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ABSTRACT: The chloroplast ATP synthase a t  low ADP concentrations has reaction characteristics that are 
in accord with the binding change mechanism for ATP synthesis with sequential participation of catalytic 
sites. The dependence of the photophosphorylation rate on ADP concentration is distinctly biphasic, with 
apparent K, values of 0.62 and 31 p M  and V, values of 37 and 907 pmol (mg of chlorophyll)-' h-l. As 
ADP concentration is decreased to below 1 pM, the extent of water-oxygen incorporation into ATP reaches 
a maximum, indicating over 50 reversals of the formation of bound ATP prior to its release; as ADP 
concentration is increased, reversals decrease to an average of about 0.8 per ATP released. The distributions 
of [y-180]ATP species formed a t  low, intermediate, and high ADP concentrations are as predicted for single 
reaction pathways. The amount of ATP transiently bound to a catalytic site decreases to less than one per 
synthase as the ADP concentration drops below 4 pM. These data support a mechanism in which a catalytic 
site, largely filled a t  1-4 pM ADP, continues to reversibly form ATP which is released very slowly unless 
Pi and ADP bind to another catalytic site on the synthase. The release of ATP still contributes appreciably 
to rate limitation even a t  saturating ADP concentrations. 

x e  mechanism of action of the ATP synthase from chlo- 
roplasts, mitochondria, and microorganisms continues to be 
the focus of many studies. This paper reports experiments 
designed to further evaluate the binding change mechanism 
for ATP synthesis by chloroplast thylakoids during photo- 
phosphorylation. Previous measurements of the dependence 
of the rate of photophosphorylation on ADP concentration 
have been interpreted as showing simple hyperbolic behavior 
[see Schlodder et al. (1982)]. Such behavior is not as expected 
if there is prominent cooperativity of catalytic sites on the 
enzyme. Evidence for catalytic site cooperativity is given by 
observations of increased water-oxygen incorporation into each 
ATP formed as ADP concentration is lowered as if ATP is 
not released from one catalytic site until ADP and Pi bind at 
another site (Hackney et al., 1979; Kohlbrenner & Boyer, 
1983). These results suggest that, at substrate concentrations 
considerably below those required for half-maximal velocity, 
a slow photophosphorylation rate from single-site catalysis 
might be observed. This would be in accord with the binding 
change mechanism for ATP synthesis with sequential par- 
ticipation of catalytic sites on the synthases.' Initial velocity 
behavior and other reaction characteristics should be evident 
at low ADP concentrations which would not be expected for 
an enzyme showing Michaelis-Menten behavior. 

Experiments are reported here on the rate of photo- 
phosphorylation as a function of ADP concentration, on the 
levels of bound catalytic ATP, and on water-oxygen exchange 
characteristics as a function of ADP concentration. The data 
obtained are consistent with site-site interactions resulting in 
prominent negative cooperativity of substrate binding and 
positive cooperativity of catalysis as in the binding change 
mechanism. 
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MATERIALS AND METHODS 
Materials. Chloroplast thylakoid membranes were prepared 

from market spinach as described by McCarty & Racker 
(1967) with an additional wash step to reduce endogenous 
ADP concentrations. The grinding and washing mix contained 
200 mM choline chloride and 5 mM MgC12 to improve the 
retention of photophosphorylation capacity (Rosen et al., 
1979). Hexokinase (type C-300) purchased from Sigma 
Chemical Co., St. Louis, MO, was dialyzed against N-[tris- 
(hydroxymethyl)methyl]glycine 37.5 mM (tricine) (pH 8) 
before use. Highly enriched [y-180]ATP was prepared from 
[180]carbamoyl phosphate and ADP by an adaptation of the 
method of Mokrasch et al. (1960) for the synthesis of [32P]- 
ATP. To minimize phosphate contamination during these 
studies, acid-washed glassware and disposable plastic ware 
were used for all experimental procedures, and HCl solutions 
were prepared from glass-distilled HCl. All solutions were 
made with reverse osmosis deionized water. 

