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The light + dithiothreitol-induced chloroplast ATPase is rapidly deactivated by tight binding of ADP to CF I whereas 
ADP binding and ADP-dependent inactivation, respectively, are decelerated by inorganic phosphate. Sodium azide 
specifically prevents the effect of phosphate on ATPase activity but does not change tight ADP binding significantly. 
Azide is concluded to interact as a competitor to phosphate with an intermediate enzyme form containing a loosely 
bound ADP. The ATPase" azide- ADP complex, in contrast to the ATPase .  phosphate- ADP complex, forms an 
inactive enzyme species. 

Introduction 

In bacteria, mitochondria and chloroplasts, synthesis 
of ATP from ADP and phosphate by utilization of 
energy from a transmembrane electrochemical gradient 
is catalyzed by proton-translocating ATPase complexes 
(F0-FI). Although many details are known about the 
structure and the functional properties of the ATPases, 
fundamental questions of energy conversion within the 
complexes and their regulation are still open. 

ATPase inhibitors are useful tools in the study of 
partial steps of the reaction chain. For example, the 
covalent reaction of the carbodiimide, N , N ' - d i -  

cyclohexylcarbodiimide (DCCD), with the proteolipid 
subunit of the F 0 moiety elucidated the significance of 
this subunit in proton translocation [1-3]. On the other 
hand, a variety of compounds are known to react with 
the F 1 moiety, such as phlorizin [4], Dio 9 [5] or various 
anthraquinone dyes [6], which are inhibitors of the 
chloroplast ATPase. Among others, azide was found to 
interact with the F0-Fl-type ATPase of mitochondria 
and bacteria. Interestingly, the ATP-hydrolyzing activ- 
ity and the ATP-synthesizing activity of mitochondria 
[7,8] and E. coli [9] showed different sensitivities to 
azide. This result was taken as evidence for different 

conformations or catalytic sites being involved in the 
forward and backward reactions, respectively. In chlo- 
roplasts, neither ATP synthesis nor ATP hydrolysis is 
affected by azide. There is, however, a very particular 
effect of azide on regulation of the ATPase, as will be 
shown in this communication. 

Multiple regulatory mechanisms are responsible for 
control of the H+-ATPase of chloroplasts, the main 
regulatory factors being the transmembrane proton 
gradient, thiols and nucleotides. Thiols like dithiothrei- 
tol (DTT) or the natural thiol donor protein thioredoxin 
are capable of reducing a specific disulfide bond in 
"t-subunit of CF 1 [10,11]. While the oxidized enzyme is 
catalytically active only above a certain threshold A/2H+ 
[12], the reduced form may retain activity over several 
minutes, even in a fully deenergized membrane, and 
therefore is capable of hydrolyzing added ATP [13,14]. 
However, the addition of ADP at micromolar con- 
centrations before the addition of substrate ATP trig- 
gers deactivation within a few seconds [15]. Inactivation 
is caused by ' t ight '  binding of ADP to CF 1 [16,17]. 
Binding of ADP as well as inactivation is largely 
abolished by inorganic phosphate [15,17,18]. The results 
shown in this paper demonstrate that azide interferes 
with the regulatory action of ADP and phosphate on 
the chloroplast ATPase. 

Abbreviations: DCCD, N,N'-dicyclohexylcarbodiimide; DTT, di- 
thiotheritol; PMS, phenazine methosulfate; Chl, chloride. 

Correspondence: H. Strotmann, Institut fiir Biochemie der Pflanzen, 
Universit~it Diisseldorf, Universit~itsstrasse 1, D-4000 Diisseldorf, 
F.R.G. 

Methods 

Thylakoids from spinach leaves were isolated as in 
Ref. 16. Photosynthetic electron transport was mea- 
sured by oxygen consumption using an oxygen elec- 
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TABLE I 

Effect of azide on photosynthetic electron transport 

Thylakoids (50 ttg Chl/ml) were incubated in assay medium (see 
Methods) with the indicated supplements. NaN 3 (5 mM) was added 
15 s before the start of the reaction by light. 

