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S U M M A R Y  

1 The capacity of  chloroplast ATPase to drive energy-requiring processes 
increases w~th, but the maximal ApH maintained by ATPase ~s independent of  the 
degree of modification by dithloerythritol 

2 After modification by d~thloerythrltol, the ATPase remains subject to an 
energy-linked equlhbrlum between active and inactive ATPase conformations This 
results m an energetic threshold, the magmtude of which is independent of  the degree 
of  modification by &thloerythntol or the presence of P, and/or ADP, but increases 
w~th medium pH 

I N T R O D U C T I O N  

In a previous paper [1], we presented a model for activation of chloroplast 
ATPase As shown again m Fig 1, &thloerythntol or trypsin can only attack the 
ATPase m high-energy conformation (B), from stu&es on purified coupling factor 
[2], it may be referred that they destroy or interfere with the action of the so-called 
inhibitor, an ATPase-lnhlbitlng subumt of the enzyme complex After this essentially 
irreversible modification (II), ATPase activity is regulated by a combination of an 
energy-linked eqmhbrlum (III)  between an ATPase active (C) and an ATPase-lnactwe 
(D) conformation and a non-energy hnked, Mg 2 +-catalyzed degradation (IV) of the 
latter 

From a bIoenergetlc point of view, the ATPase reaction is interesting because 
of  its capacity to drive energy-reqmrlng processes, dissipation by uncoupler can be 
considered an artificial simulation of such a process For this reason, we wanted to 
investigate how variation of  the degree of modification by &thloerythrltol would 
affect this capacity Another question posed by the model was whether the posmon of 
equdlbrlum (Il l)  is uneqmvocally determined by the chloroplast energy level 

Abbrewatlon St3 5-chloro-3-tert-butyl-2"-chloro-4-nltrosahcylamhde 

* Present address We~zmann Institute, Rehovot Israel 
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Fig I Model for actlvanon of  chloroplast ATPase Shading oI active centre indicates presence of  
mh~bRor [2] For  further explanation, see text 

M E T H O D S  A N D  MATERIALS 

Type-C [3] spinach chloroplasts were prepared as described before [4], and 
suspended m a medmm contalmng 100 mM KCI, 5 mM MgC12 and 5 mM sodium 
tncme (pH 8 0, unless indicated otherwise) Total chlorophyll was determined 
accordmg to Whatley and Arnon [5] The reaction m~xture was composed of the 
suspension medium supplemented with 10/~M pyocyanlne and 50/~g chlorophyll 
Temperature was 20 JC, pH was 8 0 unless m&cated otherwise Final volume was 
2 5 ml, final concentration of ATP was 1 raM, that of  9-ammoacndme 4 pM The 
reaction vessel used was designed by Dr J W T Flolet, and, as described before [4], 
offered the posstbdlty of s~multaneously momtorlng medium pH and fluorescence 
The rate of decrease m the formel was taken as a measure for ATPase rate [6], from 
the quenching of fluorescence of 9-ammoacrldme relattve to the level obtained after 
addmon of a saturating amount of 5-chloro-3-tert-butyl-2'-chloro-4'-nltrosahc- 
ylamhde ($13), a value for ApH was calculated [7] As before [4], the osmotic 
compartment  of  the chloroplasts was taken as 10 ~tl/mg chlorophyll, the relation 
between ApH and fluorescence quenching Q then becomes [7] ApH - - l o g  [Q/ 
(1 - Q ) ] + l o g  5000 = log [Q/(I-Q)]+3 7 

9-Ammoacndlne was obtamed from British Drug Houses All other chemicals 
were analytical grade Sj 3 was kindly donated by Dr P C Harem, Monsanto C o m p ,  
St Lores, Mo ( U S A )  

RESULTS 

As shown m Fig 2, after addttton of uncoupler to the ATPase mixture during 
the dark stage, 9-ammoacrldme fluorescence almost instantaneously adjusts to a 
higher level Above a certain uncoupler concentration the ATPase rate shows an 
mlttal sttmulatlon followed by relaxation towards a lower steady-state velocity, as 
found before [8, 9] From then on, the mmal  stimulation increases and the final 
steady-state rate decreases w~th the amount of  uncoupler added 

In Fig 3, the initial ATPase rate after addttton of uncoupler is plotted as a 
function of the accompanying ApH for three different prelllumtnatlon times m the 
presence of dtth~oerythntol, l e three different degrees of modification (solid hnes) 
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Relaxat ion behavlour  o f  uncoupler -s t imula ted  ATPase  The reaction mixture  was as described 
Final  concent ra t ions  o f  S i s  added a 