Photophosphorylation. The reactions were carried out at 
pH 8 and room temperature in a mixture containing 7.5 mM 
MgC12, 37.5 mM NaCl, 10 mM or 1.5 mM [180,32P]Pi, 33 
pM phenazine methosulfate, 37.5 mM tricine/NaOH, 37.5 
mM glucose, approximately 20 units/mL hexokinase, and 
varying concentrations of ADP. This system regenerates ADP 
at a constant concentration as glucose 6-phosphate is formed. 
Assay mixtures contained approximately 40 pg of chloro- 
phyll/mL (about 50 nM synthase) with volumes ranging from 
1 to 3 mL and were illuminated up to 5 min by a projector 
lamp providing about 300 W of heat-filtered white light. A 
typical rate of photophosphorylation, measured by [32P]Pi 
appearance in glucose 6-phosphate, was 600-800 pmol (mg 
of chlorophyll)-' h-'. The chlorophyll content was determined 
by the method of Amon (1949). ATP synthase concentrations 

The designation as sequential participation instead of alternating 
participation of catalytic sites may be preferable because it is likely that 
three sites participate in catalysis and the term alternating can be in- 
terpreted as involving only two sites. 
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distribution was compared with the experimental distributions 
to determine the amount of water-oxygen exchange. 

Hexokinase-Inaccessible ATP. This was determined es- 
sentially as described by Rosen et al. (1979). The medium 
phosphate concentration used was 150 pM in order to limit 
the rate of synthesis and ensure efficient hexokinase trapping. 
Reactions were pulsed for 10 s with [32P]Pi and then quenched. 
A Pi chase of 14 pmol was added for less than 5 s to some 
reactions before quenching. 

Initial Velocity Determinations. Velocities were determined 
by measuring the amount of glucose 6- [ 32P]phosphate formed 
after carrying out the reaction for 1-5 min. Rates were shown 
to be linear for the time periods of measurement. The glucose 
6-[32P]phosphate and [y-32P]ATP were isolated from [32P]Pi 
by the molybdate-triethylamine precipitation method of 
Grubmeyer & Penefsky (1981). 

RESULTS 
Some l80 Exchange Controls. Our objective was to care- 

fully quantitate the extent of intermediate ATP * HOH 
oxygen exchange (that occurring when medium Pi is converted 
to medium ATP). Therefore, it was necessary to check 
whether any medium Pi a HOH or medium ATP s HOH 
oxygen exchange occurred under the conditions used for 
photophosphorylation. 

To check for medium Pi a HOH oxygen exchange pho- 
tophosphorylation was done with 1.5 mM [lSO]Pi (98.4 f 0.5 
atom % l80) and 0.4 pM added ADP in a volume of 2 mL. 
Under these conditions extensive intermediate ATP a HOH 
oxygen exchange occurs. The medium Pi isolated from a 
zero-time control contained an average enrichment of 93.3 f 
2.4%; the slight decrease in total results from dilution by 
nonisotopic Pi from all reaction components. A sample of 
medium Pi analyzed after reacting for 5 min, sufficient time 
to give the amount of glucose 6-phosphate required for l80 
analysis, had an average enrichment of 93.7 f 1.1%. Medium 
Pi e HOH oxygen exchange was thus negligible under our 
experimental conditions. 

To check for medium ATP a HOH oxygen exchange, 
photophosphorylation was carried out with 10 pM ADP and 
10 mM unenriched Pi in a volume of 1 mL. As photo- 
phosphorylation proceeded, [y-180]ATP was added from a 
syringe pump for 1 min. The amount of [180]ATP added was 
about 14% of that formed by photophosphorylation. It was 
anticipated that the hexokinase-glucose trap would remove 
both the nonenriched ATP and the added [180]ATP rapidly 
enough so that no measurable medium ATP s HOH ex- 
change would occur. Such exchange, based on the observed 
P, at 10 pM ADP (Table I) would be expected to cause a 
significant change in the ratios of glucose 6-phosphate species 
containing one or two l8O atoms to the species with three l 8 0  

atoms present; i.e., PlSO3 would decrease while P1801 and 
P1’02 would increase. No change in these ratios was observed. 
We thus conclude that neither medium Pi 2 HOH nor me- 
dium ATP F? HOH oxygen exchange made any significant 
contribution to the total l 8 0  exchange observed. All exchange 
was thus attributable to the intermediate ATP a HOH ox- 
ygen exchange accompanying net ATP synthesis. 