Additions Rate of electron transport 
(~mol 0 2 / m l  Chl per h) 

control + azide 

- 34.0 34.7 
5 mM Pi 45.1 45.1 
20 ttM ADP 20.8 25.8 
5 mM Pi + 1 mM ADP 70.5 72.8 
0.5 p.M Nigericin 149.4 148.0 

trode in a system employing methylviologen as electron 
acceptor. The medium contained 25 mM Tricine buffer 
(pH 8.0), 50 mM KC1, 2 mM MgCI 2, 1 mM KCN and 
0.5 mM methylviologen. Further additions are indicated 
in the legend of Table I. The final volume was 2 ml, the 
temperature was 20 °C and the light intensity (red light, 
RG 630 filter, Schott) was 300 W.  m -2. 

For measurement of light-triggered ATP hydrolysis, 
thylakoids were preilluminated for 2 min (red light, 300 
W • m-2) in a medium containing 25 mM tricine buffer 
(pH 8.0), 50 mM KC1, 2 mM MgC12, 10 mM DTT and 
50 /~M phenazine methosulfate (PMS), before [7- 
32p]ATP was added as substrate in the dark. Further 
experimental details are given in the legends. Release of 
[32p]p i was analyzed as phosphomolybdate complex 
extracted by isobutanol/toluene as in Ref. 19. 

Transmembrane A pH formation was registered by 
the fluorescence of 9-aminoacridine [20] as described in 
Ref. 21. The medium was identical with the one used 
for the assay of ATP hydrolysis. Binding of [~4C]ADP 
was measured as in Ref. 29. 

Results 

The effect of 5 mM NaN 3 on photosynthetic electron 
transport from water to methylviologen was studied in 
an experiment shown in Table I. The results reveal no 
significant alteration of either uncoupled, coupled or 
basal electron transport (measured in the absence of 
ADP), indicating that azide acts neither as an electron 
transport inhibitor, nor as an ATPase inhibitor, nor as 
an uncoupler. This is corroborated by the lack of inhibi- 
tion of photophosphorylation (not shown). A slight 
increase of basal electron transport in the presence of 
ADP (without Pi) or ATP (not shown) is observed. 

The stability of the activated state of the ATPase 
established by preillumination of the thylakoids in the 
presence of DTT is strongly affected by ADP and 
phosphate (see Introduction). Table II shows rates of 
light-triggered ATP hydrolysis following 15 s reaction in 

TABLE II 

Rates of light-triggered A TP hydrolysis as affected by preincubation with 
phosphate, ADP arrd azide 

Thylakoids (25 p.g Chl/ml) were preilluminated for 2 min as de- 
scribed in Methods. After 15 s in the dark, the indicated additions 
were made and after a further 15 s, [32p]ATP (0.2 mM) was injected. 
Kinetics of [32p]p i formation were followed by taking samples after 
10, 20, 30 and 60 s. 

Additions 
(15 s before [32p]ATP) 

Rate of ATP hydrolysis 

(p.mol (%) 
[ 32 PlPi/rag 
Chl per h) 

I mM P~ 87.8 100 
1 mM Pi +2.5 mM NaN 3 87.8 100 
5 #M ADP 14.7 17 
5/.tM ADP+ 2.5 mM NaN 3 0.2 0 
5 #M A D P + I  mM Pi 81.8 93 
5 p.M ADP + 1 mM Pi + 2.5 mM NaN 3 35.6 41 

the dark with 1 mM Pi or 5 /zM ADP or both com- 
pounds together, respectively. In parallel samples, 2.5 
mM NaN 3 was added together with Pi and ADP under 
the same conditions. No effect of azide is observed in 
the control sample (Pi present). Preincubation with ADP 
causes about 80% deactivation of the ATPase, but full 
inhibition is observed when azide is supplied in addition 
to ADP. The enzyme is almost completely protected 
from ADP-induced inactivation by simultaneous 
addition of Pi, but protection is largely abolished in the 
presence of azide. 

Hydrolysis of ATP is coupled with the translocation 
of protons from the medium into the thylakoid lumen 
[22,23]. The formation of ATP-induced ApH under 
conditions similar to those employed in Table I was 
measured by 9-aminoacridine fluorescence (Fig. 1). The 
fluorescence traces indicate complete prevention of A pH 
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Fig. 1. Effect of 20 s preincubation of thylakoids with ADP, ADP+ Pi 
or ADP + Pi + NaN3 on ATP-induced formation of ,4 pH as measured 
by 9-aminoacridine fluorescence quenching. Thylakoids (24 #g 
Chl/ml) were preilluminated for 2 min in reaction medium (see 
Methods) containing 5 #M 9-aminoacridine. At the arrows, the in- 
dicated compounds were added to yield the following final concentra- 

tions: 0.2 mM ATP, 5/tM ADP, 0.7 mM Pi and 0.5 mM NaN 3. 



