determined by conversion of ADP into ATP using a 
PEP/PK-coupled assay. The assay medium contained 50 
mM HEPES (pH 7.5), 100 mM KC1, 20 mM MgSO 4, 2 
mM PEP, 1 mM GDP and 10 units/ml PK. The conver- 
sion was completed after 20 rain at room temperature. We 
determined an AdN contamination of GDP as below 0.01%. 

3. Results 

3.1. The protective effect of nucleotides 

We used the inhibition of photophosphorylation during 
the second illumination period to estimate the degree of 
cross-linking by OPBM as induced during preillumination. 
When ADP was absent but OPBM present during preillu- 
mination, the rate of ATP synthesis after addition of ADP 
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Fig. 1. Nucleotides protect against inhibition of photophosphorylation by 
cross-linking with OPBM. Stacked thylakoids were incubated in the dark 
with OPBM or Me 2 SO as described in Section 2. Before preillumination 
the given concentration of ADP (plus 1 mM phosphate) (circle), of ADP 
alone (square), or of GDP (plus 1 mM phosphate) (triangle) was added. 
The mixture was preilluminated for 90 s with strong white light (150 
m W / c m  2). To stop further reactions of OPBM 3 mM DTT was added. 5 
mM ADP and 5 mM phosphate were added and the sample was again 
illuminated with white light for 60 s. The average rate of photophospho- 
rylation was determined and the relative inhibition calculated. In the case 
of ADP and Pi we plotted only data with nucleotide concentration below 
20 /xM; data at higher concentrations are shown in Fig. 2B. 
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Fig. 2. Effect of ADP and phosphate on the inhibition of photophospho- 
rylation by OPBM. The experimental procedure was as described in Fig. 
1. The concentration of ADP was as indicated, the one of phosphate was 
held constant, 1 mM. After preillumination trichloroacetic acid was added 
to one batch of the control sample and the amount of ATP synthesized 
during preillumination was determined. The final amount of ATP after 
preillumination and illumination were corrected by this value before 
calculating the rates of photophosphorylation. Data were fitted with a 
binding isotherme for two binding sites: 

l r  1 - P m a x  Kp + c K m + c 

with Ir: relative inhibition, Pma×: maximum protection, c: concentration 
of ADP, Kp: protection constant, Kin: apparent Michaelis constant. 
Graph B shows the relative inhibition (circle: data, line: fit curve). Graph 
A shows the amount of synthesized ATP during preillumination. The 
dotted curve is the same as in B. This demonstrates the correspondence 
between ATP synthesis and inhibition by OPBM. 

Table 1 
Protection constants for nucleotides 

Nucleotide during Maximum Kp 
preillumination protection (/~M) 

ATP 63% 3.0 
ADP 58% 5.7 
ADP+ 1 mM arsenate 84% 2.5 
ADP + 1 mM phosphate 100% 2.5 
GDP 66% 346 
GDP+ 1 mM phosphate 95% 180 

Relative inhibition of photophosphorylation by OPBM was measured as 
function of added nucleotides as documented in Fig. 1. Data were fitted 
by equation 1 (see Section 2). The fit parameters, maximum protection 
and protection constant, are given. For ADP and Pi only data with 
nucleotide concentration up to 20/xM were fitted, not taking into account 
the rise of the inhibition at higher concentrations, i.e., during synthesis as 
shown in Fig. 2B. 

nation time. As Table 2 shows, the absolute extent of the 
inhibition differed depending on the light intensity, but the 
ADP concentration at half maximal protection remained 
almost constant over a range from 37 to 280 m W / c m  2. 
The same constancy resulted from a variation of the time 
of preillumination from 30 s to 180 s at constant intensity 
(Table 2). Longer preillumination did not result in greater 
extent of inhibition. 

Not only ADP and ATP but also GDP was competent to 
protect against inhibition of photophosphorylation (Fig. 1). 
Again the presence of phosphate during preillumination 
enhanced the effect by a factor of two (Table 1). In both 
cases the half maximal concentration was about 60 to 70 
times higher than with ADP. 