Extent of Oxygen Exchange as ADP Concentration Is 
Lowered. If an upper limit of l8O exchange is reached as ADP 
concentration is lowered, we needed to know how much of the 
ADP present in the reaction mixture components might par- 
ticipate in photophosphorylation. This could not be assessed 
by measuring the ADP released upon acid denaturation and 
extraction as some ADP bound to the thylakoids, or even to 
the hexokinase present, might not be available for photo- 

were taken as 1.3 nmol of synthase/mg of chlorophyll as 
estimated by Strotmann et al. (1973). The amount of unen- 
riched Pi contamination introduced by the isolation and deg- 
radation of the glucose 6-phosphate was estimated by com- 
paring the specific activity of the final isolated 32Pi with that 
of the original substrate medium 32Pi. 32Pi was assayed by 
using Cerenkov counting in water. Inorganic phosphate was 
measured by the catalyzed phosphate assay of Ohnishi & Gall 
(1978). ADP was measured by using a pyruvate kinase/ 
NADH coupling assay (Pullman et al., 1960). Contamination 
of added [l80]Pi by nonisotopic Pi averaged only 6 nmol of 
Pi per sample for the entire procedure. Corrections for this 
small contamination were not necessary. 

Separation of Medium Pi and Glucose 6-Phosphate. Re- 
actions were quenched with an equal volume of 1 M perchloric 
acid and put on ice. The precipitate was removed by cen- 
trifugation, and the nucleotides were adsorbed to acid-washed 
charcoal. The bulk of the charcoal was removed by centri- 
fugation and the supernatant filtered through 0.45-pm dis- 
posable filters. Glucose 6-phosphate was isolated and degraded 
to yield Pi as described by D. Hackney (personal communi- 
cation). Medium Pi was separated from glucose 6-phosphate 
by three extractions of the phosphomolybdate complex using 
2-methyl-l-propanol/benzene (1:l v:v) (Hackney et al., 1980). 
The lower aqueous layer containing the glucose 6-phosphate 
was applied to a 0.7 X 5 cm column of Bio-Rad AG 1-X4 
100-200 mesh anion-exchange resin. Samples with reaction 
volumes greater than 2 mL required larger columns. The 
column was washed with 8 mL of 0.5 M HCl and then with 
50 mM tris(hydroxymethy1)aminomethane (Tris)/ 10 mM 
HCl until the eluate reached pH 7. Glucose 6-phosphate was 
eluted with 6 mL of 50 mM Tris/lO mM HC1/200 mM KCl. 
Pi was cleaved from the glucose 6-phosphate by boiling in 0.15 
M KOH for 10 min. The solution was neutralized, acidified 
to about 0.4 M, and made 10 mM in molybdate, and the 
phosphomolybdic acid was removed by three extractions with 
solvent. The [32P]Pi was back-extracted into 3 mL of 0.2 M 
Tris, diluted to 15 mL with H 2 0 ,  and absorbed on a 0.5 X 
3 cm column of AG 1-X4 10&200 mesh anion-exchange resin. 
The column was washed with H20 ,  2 mL of 20 mM MgC12, 
2 mL of 20 mM KC1, and then 10 mM HCl until the eluate 
reached pH 3. The Pi was eluted with 3 mL of 30 mM HCl, 
the solution lyophilized, and the Pi analyzed for l 8 0  content. 

[180]Pi was converted to triethyl 
phosphate with diazoethane and analzyed with a Hewlett- 
Packard 5995 gas chromatograph/mass spectrometer (O’Neal 
et al., 1983). Pi species containing zero to four atoms of l80 

were determined by specific ion monitoring of m / e  ratios 155, 
157, 159, 161, and 163 corresponding to the diethyl phosphate 
fragments. Calculations were made as described elsewhere 
(Hackney et al., 1980; O’Neal et al., 1983). All statistical 
variations were calculated as standard deviation. 

Estimation of the Number of Water Oxygens Incorporated 
into Each ATP Released. The expected l8O enrichment for 
ATP produced by photophosphorylation from ADP and 
[180]Pi if no oxygen exchange had occurred was determined 
theoretically from the distribution of l80 in the medium 
[l80]Pi. Correction was made for the random loss of one Pi 
oxygen as required for ATP synthesis, taking into account the 
probabilities of that loss changing the distribution of l80 in 
the [180]ATP produced if there were no oxygen exchange. For 
example, if 20% of the medium Pi consisted of the species with 
three l 8 0  atoms, P1*031601, the fraction of ATP derived from 
this Pi containing two l 8 0  atoms would be 0.2 X 3/4. A 
computer algorithm was written for this calculation. This 

lSO Measurements. 
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FIGURE 1 :  Increase of water-oxygen incorporation into ATP formed 
by the chloroplast ATP synthase as the ADP concentration is de- 
creased. Experimental conditions are given in the text. 

