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1. INTRODUCTION 

The molecular mechanism of ATP synthesis in 
energy-transducing membranes has been extensive- 
ly investigated, Studies on the dependence of the 
steady state rate of phosphorylation on the concen- 
tration of substrates, including the effects of 
energy input [l-4], substrate analogs [5,6], and 
specific inhibitors [6], have implicitly assumed that 
the kinetic behavior of the ATP synthetase does 
not greatly depart from that of a soluble enzyme. 
Thus, changes in the apparent affinity for 
substrates were interpreted in terms of enzyme 
conformational changes or interaction between 
multiple substrate binding sites on the enzyme. 
When energy input was lowered by varying the rate 
of electron transport by chloroplast membranes, 
the apparent affinity for ADP increased when light 
intensity was decreased [3,4], while with un- 
couplers the apparent affinity decreased [4]. These 
results suggest a rather complex mechanism for the 
regulation of the ATP synthetase, involving dual 
modulation of both the catalytic ability (V,,,) and 
the affinity for substrates (K, and/or I/,,,/&,) 
1731. 

We proposed that a free species of newly formed 
ATP diffuses slowly from a space near the ATP 
synthetase and is not accessible to hexokinase [9]. 
Analysis of the kinetic behavior of enzymes im- 
mobilized on or within solid supports, as observed 
from macroscopic measurements, has shown the 
importance of slow translocation of substrates, 
products and effecters to or from the site of en- 
zymic reaction [lo-121. Here, we show that the 
steady state rate of phosphorylation may be 
limited by mass transfer of nucleotides to and/or 
from a space surrounding the membrane bound 
ATP synthetase. 

2. MATERIALS AND METHODS 

Abbreviations: BSA, bovine serum albumin; CF,, 
coupling factor 1, the ATP synthetase/hydrolase of 
chloroplast membranes; EDTA, ethylenediaminetetra- 
acetic acid; Tricine, N-tris (hydroxymethyl)methyt- 
glycine 

Chloroplast thylakoids were isolated from fresh 
market lettuce by conventional procedures [9], 
washed once with 0.4 M sucrose, 1 mM 
Tricine-NaOH (pH 8.0) and resuspended in the 
same medium {control thylakoids). ~ypotonically 
treated thylakoids were obtained by adding 100 
vol. 0.5 mgfml bovine serum albumin (BSA), 1 
mM Tricine-NaOH (pH 8.0) to 1 vol. once- 
washed, drained thylakoid pellets. After 
homogenization and centrifugation at ZOO00 x g 
for 10 min, the particles were resuspended in 0.1 
mgBSA/ml, 1 mM Tricine-NaOH (pH 8.0). 
Heavy particles (- IO-30%) were removed by cen- 
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trifugation at 4000 x g for 90 s and discarded; the 
remaining hypotonically treated thylakoids were 
collected (20~ x g, 10 min) and resuspended in 
0.4 M sucrose, 1 mM Tricine-NaOH @H 8.0). 
The CFr content of both preparations, as 
estimated by heat-activated Ca2+-ATPase activity 
[13], was similar. Chlorophyll was estimated as in 

fl41. 

The standard reaction mix contained in 1 ml the 
following components @mol); Tricine-NaOH (pH 
8.0) 50; sucrose, 140; EDTA-NaOH, 1.5; 
MgO-Tricine, 6.5; NaKH32POs, 10 (cont~ning 
6-20 x 106 cpm); glucose, 20; ADP, 0.005-0.2; 
phenazine methosulfate, 0.04; BSA, 0.5 mg; hexo- 
kinase, 20 units; and thylakoids containing 8-12 
pg chlorophyll. The complete reaction mixes were 
preincubated in the dark for 1 min in a thermostat- 
ted (22%) water bath before illumination with 
four 300 W lamps (white light at -0.2 W/cm’). 
The reactions were terminated in the dark by ad- 
ding 0.5 ml 10% trichloroacetic acid, and the 
radioactivity incorporated into the organic 
phosphate fraction was determined [9]. In ex- 
periments in which hexokinase was not saturating 
(non-linear time course), both the initial and 
steady state rates of total “Pi incorporation were 
determined and plotted vs initial or steady-state 
[ADP] (calculated as in [9]), respectively. 

3. RESULTS 

The properties of thylakoids submitted to a tran- 
sient hypotonic shock were compared with those of 
control thylakoids washed in isotonic medium. 
Their phosphorylating activity was determined, us- 
ing a hexokinase trap to provide a constant [ADP] 
under steady state conditions. Fig. 1 shows 
Lineweaver-Burk plots of the dependence of 32Pi 
incorporation on [Pi] or [ADP] at steady state, 
with control or treated thylakoids. The hypotonic 
treatment does not appear to affect the catalytic 
ability (V,& of the thylakoids (fig, IA,B) or the 
apparent affinity for Pi (fig. IA). However, it 
causes a significant increase in their affinity for 
ADP (fig. lB), as indicated by a decrease in the ap- 
parent Km and increase in the limiting pseudo 
second-order rate constant (ti’m,/K,). This con- 
clusion is supported by the pseudo first-order 
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Fig. 1. Dependence of phosphorylation on [PI] and 
fADPf with control and hypotonicalfy treated 
thylakoids. E~~rirn~~t~ conditions as in section 2. 
Control (a ,o) and treated thylakoids (A ,o) contained 9 
~g chl. (A) [ADP], 0.5 mM; (B) [Pi], 10 mM. The 

calculated parameters are also given. 