3.2. Cross-linking during ATP synthesis 

and Pi decreased typically from 1200 /xmol ATP/ (mg  
chlorophyll, h) in controls (no OPBM) down to 500. We 
t ook  this  va lue  as a re la t ive  i nh ib i t i on  o f  1. A d d e d  nu-  

c leo t ides  p ro tec t ed  aga ins t  inh ib i t ion .  Fig. 1 shows  the  

re la t ive  i nh ib i t i on  o f  A T P  syn thes i s  as f unc t i on  o f  the  

nuc l eo t ide  c o n c e n t r a t i o n  d u r i n g  p re i l l umina t ion .  P h o s p h a t e  

or  a r sena t e  sh i f t ed  the  p ro t ec t i ve  e f fec t  to  l o w e r  concen t r a -  

t ions  o f  A D P  (see  Fig. 2). W h e r e a s  A D P ,  a lone ,  p ro t ec t ed  

aga ins t  i nh ib i t i on  wi th  Kp = 5 . 7 / x M ,  its Kp d e c r e a s e d  to 

2.5 /xM in the  p r e s e n c e  o f  1 m M  Pi. T he  g rea te r  e f fec t  o f  

A D P  in the  p r e s e n c e  o f  Pi pa ra l l e l ed  the  e n h a n c e d  b i n d i n g  

aff in i ty  for  A D P  in the  p r e s e n c e  o f  Pi w h i c h  has  b e e n  

repor ted  e l s e w h e r e  [36,37]. It was  t a k e n  as e v i d e n c e  for  a 

s tochas t ic  b i n d i n g  m e c h a n i s m  for  th is  pa i r  o f  subs t ra te  

molecu le s .  

E a c h  set  o f  da ta  was  f i t ted w i th  a b i n d i n g  i s o t h e r m e  that  

c o n t a i n e d  on ly  one  p ro t ec t i on  c o n s t a n t  ( T a b l e  1). V a l u e s  

o f  these  cons t an t s  were  h i g h e r  t han  e x p e c t e d  for  the  

b i n d i n g  o f  nuc l eo t ide s  to the  pa r t i cu la r  site o f  CF~ w h i c h  

inh ib i t s  p r o t o n  sl ip (see  Sec t ion  4. W e  a sked  for  the  

d e p e n d e n c e  o f  Kp on  the  l igh t  in tens i ty  and  the  p re i l lumi -  

When both ADP and Pi were present during preillumi- 
nation, ATP was synthesized already during preillumina- 
tion. Its amount was determined separately after the end of 

Table 2 
Effect of various light intensities and preillumination times on the protec- 
tion of photophosphorylation against inhibition by OPBM 

Light intensity Time of Maximum Kp 
mW/cm 2) preillumination inhibition (/zM) 

(s) (%) 

37 180 22 1.4 
126 180 39 1.6 
194 180 52 1.6 
280 180 58 1.9 
150 30 26 1.7 
150 60 36 1.7 
150 90 45 1.9 
150 180 47 1.3 

ADP (concentrations as in Fig. 1) and 1 mM arsenate were added before 
preillumination. The protection constants and the maximum of inhibition 
of photophosphorylation are given. Lower light intensity and shorter time 
of preillumination diminished the extent of inhibition without affecting 
the protection constants. 
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the reaction with OPBM during preillumination. The total 
amount attributable to ATP formed during the first and the 
second illumination was determined and the amount from 
the first period was subtracted to yield the amount of the 
second illumination interval. The effect of ADP and phos- 
phate on the relative inhibition of photophosphorylation 
during the second illumination period is shown in Fig. 2B. 
Low concentrations of ADP protected against inhibition 
with maximum protection at 20 /xM ADP (1 mM Pi), but 
the protection was relieved at higher ADP concentrations, 
i.e., when ATP was produced during preillumination. The 
amount of ATP produced during preillumination as func- 
tion of the concentration of ADP is given in Fig. 2A. 

3.3. Effects of inhibitors of phosphorylation on cross-lin- 
king 

We asked which steps of proton flow were responsible 
for the conformational change as probed by OPBM cross- 
linking. Two inhibitors of phosphorylation were added 
before preillumination, tentoxin and dequalinium chloride, 
both of which prevent catalysis but allow certain confor- 
mational changes that have been associated with the acti- 
vation of ATP synthase (see Refs. [30,42] and literature 
cited therein). As these agents block photophosphorylation, 
its rate can no longer serve as an indicator of cross-linking. 
We used increased proton leakage through CFoCF ~ in- 
stead, the other consequence of cross-linking by OPBM. It 
was evident from a diminished pH-difference under contin- 
uous illumination. The steady pH-difference was moni- 
tored by the fluorescence quenching of 9-AA. Fig. 3 shows 
the relative fluorescence quenching of 9-AA in light-dark 
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Fig. 3. Effect of inhibitors of photophosphorylation on cross-linking with 
OPBM. Tentoxin or dequalinium chloride were added before preillumina- 
tion and the quenching of fluorescence of 9-AA was determined in a 
second illumination period as described in Section 2. In both cases and in 
the control without inhibitor the acidification of the thylakoidal lumen 
was less when OPBM was present during preillumination, indicating that 
cross-linking did occur. Quenching with tentoxin was smaller because of 
the longer incubation time, but the difference between a mixture with 
OPBM and the control with Me2SO was still obvious. 