phosphorylation. An estimation of the amount of available 
ADP was made by measurement of the rate of photo- 
phosphorylation with 0,0.2, or 0.4 pM added ADP. The rates 
were 0.01,0.21, and 0.45 nmol/s. Other experiments showed 
that rates were linear for at least 5 min, but with very low ADP 
net photophosphorylation ceased after about 10 min. The 
approximate doubling in rate with doubling of the added ADP 
concentration and the observed rate without added ADP (less 
than l/lo of that with only 0.2 pM added ADP) indicate that 
less than 0.02 pM ADP was contributed by the reaction 
components. This amounts to less than 0.5 mol of ADP per 
CFl ATPase on the thylakoids. The added ADP could thus 
be taken as the effective ADP concentration for our experi- 
mental conditions. The extent of oxygen exchange at different 
ADP concentrations was measured in a series of experiments 
on different days and with different thylakoid preparations. 
This was done because individual experiments are time con- 
suming, and it was established by using thylakoid preparations 
of differing activities that the essential characteristics being 
studied, the amount of oxygen exchange per ATP made, ap- 
peared to be independent of the maximum rate of photo- 
phosphorylation of a given chloroplast thylakoid preparation. 
At the lowest substrate concentrations tested, a reaction volume 
of 4 mL and a 5-min reaction time were needed to give the 
about 35 nmol of glucose 6-phosphate required for l 8 0  analysis. 
At saturating ADP concentrations a 1-mL reaction volume 
and 1 min of photophosphorylation gave more than sufficient 
glucose 6-phosphate for analysis. 

Figure 1 shows the extent of oxygen exchange at increasing 
ADP concentrations, plotted as the O/P  ratio (the average 
number of water oxygens in the y-phosphoryl of each ATP 
made). Data for the lowest ADP concentrations indicate that 
an upper limit for the O/P  value of 2.75 f 0.04 is being 
reached. At high substrate concentration the O/P  ratio de- 
creases to a limit of 0.52 f 0.05. 

Table I gives these O/P  values together with several pa- 
rameters that were calculated from the measurements of ox- 
ygen exchange and net rate of ATP formation. Agreement 
within an experimental series at a given ADP concentration 
is in general better than that between different ADP con- 
centrations, but the dominant trend of ADP concentration 
effects is clearly evident. The results show that as ADP 
concentration is lowered, the ATP formed at the catalytic site 
is increasingly cleaved and synthesized up to a maximum of 
50 times before being released. This upper limit of oxygen 
exchange is reached when the ADP concentration is reduced 
to less than 1 pM. The oxygen exchange at  low ADP levels 
becomes independent of ADP concentration as if single site 

-- I_ 
Table I Effects of ADP Concentration on Parameters Calculated 
from Oxygen Exchange Measurements' 
I_ - - 

[4DPl  (rM) O/P P C  R P b  
1000 
500 
100 
20 
10 
4 
0.8 
0.6 
0.4 
0.3 
0.2 
0.1 
0.05 

0.57 f 0.02 0.48 0.9 
0.52 f 0.02 0.45 0.8 
0.47 f 0.02 0.43 0.7 
1.27 f 0.05 0.75 2.9 
1.53 f 0.01 0.81 4.1 
2.15 f 0.02 0.91 10 
2.75 f 0.01 0.98 50 
2.70 f 0.08 0.97 36 
2.75 f 0.03 0.98 50 
2.78 f 0.01 0.98 50 
2.81 f 0.03 0.98 50 
2.71 f 0.03 0.97 36 
2.74 f 0.02 0.98 50 

780 
680 
570 

1150 
900 

1000 
980 
610 
650 
620 
530 
190 
110 

"Data shown were calculated from three or more analyses. O/P is 
the average number of water oxygens in the y-phosphoryl of each ATP 
synthesized. The partition coefficient, Pc, is the probability of bound 
ATP undergoing oxygen exchange prior to release. R is the number of 
reversals of bound ATP formation prior to release of ATP. The P, and 
R values are calculated from the distribution of ['*O]ATP species 
formed as described previously (Hackney et al., 1980). The rate of 
reversal, p ,  is the product of the reversals, R,  and the rate of ATP 
synthesis from Figure 3 .  @mol (me of chlorophyll)-I h-l. 

catalysis is occurring. At near saturating ADP and Pi there 
is still nearly one reversal of formation of bound ATP before 
its release. This is in agreement with earlier findings (Shavit 
et al., 1967; Avron et al., 1965; Kohlbrenner & Boyer, 1983). 