kinetics of the phosphorylation of low amounts of 
ADP with both preparations in the absence of hex- 
okinase (not shown). The increase in the apparent 
affinity for ADP in hypotonically treated 
thylakoids was observed in -30 expt, done with 
thylakoids prepared and assayed in different 
media, although sometimes we also observed a 
lower -lO-40%) catalytic ability. This may have 
been due to damage of the membranes during 
hypotonic treatment. 

AT low [ADP], the velocity of Pi incorportation 
in the presence of hexokinase might also be deter- 
mined by the capacity of hexokinase to steadily 
resupply ADF to the phospho~lating system, 
With treated thylakoids, at low [ADP] and 
saturating light intensity, the supply of ADP by the 
hexokinase reaction is strongly limiting (fig. 2). In 
contrast, with control thylakoids, the 
phosphorylation rate is lower and hexokinase is 
much less limiting (saturation is reached at a lower 
enzyme concentration). Since we have no reason to 
assume that the activity of hexokinase is different 
with either thylakoid preparation, these results 
suggest that the supply of newly formed ATP to 
the hexokinase present in the bulk medium is more 
efficient with hy~toni~ally treated thylakoids. 
Thus, the hypotonie treatment seems to remove a 
kinetic diffusion barrier for ATP. 

The effect of light intensity on phosphorylation 
as a function of [ADP] is given in fig. 3. With 
hypotonically treated thylakoids a family of 
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straight lines with similar slopes is obtained, which 
indicates that the rate-limiting step is indepenent of 
light intensity. However, with control thylakoids, 
we observe a non-linear dependence on [ADP] 
showing that light intensity limits the reaction rate 
only at high [ADP]. In the inset to fig. 3, we com- 
pare the normalized phosphorylation velocities 
with both preparations at two light intensities. At 
low light intensity and high [ADP], the reaction in 
both preparations shows the same dependence on 
[ADP]. However, at high light intensity or at low 
[ADP], the reaction in control thylakoids appears 
to depend more on [ADP]. Similar results were 
also obtained when thylakoids were prepared and 
assayed at relatively high ionic strength. 

The rate of phosphorylation was also controlled 
with uncouplers (fig. 4). The presence of nigericin 
and K+ decreases both the apparent Vmax and K, 
in control and hypotonically treated thylakoids. 
However, with the treated thylakoids the apparent 
K, is much less affected (fig. 4B and inset). We ob- 
tained similar resuhs with ammonium chloride and 
carbonylcyanide p-trifluoromethoxyphenylhydra- 
zone. 

At saturating light intensity and [Pi], the 
phosphorylation rate at low [ADP] was consistent- 
ly higher with treated than with control thylakoids. 
Thus, we compared the degree of stimulation by 
hypotonic treatment, at low and high [ADP], with 

Fig. 2. Effect of hexokinase on the steady state rate of 
phosphorylation at low [ADP]. The values given for the 
linear rates obtained betweeen 5-35 s of illumination 
and at 18pM ADP. Control (0) or treated (0) 
thylakoids contained 94 pg chl. Control experiments 

showed that light intensity and [Pi] were saturating. 

the catalytic ability when the rate of phosphoryla- 
tion was controlled by varying the light intensity or 
[Pi], or by adding phlorizin, an energy transfer in- 
hibitor (fig. 5). At high [ADP] the rate is not 

I /[ADPI - mM-’ I /[nOPI - mM_’ 

Fig. 3. Effect of light intensity on the steady state rate 
of phosphorylation. Experimental conditions as in fig. 
1. Light intensities were: 0.20 (v,~), 0.11 (A,A), 0.07 
(IJ,~), and 0.04 (0,o) W/cm’. (A) Control (12 ,ug chl); 
(B) treated thylakoids (7 pg chl). Inset: normalized 
double reciprocal plots with both preparations at the 

lowest and highest light intensities. 
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Fig. 4. Effect of nigericin and K’ on the steady state rate 
of phosphorylation. Experimental conditions as in fig. 
1. [K+] was 30 meq/l and nigericin concentrations (SrM) 
were: 0 (v,~); 0.2 (A,A); 0.67 (0,~) and 2.0 (0). (A) 
Control (6cg chl); (B) treated thylakoids (10 rg chl). 
Inset: apparent K,,, values obtained by non-linear 
regression of the data shown in (A,B). For control 
thylakoids, the velocities with 2pM nigericin were too 

low to permit an accurate analysis. 
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Fig. 5. Correlation between the catalytic ability and the 
observed stjmu~at~on at low [ADP] following hypotonic 
treatment. Rate of phosphorylation was controlled in 
each experiment by varying: (o,o) light intensity, 
0.04-0.2 W/cm’; (0,~) [Pi]7 O.l-10mM; of (A,A) 

phlorizin, O-2 mM. Stimulation was calculated as the 
increase in velocity (~r,~~d - v,,,r,r) divided by the 
vekcity for the controt at low (open symbolsf or high 
fADP] (solid symbofs). The maximal activity was taken 
as the velocity of control thylakoids at high [ADP]. The 
largest stimulations were 52, 58 and 73% for light 
intensity, Pi and phlorizin experiments, respectively. The 
highest maximal activities (mmol.mg chl-‘.s”“‘) were 
230, 320 and 360 in the same order. Other conditions 

were as in fig. 1. 