transition with 120-s light intervals. In all three samples 
(the control without tentoxin and dequalinium, one sample 
with tentoxin, the other one with dequalinium) the pH-dif- 
ference was greater without than with OPBM. Accord- 
ingly, the proton leak, which is attributable to cross-linking 
by OPBM, occurs even in the presence of tentoxin and 
dequalinium both of which block ATP synthesis but not 
the limited proton flow which has been ascribed to the 
activation of the enzyme [30,42]. 

3.4. The number of enzyme turnovers required for cross- 
linking with OPBM 

Cross-linking with OPBM necessitated rather long ex- 
posure to high protonmotive force during preillumination. 
Typically 30 s of preillumination caused half maximum 
inhibition at a given light intensity (not shown). Under 
synthesis conditions this corresponds to at least 10000 
catalytic turnovers. This estimate was based on the follow- 
ing assumptions: the pertinent stoichiometric ratio is 1000 
mol chlorophyll per mol CFoCF ~ and the turnover number 
is 333 nmol ATP/ ( /xmol  chlorophyll • s). 

4. Discussion 

OPBM, as a maleimide, reacts mainly with sulfhydryl 
groups [38]. The interaction of maleimides with thylakoid 
membranes has been extensively studied by Richard Mc- 
Carty's group [21-27]. Incubation of thylakoid membranes 
with OPBM in the dark causes OPBM-binding to CF I, 
predominantly to its 3' subunit. No other chloroplast pro- 
tein (except e of CF l) is labeled by OPBM to any 
significant extent. The most readily accessible site in the 
dark is located on a particular trypsin fragment of 3' that 
contains Cys 322 [27,39]. Dark incubation with OPBM and 
the subsequent protection of its second maleimide function 
by added DTT in the dark does not affect ATP synthesis. 
Illumination of OPBM-labeled thylakoids produces proton 
leakage through CFoCF 1 and inhibits ATP synthesis [24,28]. 
This has been ascribed to the exposure o f  3'-Cys 89 to the 
second maleimide function of bound OPBM and the for- 
mation of a cross-link within 3' under the action of proton- 
motive force [24,22]. This interpretation has been backed 
up by the observation that incubation of illuminated th- 
ylakoids with NEM covalently modifies another trypsin 
fragment of 3" that c o n t a i n s  C y s  89 [39]. It has been men- 
tioned in the introduction that this assignment is difficult 
to reconcile with the atomic structure of MF~ [6]. With this 
discrepancy still pending, we use the following assign- 
ments: the 'dark site' accessible to maleimides is 3 ' -Cys  322 

and the 'light site', whether on 3' or on another subunit 
remains unspecified. 

The reviewed and further evidence suggests that the 
light site is protected from the attack by maleimides in the 
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absence of  protonmotive force, and only exposed in its 
presence. Our results imply that the l ight site approaches 
Cys 322 at least transiently to about 0.6 nm distance (the 
length of  OPBM) to yield the OPBM-induced cross-link 
under both types of  proton flow through CFoCF 1. 

There were two such conditions, proton slip in the 
absence of  nucleotides and coupled proton flow in the 
presence of catalytic amounts of  ADP and Pi- The mere 
exposure of  CFoCF 1 to protonmotive force, but without 
proton flow, as at intermediate concentrations of  ADP, was 
not sufficient. We also found that tentoxin, an inhibitor of 
the catalytic turnover but not of  the conformational changes 
accompanying activation, did not prevent the transitory 
close proximity of  the l ight site and Cys 89. We have 
recently demonstrated limited proton flow across the en- 
zyme in the presence of  tentoxin [30,42]. Under flashing 
light a prompt onset of  ( 'activating')  proton flow was 
observed as contrasted with the delayed ( 'catalytic ')  flow. 
About 10 000 turnovers of  the proton conducting machin- 
ery of  CFoCF 1 were required for cross-linking. It is con- 
ceivable that the time window of the close apposition of  
residue 322 and the light site covers only a short segment 
of  the proton conducting cycle. 