The rate of bound-ATP formation and cleavage, p (Table 
I), also shows the striking fact that the rate of this reaction 
reversal remains approximately constant although there is an 
over 90-fold increase in the net reaction velocity as the ADP 
concentration is increased from 0.2 to 1000 pM. This is 
consistent with each synthase always having a bound ATP 
present that is subject to a constant rate of cleavage. The fall 
in the observed rate of reaction reversal, as the concentration 
of added ADP is lowered to 0.1 pM or less, could represent 
the decreased occupancy of single cataltyic sites. These results 
together with the data on hexokinase-inaccessible ATP are 
considered further under Discussion. 

Distribution of ['80]ATP Species Formed. If catalytic sites 
participate sequentially as suggested for the binding change 
mechanism, the distribution of [y-180]ATP species formed 
should be homogeneous as predicted for a single reaction 
pathway at  all ADP concentrations. This was shown to be 
the case for photophosphorylation at 20 pM ADP in the ex- 
periments of Hackney et al. (1979). The distributions observed 
for photophosphorylation at a low (0.4 pM) and a relatively 
high (500 pM) ADP concentration are shown in Figure 2. 
They correspond to those expected for a single catalytic 
pathway. The results allow approximation of the expected 
distributions at various ADP levels if ATP hydrolysis was 
occurring by action of two independent catalytic sites with 
characteristics as indicated by initial velocity data given in the 
following section. Such independent sites should give rise to 
detectable heterogeneity of ['*O]ATP species for the 0.4 and 
500 pM ADP samples. But a more sensitive test for two 
pathways of Pi formation is provided by an assay at  an in- 
termediate ADP level. At 10 pM ADP about the same 
amounts of ATP should be formed by each postulated inde- 
pendent catalytic site. Figure 3 shows the observed pattern 
of [180]ATP species formed, that predicted for the binding 
change mechanism with cooperative catalytic sites and that 
predicted for independent catalytic sites with exchange 
characteristics as given for the low and high ADP in Figure 
2. The observed distribution corresponds well to that predicted 
for a single reaction pathway, as in the binding change 
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FIGURE 2: Observed and theoretical distributions of l 8 0  in ATP formed 
by the chloroplast ATP synthase at low and high ADP concentrations 
where upper and lower limits of oxygen exchange are found. The 
ATP species formed from ['80]Pi at 0.4 and 500 WM ADP are 
disi ated as P1800, P'801, PI8O2, and P1803 according to the number 
of * F 0 atoms present in the y-phosphoryl group. 
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FIGURE 3: Observed and theoretical distributions of ISO in ATP formed 
at an intermediate ADP concentration where oxygen exchange is 
between the upper and lower limit. 

mechanism. This confirms and extends the earlier data of 
Hackney et al. (1979). There is a quite small deviation of the 
distribution at 10 pM ADP from the theoretical prediction. 
The nature of the deviation suggests that there could be a small 
amount of photophosphorylation occurring with a high level 
of exchange as in single-site catalysis. However, additional 
experimentation would be necessary to determine if this is the 
case. 

ADP Concentration-Velocity Relationships. If slow sin- 
glesite catalysis occurs when the ADP concentration is lowered 
below 1 pM, as indicated by the preceding results and as 
predicted by the binding change mechanism, then substrate- 
binding properties should be reflected by initial velocity 
measurements. To our knowledge, initial velocity measure- 
ments at  ADP concentrations far below those required for 
half-maximal velocity have not been reported. 

Figure 4 is an Eadie-Hofstee plot of velocity measurements 
over a 10 000-fold range of ADP concentrations from 0.1 pM 
to 1 mM. As predicted, distinctly biphasic behavior is ob- 
served. From this plot we estimate an So,s of 31 pM for the 
high substrate range and 0.62 pM for the low substrate range. 
Similar values are obtained from 1 /v vs. 1 / S  plots. Corre- 
sponding V,,, values are 907 and 37 pmol (mg of chloro- 
phyll)-' h-*. 

The higher So,s value of 31 pM corresponds to the apparent 
K, for photophosphorylation that has been frequently observed 

V/[Sl, L. h?.m$ chlorophyll 

FIGURE 4: Effect of a wide range of ADP concentrations on the rate 
of photophosphorylation as demonstrated by an Eadie-Hofstee plot. 
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FIGURE 5: Measurement of the retention of bound ATP at catalytic 
sites during photophosphorylation at low ADP concentrations. Re- 
actions were pulsed with 32Pi approximately 10 s prior to quenching. 
Extrapolation to 1 /[hexokinase] equals zero gives a measure of the 
bound ATP at catalytic sites (Rosen et al., 1979). 