TABLE III 

Effect of azide on ATP-induced A pH in the presence of ADP and phosphate 

The indicated compounds  were added after 2 min preil lumination at the following final concentrat ions:  0.2 mM ATP, 1 mM Pi, 5 #.M ADP, 1 m M  
NaN 3. ApH values were calculated from traces of 9-aminoacridine fluorescence according to Ref. 20 on the basis of an internal thylakoid volume 
of 3 0 / t l / m g  chl, which was determined as in Ref. 21. 

Addit ions ApH % [ H+ ]i % 
(IzM) 

Time (s) after 
preil lumination: 15 25 55 

- - ADP,  Pi, ATP 3.03 100 10.7 100 
NaN 3 - ADP,  Pi, ATP  2.90 96 7.9 74 
- - ADP,  Pi, ATP, NaN 3 2.89 95 7.8 72 
- Pi ADP,  ATP 3.01 100 10.2 100 
NaN3 Pi ADP,  ATP 2.87 95 7.4 72 
- ADP,  Pi ATP 2.96 100 9.1 100 
NaN 3 ADP, Pi ATP 2.20 74 1.6 17 
NaN 3 (5 mM) ADP,  Pi ATP 1.72 58 0.5 6 
- ADP,  Pi ATP, NaN 3 2.62 89 4.2 46 

formation by previous reaction for 30 s with 5/.tM ADP 
(the instantaneous small decrease of fluorescence is due 
to artificial quenching caused by the addition of ATP) 
and the protective effect by simultaneous addition of P~. 
As in Table II, this protection is largely annulled by 
azide. 

Table III shows ApH values obtained by ATP hy- 
drolysis when ADP, Pi and azide were added, together 
with or before the addition of substrate ATP. When 
ADP and Pi are supplied together with ATP, a rather 
low inhibitory effect of azide is observed, irrespective of 
whether the compound is added simultaneously or be- 
fore addition of substrates. Likewise, inhibition is weak 
when azide and phosphate are allowed to react before 
the simultaneous addition of ADP and ATP or when 
azide is introduced together with ATP after preincuba- 
tion with ADP and phosphate. However, significant 
inhibition of A pH formation is observed when azide is 
present during the pretreatment with ADP and Pi. The 
inhibitory effect is even more pronounced when internal 
proton concentrations (calculated from the A pH values) 
are considered. These results permit the conclusion that 
azide prevents phosphate-dependent protection of the 
ATPase from ADP-induced deactivation and that the 
catalytic reaction itself is not sensitive to azide. The 
latter conclusion is confirmed by a result which demon- 
strates that azide is ineffective as an inhibitor of ATP 
hydrolysis in the presence of a pyruvate kinase system 
which provides continuous regeneration of the emerging 
ADP to ATP (not shown). 

A possible explanation of the azide effect might be 
competition of the azide anion with the phosphate 
anion at the site where phosphate displays its regulatory 
function. In order to scrutinize this working hypothesis, 
the abolition of ADP-dependent inactivation was 
analyzed as a function of phosphate concentration in 
the absence and presence of 0.5 mM N a N  3. The magni- 

tude of ,4 pH generated by subsequent addition of ATP 
was evaluated in Fig. 2A. Evidently, the effect of azide 
can be overcome by increasing the concentration of 
phosphate. At a phosphate concentration of 0.3 mM, 
for example, almost maximal ATPase activity is re- 
tained in the controls, but virtually no activity is detected 
in the presence of azide. On the other hand, at 1.5 mM 
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Fig. 2. Protection of  ADP-dependen t  deactivation of the ATPase  by 
phosphate  (A) and arsenate (B) in the absence and presence of 0.5 
mM NaN 3. As a measure  of activity, the ampli tude of ATP-induced 
A pH formation (measrued by 9-aminoacridine fluorescence) was 
evaluated. Thylakoids  were preil luminated as in Fig. 1. After  30 s in 
the dark, NaN 3 was added where indicated. 10 s later, 5 F M  A D P  plus 
phosphate  or  arsenate,  respectively, at the indicated concentrat ion 
were injected. The  ATPase  reaction was started by the addit ion of 0.2 
m M  ATP  after a further 30 s. A p H  values were calculated from the 