The nucleotide dependence of  cross-linking by OPBM, 
as monitored by the relative inhibition of  ATP synthesis, 
qualitatively followed the behavior of  proton flow from a 
slipping over a blocked into a coupled state of  the enzyme 
as known from previous work [36]. Even the synergetic 
effect of  ADP and Pi and the sensitivity to GDP was 
reproduced, which qualified the protective nucleotide bind- 
ing site(s) into the potentially catalytic subset of  three out 
of a total of  six [6,40]. But the half-maximal concentra- 
tions differed drastically from those determined by study- 
ing proton flow under flashing light [36]. In the case of  
ADP +1  mM Pi it was about 2.5 /zM, with arsenate 
substituting for phosphate it was the same. This value was 
higher than expected, because 0.2 /~M ADP is sufficient to 
halve the rate of  proton slip in the presence of  phosphate 
[36]. We concluded that the protection attributed to ADP in 
the presence of  PJarsenate  was rather caused by ATP and 
A D P .  AsO 4 that were synthesized during preillumination. 
Indeed the Kps for ADP + Pi /AsO4 (2.5 /zM) and ATP 
(3.0 /zM) were very close to the inhibition constant of  
ATP (namely 2.0 /zM) for proton slip [36]. The lifetime of 
A D P .  AsO 4 in solution is about 500 ms [41] and therefore 
was long enough so that a considerable steady concentra- 
tion of  ADP-  AsO 4 was accumulated which inhibited pro- 
ton slip. According to Fig. 2A ADP was quantitatively 
converted into ATP during preillumination at low ADP 
concentrations. 

In conclusion, the conformational change in C F o f F  1 
that can be trapped by the bifunctional maleimide OPBM 
is intimately linked to partial reactions of  proton transport. 
The conformational change is executed both under coupled 
as well as under slipping proton flow. The internal motion 
in CF l which brings an otherwise buried group, the l ight 

site, into close proximity to T - f y s  322 with OPBM was 
inhibited when proton flow was blocked at intermediate 
concentrations of  nucleotides. It was not evoked by trans- 
membrane protonmotive force alone, that might cause 
proton binding/liberation without proton conduction. The 
conformational change was, however, still induced in the 
presence of  limited ( 'activating') proton flow [30,42] as in 
the presence of  tentoxin and dequalinium, both inhibitors 
of ATP synthesis. 

Our previous studies have shown that proton slip repre- 
sents the idling of the proton carrier function in CFoCF 1 
which is controlled by the nucleotide concentration [36]. 
This gave evidence for long-range interaction between CFo 
and the nucleotide binding sites mainly on the fl-subunits 
of CF1. Our studies on the selective effects of  ADP 
binding to the central pocket in subunits /3, and of de- 
qualinium, binding to its DELSEED domain, on different 
steps of proton transfer under flashing light corroborated 
this long range interaction [42]. In the present work we 
showed that subunit 3' underwent the same type of a 
conformational change as function of  proton flow in the 
slipping and in the coupled mode. It is obvious that the 
clutch between proton transfer and ATP synthesis is lo- 
cated beyond % perhaps between 3, and /3 in the head- 
piece of  ATP synthase. 

Acknowledgements 

We thank our colleagues Drs. Siegfried Engelbrecht, 
Georg Groth, Holger Lill and Armen Mulkidjanian for 
fruitful discussions. Financial support was provided by the 
Deutsche Forschungsgemeinschaft (SFB 171/B3 and 
Graduiertenkolleg Zellbiologie) and Fonds der Chemis- 
chen Industrie. 

References 

[1] Senior, A.E. (1988) Physiol. Rev. 68, 177-231. 
[2] Fillingame, R.H. (1990) The Bacteria 12, Academic Press, Orlando, 

345-391. 
[3] Walker, J.E., Fearnley, I.M., Lutter, R., Todd, R.J. and Runswick, 

M.J. (1990) Phil. Trans. R. Soc. 326, 367-378. 
[4] Penefsky, H.S. and Cross, R.L. (1991) Adv. Enzym. 64, 173-214. 
[5] Issartel, J.P., Dupuis, A., Garin, J., Lunardi, J., Michel, L. and 

Vignais, P.V. (1992) Experientia 48, 351-362. 
[6] Abrahams, J.P., Leslie, A.G.W., Lutter, R. and Walker, J.E. (1994) 

Nature 370, 621-628. 
[7] Boyer, P.D. (1993) Biochim. Biophys. Acta 1140, 215-250. 
[8] Wilkens, S. and Capaldi, R.A. (1994) Biol. Chem. Hoppe-Seyler 

375, 43-51. 
[9] Junge, W., Rumberg, B. and Schr~der, H. (1970) Eur. J. Biochem. 