(Bennum & Avron, 1965; Harvey & Brown, 1969; Ryrie & 
Jagendorf, 1971). The lower So.5 points to the presence of 
catalytic sites with a high affinity for ADP. These findings 
are as expected for a negative cooperativity of ADP binding. 
At the lower ADP concentrations reversal of bound ATP 
formation at  catalytic sites continues, but net catalysis is slow 
because the ATP is released slowly. With higher ADP con- 
centrations the rate of ATP release is rapid. The negative 
cooperativity of ADP binding is accompanied by a positive 
cooperativity of catalysis. 

Level of Bound, Catalytic ADP at Low ADP Concentra- 
tions. If the low So.5 and V,, reported in this paper for less 
than micromolar ADP concentrations reflect single-site ca- 
talysis of tightly coupled alternating sites, then when ADP 
concentrations are above 1 pM, at least one catalytic site per 
synthase should be filled with bound ADP or ATP. As the 
ADP concentration is reduced, to less than the So.s value of 
0.6 pM, a corresponding decrease in the fraction of catalytic 
sites retaining bound ATP and ADP should be evident. To 
measure the amount of ATP that is transiently tightly bound 
during net ATP synthesis, we used the hexokinase-accessibility 
technique as described by Rosen et al. (1979). This is based 
on the measurement of the total amount of ATP in the reaction 
medium (after an acid quench) as the hexokinase concentration 
is increased to high levels and extrapolated to infinite hexo- 
kinase. 

1/ [hexokinasd, pl/unit 
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The results given in Figure 5 demonstrate that when the 
ADP concentration is 1 pM or less, the level of hexokinase- 
inaccessible ATP fails. This is as expected if the enzyme shows 
a negative cooperativity of ADP binding and has a high-affinity 
cataltyic site with a Kd for ADP of about 1 pM. 

Under some conditions, a portion of the newly formed ATP 
released from catalytic sites appears to bind to sluggish or to 
noncatalytic sites in preference to reacting with hexokinase 
(Shavit, 1980; Smith et al., 1983). Thus, all the hexo- 
kinase-inaccessible ATP may not be at  the sites responsible 
for most of the net catalysis. Transfer of ATP to sluggish or 
noncatalytic sites is expected to be small at  the low photo- 
phosphorylation rate and high hexokinse concentrations used 
in these experiments. Rosen et al. (1979) demonstrated that 
several seconds were required for labeling of such sites even 
with 1 mM ADP. We observed that with 4 pM ADP that over 
85% of the hexokinase-inaccessible ATP disappeared within 
a few seconds after a SO-fold excess of unlabeled Pi was added. 
The total amount of bound ATP decreases markedly when 
medium ADP drops below 1 pM, and the amounts observed 
are an upper limit. The conditions of the formation of this 
bound ATP and its properties give assurance that it is mostly 
at sites involved in the principal catalytic pathway. 

DISCUSSION 
The measurements at  low ADP concentrations, of the net 

rate of photophosphorylation, of the amount of ATP bound 
at catalytic sites, and of the water-oxygen incorporation into 
ATP formed reveal a behavior of the chloroplast ATP synthase 
consistent with the predictions based on the binding change 
mechanism with sequential catalytic site participation. Cat- 
alytic sites with low turnover capacity are present on the 
synthase and approach saturation at around 1 pM ADP. The 
reversible interconversion of bound ADP and PI to bound ATP 
continues at this site at about the same rate as when additional 
catalytic sites are filled at  much higher ADP concentrations. 
The release of a tightly bound ATP is definitely rate limiting. 

The chloroplast ATPase likely has an a3&y6c subunit 
stoichiometry (Merchant et al., 1983; Moroney et al., 1983) 
and thus three potential catalytic sites. The results reported 
here can be accommodated by sequential participation of only 
two catalytic sites. Possibly only two of the three potential 
catalytic sites on the synthase are operative, but for reasons 
of symmetry of function we feel it is likely that all sites par- 
ticipate equally. A more reasonable possibility is that the rate 
with two sites occupied is not much less than that with three 
sites occupied. In addition, negative cooperativity of binding 
may offset the effects of positive catalytic cooperativity on the 
reaction velocity. Differences in apparent K ,  values for the 
filling of the second and third sites would not be revealed by 
our limited data. 