9-aminoacridine signals, as in Table III. 
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Fig. 3. Effect of 0.5 mM NaN 3 on tight binding of [14C]ADP in the 
absence and presence of 0.3 mM phosphate. Thylakoids (100 /tg 
chl /ml)  were preilluminated in reaction medium (see Methods) for 2 
rain. After 30 s in the dark, 0.5 mM NaN s was added (filled symbols). 
10 s later, 5 / tM [14C]ADP without (squares) or with (circles) 0.3 mM 
phosphate was injected. The open symbols show control curves (ab- 
sence of NAN3). At the indicated times, the samples were quenched 
and further treated as in Ref. 29. Total [14C]ADP was about 50 
mol /mol  CF I, the maximal binding of ti*C]ADP (measured after 15 

min) was about 0.9 mol/mol  CF 1. 

phosphate, the A pH values were almost identical in the 
azide-containing and in the control samples. As expected 
in a competitive system, the curve is shifted towards 
higher phosphate concentrations when NaN 3 is raised 
from 0.5 to I mM (cf. Table III). Fig. 2B shows similar 
results when arsenate is employed instead of phosphate. 
The protective arsenate concentrations are, however, 
higher by a factor of 2-3 than the phosphate concentra- 
tions. 

As phosphate decelerates tight binding of ADP and 
azide apparently acts competitively with phosphate, it 
was investigated whether NaN 3 is able to release the 
inhibitory effect of phosphate on ADP binding. Fig. 3 
shows the corresponding experiment which was con- 
ducted at 0.3 mM Pi and 0.5 mM NaN 3 in order to 
obtain the maximal azide effect according to Fig. 2A. 
Actually azide results in some stimulation of ADP 
binding which was suppressed by phosphate, but this 
effect is much lower than expected from the results 
obtained in Fig. 2. 

Discussion 

Effects of azide on ATPases from different sources 
have been reported in the literature. ATPase activity of 
membrane-bound and isolated F 1 from E. coli was 
found to be non-competitively inhibited by azide. While 
ATP hydrolysis was strongly affected even at low con- 
centrations (K~ = 39/~M), inhibition of ATP synthesis 
and ATP-P i exchange required much higher azide con- 
centrations [9]. More recently, it was reported that azide 
inhibited steady-state ATPase activity of E. coli F1 by 
lowering catalytic site cooperativity [30]. 

Non-competitive inhibition by azide of a membrane- 
bound DCCD-sensitive ATPase from the photosyn- 
thetic bacterium Chlorobium thiosulfatophilum has been 
reported by Burns and Midgley [24]. Reconstitution of 
isolated subunits of F t from the thermophilic bacterium 
PS 3 yielded ATP-hydrolyzing enzymes when the com- 
plexes either contained ~ + fl + 8 or fl + 3'. Only when 
subunit 3' was present, the complex showed sensitivity 
against azide, like the native ATPase [25]. Pederson [7] 
found about 70% inhibition of the isolated ATPase F 1 
from rat liver mitochondria by 0.1 mM NaN 3. He could 
not detect any effect of azide on tight binding of ADP. 
Some insight into the mechanism of azide inhibition 
permitted the study by Mo,yle and Mitchell [26]. Similar 
to the results reported in this paper, they found that 
phosphate and phosphate analogues like arsenate, 
sulfate, etc. increased whereas azide and some other 
univalent anions decreased the equilibrium between ac- 
tive and inactive ATPases of submitochondrial par- 
ticles. The ATPase of submitochondrial particles or 
isolated F 1 is inactivated by preincubation with low 
concentrations of ADP in the presence of Mg 2+ [8]. 
Reactivation, which can be effected by phosphoenol- 
pyruvate/pyruvate kinase, is blocked by NaN 3, suggest- 
ing that the inhibitory effect may be due to stabilization 
of an inactive enzyme-ADP complex [8]. 