At high values of ApH (high degree of couphng) the curves converge The dotted 
lines connecting points of equal uncoupler concentratton give a picture comparable 
to Fig 5 o f r e f  4 

In terms of Fig l, it seemed reasonable to assume that before addition of un- 
coupler all the modified ATPase would be preserved in active form C by dark ATP 

(d) 
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Fig 3 ImtJal rate o f  uncoupler -s t imula ted  ATPase  as a funct ion o f  concomi tan t  d p H  Different 
degrees o f  modif icat ion were obta ined by varying the p r e d l u m m a t m n  t ime in the presence o f  dlthlo- 
erythrl tol  I1--11, 1 ram,  0 - - 0 ,  2 ram,  A - - A ,  5 m m  The dot ted lines connect  points  o f  equal  
uncoupler  concentra t ion  for (a), (b), ( c ) a n d  (d) concentra t ion  $13 0 20, 40 and  80 nM,  respec- 
tively 
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Fig 4 Calculation of the ratio [C]/([C]+ [D]) in uncoupler-reduced steady state, for explanation, 
see text 

hydrolysis, and that this would sttll be the case lmmedmtely after addt t lon of un- 
coupler Neglecting Reaction IV, the ratio of the final steady-state rate (b) over the 
lmtlal uncoupler-s t imulated rate (a) would thus provide a value for the fraction of 
modified ATPase molecules preserved m active conformat ion  C (raUo [ C] / ( [ C] +  
[D])) dur ing  the new steady state reached after relaxation (Fig 4) In Fig 5a, this 
fraction is plotted against ApH mamta loed  dur ing different steady states reached by 
uncoupler  t i t rat ion As expected, it increased with ApH Varmtlon of the degree of 
modification did not  have a significant effect on this relationship The dotted line 
shows the fractton of acttve ATPase as a funct ion  of accompanying  ApH for one 
parucular  uncoupler  concen t rauon  dur ing the course of relaxation As could be 
Inferred already from Fig 2, and  schematically Indicated m Ftg 4, after addi t ion of  
uncoupler  ApH almost ins tantaneously  drops to its new steady-state level, only 
slowly followed by a declme in ATPase actlwty Clearly, the fracUon C shows hys- 
teresis w~th respect to ApH if compared w~th the steady-state relauonsh~p expressed 
by the sohd hne in Fig 5a 
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Fig 5 a Ratio [C]/([C]-] [D]) as a funcUon of~lpH m uncoupler-reduced steady state, calculated 
as indicated m Fig 4 O, • 2 mm predlummated, L, A 5 mm predlumlnated In the presence of 
dlthloerythNtol Open and closed symbols denote two dxfferent experiments Dotted hne dependence 
of the ratio on lpH for one uncoupler concentration during the course of relaxation.,  ATPase 
before addition of uncoupler (assumed starting point) b Ratio [C]/([C]+ [D]) as a function of 
ApH m the steady state obtained after different periods of dark decay calculated as indicated m 
Fig 6 /~, A denote different experiments (~,  uncoupler added) 
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dark decay t ime 

Fig 6 Interpretation ol dark decay of ATPase m terms of the mechamsm depicted m Fig l 
explanation, see text 

For 

This relationship, if unequivocal,  should be independent  of the way in which 
the steady state is reached Thus, it should also apply to the decline in ATPase activ- 
ity after increasing dark  periods in the absence of A T P  Dark  decay curves like those 
m Figs 7 and 8 of ref t can be interpreted as outhned in Fig 6 It is assumed then 
that  dur ing dark  decay (i) degradat ion IV (format ion of E) proceeds linearly in time, 
and  (n) initially, the ATP- induced  autocatalytic act ivation process [1 ] will reconvert  
to active form C virtually all modified ATPase no t  yet degraded to E, after some 
dark  decay time, however, the potent ial  supply of energy by C will drop so far that 
equdlbr ium III  will cause an appreciable a m o u n t  of ATPase molecules to remain in 
inactive form D in the steady state F r o m  ref l ,  Figs 7 and  8, the mitml dechne m 
ATPase rate (l e formation o r E )  can be estimated to be about  l0  % per mln  (in the 
presence of Mg 2 +) Based on these assumptions,  the raUo [ C ] / ( [ C] +  [D]) has been 
calculated and  plotted against  d p H  m the steady-state si tuations reached after 
different dark decay times (Fig 5b) the picture obtained is indeed quite comparable  
to that in Fig 5a 
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Fig 7 The influence of  the pH  o f  the medium on the relat]on between ratio [C ] / ( [C ] - -  [D ] )  and 
JpH m the steady state The experiment was performed as that depicted in Fig 5a z~-- A pH 7 4, 
(D-G ,  pH 84 