14, 575-581. 
[10] Bakker-Grunwald, T. and Van Dam, K. (1974) Biochim. Biophys. 

Acta 347, 290-298. 
[11] Strotmann, H., Bickel, S. and Huchzermeyer, B. (1976) FEBS Lett. 

61, 194-198. 
[12] Gr[iber, P., Junesch, U. and Schatz, G.H. (1984) Ber. Bunsenges. 

Phys. Chem. 88, 599-608. 



100 O. Fritsche, W. Junge / Biochimica et Biophysica Acta 1274 (1996) 94-100 

[13] Biaudet, P., De Kouchkovsky, Y. and Haraux, F. (1988) Biochim. 
Biophys. Acta 933, 487-500. 

[14] Harris, D.A. and Slater, E.C. (1975) Biochim. Biophys. Acta 387, 
335-348. 

[15] Gr'~iber, P., Schlodder, E. and Witt, H.T. (1977) Biochim. Biophys. 
Acta 461,426-440. 

[16] Strotmann, H. and Bickel-SandkStter, S. 1977) Biochim. Biophys. 
Acta 460, 126-135. 

[17] Reimer, S. and Selman, B.R. (1978) J. Biol. Chem. 253, 7249-7255. 
[18] Bar-Zvi, D. and Shavit, N. (1982) Biochim. Biophys. Acta 681, 

451-458. 
[19] Valerio, M., De Kouchkovsky, Y. and Haraux, F. (1992) Biochem- 

istry 31, 4239-4247. 
[20] Wagner, R. and Junge, W. (1980)FEBS Lett. 114, 327-333. 
[21] McCarty, R.E., Pittman, P.R. and Tsuchiya, Y. (1972) J. Biol. 

Chem. 247, 3048-3051. 
[22] McCarty, R.E. and Fagan, J. (1973) Biochemistry 12, 1503-1507. 
[23] Magnusson, R.P. and McCarty, R.E. (1975) J. Biol. Chem. 250, 

2593-2598. 
[24] Weiss, M.A. and McCarty, R.E. (1977) J. Biol. Chem. 252, 8007- 

8012. 
[25] Moroney, J.V., Andreo, C.S., Vallejos, R.H. and McCarty, R.E. 

(1980) J. Biol. Chem. 255, 6670-6674. 
[26] Moroney, J.V., Warncke, K. and McCarty, R.E. (1982) J. Bioenerg. 

Biomembr. 14, 347-359. 
[27] Moroney, J.V., Fullmer, C.S. and McCarty, R.E. (1984) J. Biol. 

Chem. 259, 7281-7285. 

[28] Wagner, R. and Junge, W. (1977) Biochim. Biophys. Acta 462, 
259-272. 

[29] Cerione, R.A., McCarty, R.E. and Hammes, G.G. (1983) Biochem- 
istry 22, 769-776. 

[30] Groth, G. and Junge, W. (1995) FEBS Lett. 358, 142-144. 
[31] Polle, A. and Junge, W. (1986) Biochim. Biophys. Acta 848, 

257-264. 
[32] Porra, R.J., Thompson, W.A. and Kriedemann, P.E. (1989) Biochim. 

Biophys. Acta 975, 384-394. 
[33] Engelbrecht, S., Lill, H. and Junge, W. (1986) Eur. J. Biochem. 160, 

635 -643. 
[34] Schuldiner, S., Rottenberg, H. and Avron, M. (1972) Eur. J. Biochem. 

25, 64-70. 
[35] Casadio, R. and Melandri, B.A. (1985) Arch. Biochem. Biophys. 

238, 219-228. 
[36] Groth, G. and Junge, W. (1993) Biochemistry 32, 8103-8111. 
[37] Kothen, G. and Strotmann, H. (1993) Biol. Chem. Hoppe-Seyler 

374, 743. 
[38] Means, G.E. and Feeney, R.E. (1971) Chemical Modification of 

Proteins Holden-Day, San Francisco. 
[39] Miki, J., Maeda, M., Mukohata, Y. and Futai, M. (1988)FEBS Lett. 

232, 221-226. 
[40] Kironde, F.A.S. and Cross, R.L. (1986) J. Biol. Chem. 261, 12544- 

12549. 
[41] Slooten, L. and Nuyten, A. (1983) Biochim. Biophys. Acta 725, 

49-59. 
[42] Groth, G. and Junge, W. (1995) Biochemistry 34, 8589-8596. 