The behavior when the ADP concentration is 1 pM or less 
could reflect single-site catalysis, but our data are insufficient 
to establish this possibility. Although the fall in the level of 
hexokinase-inaccessible ATP when ADP is reduced below 4 
pM is consistent with the occurrence of single-site catalysis, 
present measurements can only be regarded as approximations 
of the number of participating sites per synthase. There is 
uncertainty not only in the extrapolation to infinite hexokinase 
but also in the equilibrium between bound ATP and ADP + 
Pi and in the total concentration of potentially active sites 
present. Similar data with the mitochondrial F, ATPase in- 
dicated that single-site catalysis might occur with 0.1-1 pM 
ATP (Gresser et al., 1982), but the remarkably high affinity 
of the ATPase for the first ATP bound (Grubmeyer et al., 
1982) makes it likely that two-site catalysis was being observed. 

S T R O O P  A N D  B O Y E R  

The upper limit of oxygen exchange found at low ADP 
concentrations can be used to estimate the change in the ATP 
off-rate that occurs when ADP + Pi binding allows proton- 
motive force energy to be used. The ATP formed at  the 
catalytic site is being released about 50 times more slowly at 
low ADP concentrations than at high ADP concentrations as 
shown by the change in reversals in Table I. This is still a 
much more rapid release than that of the tightly bound ATP 
at the catalytic site of deenergized thylakoids as observed by 
Smith et al. (1983). The higher rate with the energized 
thylakoids may represent the ability of protonmotive force to 
drive the energy-linked binding change without substrates at 
an alternate site. This would lead to a waste of energy because 
bound ADP and P, would not be converted to bound ATP 
when the ATP is released from an alternate site. However, 
a control system that allowed energy-using steps to be non- 
productive at these very low substrate concentrations would 
still satisfy biological requirements, in particular, because 
photophosphorylation would be occurring in vivo at ADP 
concentrations above 250 pM (Santarius & Heber, 1965). 

When isolated CF, ATPase cleaves low concentrations of 
ATP, the rate of reversal of cleavage of bound ATP, from the 
data of Kohlbrenner & Boyer (1983), is about 2 mol s-l (mol 
of CF1)-'. However, during synthesis (see Table I) the rate 
of reversal is about 190 mol s-l (mol of membrane-bound 
CF1)-'. It is apparent that the combination of the CF, with 
the membrane and energization of the membrane considerably 
increase the rate of interconversion of bound substrate. The 
poorly understood factors that contribute to the relatively low 
ATPase activity of CF1 likely also limit its rate of oxygen 
exchange. 

Although substrate binding and product release are the 
principal energy-requiring steps, energization may affect the 
interconversion step some. The net rate of ATP synthesis for 
a chloroplast thylakoid preparation at high substrate is about 
800 nmol (mg of chlorophyll)-l h-l and is equivalent to about 
170 mol s-l (mol of ATP synthase)-', or about the same as 
the rate of reversal of bound ATP cleavage; therefore, the 
energy-linked conformational transition leading to the release 
of bound ATP must occur only when ATP and not ADP + 
Pi is present at the catalytic site, or the equilibrium must be 
shifted in favor of ATP during the conformational transition. 
Some effect on the equilibrium interconversion by energization 
is indicated by the data of Sherman & Wimmer (1983) 
showing a decrease in oxygen exchange during ATP hydrolysis 
by chloroplast thylakoids in the presence of uncouplers. This 
decrease could, however, result from the factors that decrease 
CF, ATPase activity in contrast to ATP synthase activity. 

The behavior reported here for chloroplast photo- 
phosphorylation is similar to related observations with mito- 
chondrial oxidative phosphorylation. For example, Hackney 
& Boyer (1978) noted that lowering the ADP concentration 
to 5 pM with the mitochondrial enzyme increased the number 
of reversals of bound ATP formation to about 80, and Gresser 
et al. (1979) showed that nearly 0.6 ATP/mol of bound F, 
ATPase on submitochondrial particles remains inaccessible 
to hexokinase during net oxidative phosphorylation at 1 pM 
ADP. 

The l 8 0  exchange data in this paper could by themselves 
be explained by the presence of two types of synthase, one fully 
active at  low ADP concentration giving lots of exchange and 
another type capable of much more rapid reaction but re- 
quiring high ADP concentrations. But such a possibility is 
ruled out by the earlier experiments of Hackney et al. (1979) 
showing that a single reaction pathway was involved at ADP 
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et al. (1983) showed that ATP is very tightly bound to the 
synthase when net photophosphorylation is blocked by addition 
of ammonia or EDTA and it continues to undergo slow oxygen 
exchange. The tight ATP is thus at a catalytic site. In ex- 
periments with both isolated and thylakoid-bound CFI AT- 
Pase, Feldman & Sigman (1982) have shown that a tightly 
bound ATP is slowly formed from enzyme-bound ADP at a 
catalytic site in the presence of high medium Pi concentrations. 
This is in accord with the energy-driven conformational change 
being necessary to allow both the competent binding of Pi and 
ADP and the release of ATP. 