Fig 8 The influence of Pl and/or ADP on the relation between ratio [C]/([C]+ [D]) and ,dpH in 
the steady state The experiment was performed as that depicted In F~g 5b Medium pH was 8 5 
C) -- O, steady-state ratio atter dark decay without additions, ~ -- A, 2 mM P~ present m the reaction 
mixture and 50 pM ADP added at the beginning of the dark stage, []--[] ,  50/tM ADP added at the 
beginning of the dark stage 
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Thus, the position of equdlbrium III  is unequivocally determined by the energy 
level in the steady state However, the relation between those two parameters does 
show a dependency on the pH of the medium, as shown In Fig 7 

From Fig 8, it appears that steady-state situations obtained after addltxon of  
P, and/or ADP to the dark decay stage fit the same curve as those obtained in the 
absence of those effectors 

DISCUSSION 

Since the initial rate of  uncoupler-stimulated ATPase is assumed to correspond 
with maximal activity of  the modified ATPase (FJg 4), the ATPase turnover capacity 
is constant along each of the solid lines in Fig 3, It increases with modification time 
At low degree of coupling (left half of Fig 3), the dotted lines connecting points of  
equal uncoupler concentration run more and more horizontally this shows that the 
resistance against uncoupling (and thus the capaoty  to drive energy-reqmrlng pro- 
cesses) increases w~th ATPase turnover capacity, as expected On the other hand, 
the sohd hnes m Fig 3 all seem to converge to ApH .~ 3 7, this 'static head" ApH, 
that would be maintained by ATPase under conditions of ideal couphng, thus is 
independent of  the ATPase-turnover capacity It  is sigmficantly lower than that 
supphed by saturating hght (for which case, in the absence of uncoupler, ApH ~ 4 2) 
However, the difference is of  the same magmtude as that between the values calculated 
for 'State 4' and 'State 3' [10] This means that ATPase can mamtaln a ApH equal to 
that supphed by electron transport under phosphorylatlng con&tlons 

As set out in Introduction, there does indeed exist a straightforward relationship 
between the posxt~on of energy-hnked equlhbrlum III  m the steady state and the 
energy level associated with It, Independent of  the way m which the steady state is 
reached (Figs 5a and b) Effectively, thJs relation shows that there is an energetic 
threshold for ATPase activity, for instance, in Fig 5 only above ApH ~ 2 5 slgmf- 
lcant steady-state ATPase actlwty occurs The degree of modification appears to 
have no influence on the magnitude of this threshold (Fig 5a) This is in hne with 
the assumption [1 ] that unmodified chloroplasts are sublect to the same energy-linked 
conformatlonal equilibrium It may be speculated that this equlhbnum exerts a 
regulating effect on photophosphorylatlon as well (compare also ref l l ) ,  in this 
respect It is relevant that a slmdar 'ApH threshold' has been found for post-illumination 
phosphorylation This threshold showed a dependency on medmm pH qmte com- 
parable to that for ATPase (Fig 7), it increased from ApH = 2 4 at a medium pH 
o f 7 5 t o A p H  = 3 0 a t a m e d i u m p H o f 8 5  [12] 

ADP is known to promote the dark decay [13] Antagonisttcally, P, retards 
the dark decay [13], and generally has a stabilizing influence on ATPase [1] This 
might be thought to be a consequence of some effect on equlhbnum III  One posslbdlty 
is that ADP and P, shift the ApH threshold towards a higher or lower value, respec- 
tively, 1 e influence the free-energy change of the reaction D ~ C As shown in Fig 8, 
that is not the case In fact, this could be referred already from the observation that 
obviously the energy threshold is independent of the degree of progression of the 
ATPase reaction (that is different for all points m Fig 5), and thus of  the amount of  
ADP and P, formed This, together with the fact that ADP and P, have to be present 
during the whole decay period to exert their action (ref 1, compare also ref 13), 
indicates that those compounds affect non-energy hnked degradation IV 
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