stimulated in treated thylakoids, while at low 
[ADP] the stimulation is directly proportional to 
the catalytic ability of both preparations. 

4. DISCUSSION 

The above results can be explained by a simple 
model in which phosphorylation, catalyzed by 
broken chloroplasts prepared in an isotonic 
medium, is kinetica& limited by the transfer of 
nucleotides from the bulk medium to the ATP syn- 
thetase, and/or vice versa, Reactions catalyzed by 
enzymes immobilized on a surface or in solid 
matrices appear to be strongly limited by the mass 
transfer of substrates to the enzyme [M-12]. When 
the rate of catalysis is higher than the rate of diffu- 
sion of substrate to the immobilized enzyme, the 
concentration of substrate in the enzyme environ- 
ment is lower than in the bulk medium. Such a dif- 
fusion effect lowers the reaction velocities observ- 
ed with immobilized enzymes at non-saturating 
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substrate concentrations. Derivation of K, and 
I/,&K,,, from the dependence of the reaction rate 
on the medium (rather than the local) substrate 
concentration gives apparent higher Km and lower 
Vm,JK, values than those inherent to the enzyme. 
However, V,,,,, estimated at saturating substrate 
concentration is not related to diffusion. 

The ATP synthetase bound to the thylakoid 
membrane surface, under optimal conditions, can 
phospho~late ADP efficiently (high V,,,!K=) at 
very high rates (kcat = 300-500 s-r). Since the en- 
vironment of the membrane-bound ATP syn- 
thetase is probably not an ideal aqueous solution, 
in which solutes diffuse rapidly, the diffusion of 
nucleotides to the enzyme active site might limit 
the steady-state velocity of the process. Under our 
experimental conditions, when hexokinase is used 
to provide a constant [ADP], any limitation im- 
posed by slow diffusion of solutes will be 
magnified due to the limited diffusion of both the 
substrate {ADP) and the product (ATP). 

Hypotonic treatment and washing of normally- 
prepared thylakoids may be expected to remove ex- 
isting diffusion layers by opening the grana stacks, 
Thus, in normally-prepared thylakoids, the diffu- 
sion of solutes may limit the rate of reaction under 
certain conditions, a conclusion based upon the 
following results: 
(1) The catalytic ability (V,& is not affected by 

the hypotonic treatment, but the apparent af- 
finity for medium ADP is markedly increased 
(fig. 1); 

(2) The apparent better accessibility of the newlv 
formed ATP to hexokinase (fig. 2) indicates 
that a higher steady-state concentration of free 
ATF may accumulate in the near environment 
of the enzyme in normally prepared mem- 
branes [9]; 
The relative stimulation of phosphory~at~on {at 
low [ADP]) caused by the treatment is decreas- 
ed when the catalytic ability is artificially 
lowered (fig. 5), suggesting that the limitation 
due to diffusion is relieved. 
With Pi, which is utilized much less efficiently 
(low V=,/K&, the apparent affinity is not af- 
fected (fig. 1) [6]. 

Light intensity, which strongly limits I/max in 
both preparations, has much less effect on the ac- 
tivity of control thylakoids at low [ADP]. Assum- 
ing that the slope of the curves obtained in double 
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reciprocal plots represents the substrate-dependent 
rate limiting step [7,8] allows one to differentiate 
between two microscopic steps involving ADP 
(essentially independent of light intensity), which 
may limit the reaction rate in control thylakoids 
(fig. 3). One step probably represents a property 
inherent to the membrane-bound ATP synthetase, 
since it also limits the reaction with treated 
thylakoids. This limitation is observed at low light 
intensity and becomes predominant at high [ADP]. 
The second is a relatively slow step which becomes 
predominant at low [ADP] and therefore may 
represent the limitation imposed by the mass 
transfer of nucleotides from the bulk medium to 
the ATP synthetase. The relative limitation by 
each step on the utilization of ADP will be deter- 
mined by the balance between the rates of mass 
transfer and enzymatic catalysis. In contrast to 
light intensity, uncouplers strongly affect the rate 
limiting step of the reaction both with control and 
treated thylakoids (lower I’,,,,/K,), in addition to 
the inhibition of their catalytic activity (fig. 4). 
Thus, uncouplers may affect both of the above- 
mentioned steps involved in ADP utilization. This 
complex relation between energy input and ADP 
association is being studied further. 
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