The oxygen exchange data show that even at high ATP an 
average of about 0.8 reversal of ATP formation occurs before 
ATP release. This continued oxygen exchange could logically 
be the result of some synthesis by a modified or partially 
inactivated enzyme form that gave extensive change with the 
bulk of the synthesis occurring with little or no exchange. But 
the distribution of ['*O]ATP species shows that only one re- 
action pathway is involved. Thus, release of ATP still con- 
tributes appreciably to rate limitation even under optimal 
photophosphorylation conditions. This could reflect the 
maximum rate of the energy-linked binding change. 
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ABSTRACT: Electron paramagnetic resonance (EPR) a t  15 K was used to probe the magnetic interaction 
between the visible copper CuA2+ and ferric cytochrome a in the carbon monoxide compound of beef heart 
cytochrome oxidase. At pH 8.6, the midpoint potentials (Em’s) for one-electron oxidation of CuA+ and 
cytochrome a2+ were found to be 195 and 235 mV, respectively. Because the E ,  of CuA is well below that 
of cytochrome a under these conditions, the microwave power saturation of CuA could be measured as a 
function of percentage cytochrome a oxidized. Although progressive power saturation data directly provide 
only the product of the spin-lattice and transverse relaxation rates A[ 1/( T1T2)] ,  Castner’s theory for the 
saturation of inhomogeneously broadened lines [Castner, T. G., Jr. (1959) Phys. Rev. 115 (6),  1506-15151, 
along with our own theoretical formulation of the dipolar T2, enabled us to determine the change in T1 of 
CuA due to dipolar relaxation by cytochrome a. The orientation of the principal g values of CuA with respect 
to those of cytochrome a was evaluated in partially oriented membranous multilayers. When allowance 
was made for uncertainties in the relative CuA-cytochrome a configuration and in the dipolar axis-magnetic 
field orientation, a range for the spin-spin distance r was calculated on the basis of the dipolar T ,  of the 
g, component of CuA. This distance range was further restricted by consideration of T1 for the nonunique 
orientations of CuA giving rise to the g,, signal. Only those values of r are possible for which the calculated 
Tl ratio (g,/g,) is equal to the experimentally determined ratio. To allow for T1 effects due to scalar exchange 
interaction, a small correction to the dipolar-only distance was calculated. No line broadening consistent 
with either dipolar or exchange coupling was detected. Taken together, all of the available data lead us 
to conclude that the Cu,-cytochrome a distance falls within the range 8 8, I r I 1 3  8,. 

c y t o c h r o m e  oxidase (ferrocytochrome c:02  oxidoreductase; 
EC 1.9.3.1), the terminal enzyme of the mitochondrial elec- 
tron-transfer chain, is responsible for the concerted transfer 
of four electrons to molecular oxygen in an energy-yielding 
redox reaction, resulting ultimately in ADP phosphorylation. 
Four metal ions are present, each capable of one-electron 
oxidation/reduction: the two heme iron atoms of cytochromes 
a and a3 and two copper atoms, CuA and CuB. 

Stopped-flow optical absorbance experiments revealed the 
sequence of events in the reaction with cytochrome c to be 
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reduction of cytochrome a (Gibson & Greenwood, 1965) with 
a second-order rate constant of k = lo7 M-’ (Andreasson 
et al., 1972) followed by much slower transfer to cytochrome 
a3 and, presumably, CuB (Brunori et al., 1979). Gibson & 
Greenwood (1965) monitored the 820-nm band and observed 
a rapid decrease in absorbance, slightly less rapid than the 
change at 605 nm but much more rapid than the slower phase. 
They concluded that copper (Le., CU,) is involved in the initial 
stages of electron transfer from cytochrome c. Using a rap- 
id-freeze technique, Beinert et al. ( 1  976) followed changes in 
the electron paramagnetic resonance (EPR) signals of CU, 
and cytochromes a and a3 upon reaction with reduced cyto- 
chrome c. They found that both CuA and cytochrome a are 
reduced in the rapid phase of electron transfer to cytochrome 
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