Lack of inhibition of both ATP synthesis and ATP 
hydrolysis may be the reason for the low interest in 
azide in studies of the chloroplast ATPase. There is, 
however, a very specific effect of azide in nucleotide- 
and phosphate-dependent regulation of this ATPase, as 
shown by the preceding experiments. In deenergized 
membranes, the thiol-modified ATPase is deactivated 
by tight binding of ADP and this reaction is decelerated 
by phosphate. Regulatory binding of ADP is described 
by two consecutive steps, the reversible binding of the 
nucleotide molecule to form a 'loose' enzyme-ADP 
complex followed by the transfer to a 'tight' complex, 
which includes a conformational change of the binding 
site [16]. Since the latter step needs membrane energiza- 
tion for reversal, the overall reaction is practically uni- 
directional under deenergized conditions and is 
terminated when every ATPase molecule has incorpo- 
rated one ADP molecule [17]. The initial rate of tight 
ADP binding in deenergized membranes was found to 
be inhibited by phosphate in a non-competitive manner 
[27]. Provided that the formation of the tight enzyme- 
ADP complex is the rate-limiting reaction, the non- 
competitive type of inhibition may be interpreted as an 
interaction of phosphate with the nucleotide-free en- 
zyme form as well as the loose enzyme-ADP complex. 
Seemingly azide obviates the protective effect of phos- 
phate in ADP-dependent deactivation without changing 
the kinetics of ADP binding significantly. Since higher 
concentrations of phosphate in part can overcome the 
effect of azide, we may conclude competition between 



phospahte and azide. The fact that the action of azide 
requires the simultaneous presence of ADP indicates 
competition of phosphate and azide for the inter- 
mediate loose enzyme-ADP complex. The resulting 
ATPase. azide. ADP complex may be concluded to be 
inactive and further react to inactive tight ATPase. 
azide. ADP complex or to a ternary loose complex by 
subsequent binding of phosphate, which is also inactive. 
Reaction of phosphate with the loose enzyme-ADP 
complex on the other hand forms an active ATPase- 
phosphate. ADP complex [27]. The context between 
regulatory binding of ADP, phosphate, and azide may 
be summarized in the following reaction scheme: 

(Pi-E.)a 
Pil L 

A D P  

( -E ' )a  

(Pi" E. ADP), 
P+I [, 

(. E. ADP) 

N ; ~  r 
(. E . A D P  h 
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(E=ADP h 
Z,,~# H * 

(E=ADP h 
ApH* N3 

(Pi" E- ADP) i 

N3 

Scheme I. The indices a and i mean active and inactive forms, 
respectively. Loosely bound ADP is marked by a dot, tightly bound 

ADP by a double bar. 

The model explains competition between phosphate 
and azide with regard to ADP-dependent inactivation 
as well as the synergistic effects of ADP and azide in 
deactivation of the ATPase. Uncouplers stimulate the 
rate of ATP hydrolysis by preactivated thylakoids due 
to release of feed-back control by the proton gradient. 
In the course of the reaction, however, the rate of 
uncoupled ATP hydrolysis progressively decreases [28]. 
This fact can be explained by the necessity of A/2H+ for 
continuous reactivation of the ATPase, which is in- 
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Fig. 4. Effect of NaN 3 on the kinetics of ATP hydrolysis by activated 
thylakoids in the absence and presence of the uncoupler nigericin. 
Thylakoids (25/~g Chl/ml) were preilluminated in reaction medium 
as in Table It. After 15 s in the dark, the indicated concentrations of 
nigericin and NaN 3 were added together with substrate [32 PIATP (0.2 

mM). 
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activated by tight binding of ADP accumulating during 
ATP hydrolysis [23,27]. The above model predicts accel- 
eration of deactivation of the uncoupled ATPase by 
azide after enough ADP has been generated by ATP 
hydrolysis, because an additional pathway of inactiva- 
tion is opened by the interaction of azide with the loose 
enzyme-ADP complex. Actually this prediction is veri- 
fied experimentally. Fig. 4 shows no effect of azide on 
the initial rate of ATP hydrolysis either in the absence 
or in the presence of the uncoupler nigericin. After 1 
min reaction time, however, complete inhibition of the 
uncoupled ATPase is found, whereas coupled ATP hy- 
drolysis is much less affected by azide (after this paper 
was submitted for publication, a similar result was 
published by Wei, J., Howlett, B. and Jagendorf, A.T. 
(1988) in Biochim. Biophys. Acta 934, 72-79). Lack of 
inhibition of photophosphorylation by azide may be 
explained by reversal of the inactive enzyme-azide. 
ADP complex to loose enzyme-ADP complex which is 
forced by the light-induced proton gradient. In ad- 
dition, the presence of the substrate of photophosphory- 
lation, P~, provides protection from azide inactivation 
because of its competitive effect. 
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