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The effect of azide on Mg>*- and Ca’*-dependent ATPase of differently activated CF, iso-
lated from spinach chloroplasts was studied. It is shown that Mg>*-ATPase activity is sensitive
towards azide irrespective of the applied method of enzyme activation. Heat- or trypsin-acti-
vated Ca’"-ATPase is also inhibited, whereas methanol- and octylglucoside-stimulated or
DTT-activated Ca’*-ATPase is not affected by azide. Preincubation of the DTT-activated en-
zyme with low concentrations of Mg”>* induces azide susceptibility of the Ca’*-dependent

ATPase.

Introduction

In energy transducing membranes (plasma
membrane of bacteria, inner membrane of mito-
chondria and thylakoid membrane of chloro-
plasts) the utilization of a transmembrane electro-
chemical proton gradient for phosphorylation of
ADP is catalyzed by a reversible proton translo-
cating ATPase (FF)). Although the structure and
function of this protein complex have been exten-
sively investigated, the enzymatic mechanism and
regulation of the enzyme are still a matter of de-
bate [1].

Important information has been obtained by
employing specific inhibitors which can be subdi-
vided into those interacting with F, and those af-
fecting F|. An ubiquitous F inhibitor is the carbo-
diimide DCCD [2], a reagent which binds cova-
lently to a specific glutamyl or aspartyl residue,
respectively, of the proteolipid [3]. Among chloro-
plast F, inhibitors there are ribose-modified ADP
analogues [4], anthraquinone derivatives [5], the
naturally occurring chalcone derivative phlorizin
[6], the flavonoid quercetin [7, 8], the cyclic tetra-
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peptide tentoxin [9, 10] and the chemically un-
defined natural product Dio 9 [11]. These com-
pounds inhibit photophosphorylation, H"-trans-
port coupled ATP hydrolysis and ATP-P;
exchange of isolated thylakoids as well as ATP
hydrolysis catalyzed by isolated CF,.

Another interesting ATPase inhibitor is azide.
The ATP hydrolyzing activity of mitochondrial
[12—15] and E. coli F, [16] was found to be much
more sensitive towards azide than the ATP syn-
thesizing activity of the membrane vesicles. Azide
does not inhibit photophosphorylation and it is a
weak inhibitor of light-triggered ATP hydrolysis
and ATP-P, exchange [17], but it has a very specific
effect on the regulation of the ATP hydrolyzing
activity of the membrane-associated CF,CF, [18].
Moreover, azide is a strong inhibitor of methanol-
activated ATP hydrolysis catalyzed by thylakoids,
a reaction which is not associated with proton
pumping, and affects the sulfite-stimulated ATP-
ase activity of thylakoids as a competitive in-
hibitor versus sulfite [19]. Azide inhibits the Mg>*-
dependent ATPase of methanol-activated isolated
CF,, but fails to inhibit Ca*"-ATPase activity [17].

The diverse effects of azide on chloroplast
ATPase are difficult to fit into a conclusive con-
cept. It seems that the membrane-bound and the
isolated CF, behave differently towards azide, and
that the procedure of activation affects the suscep-
tibility of isolated CF, to azide. The latent CF, can
be activated by a variety of treatments including
heat, trypsin, high concentrations of DTT, deter-
gents and alcohols resulting in Ca’*- or Mg>*-de-
pendent ATPase activities [1]. In this study the re-
lationship between azide inhibition and the type of
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CF, activation as well as the role of the divalent
metal ion in azide inhibition was investigated.

Materials and Methods
Preparation of CF,

CF, was isolated from spinach chloroplasts as
described by Binder er al. [20]. The protein was
stored as an ammonium sulfate suspension (50%
saturation) in a solution containing 50 mm Tris-
HCI, pH 8.0, I mmM ATP and 2mm EDTA at
+4 "C. For activation an aliquot of 1—-2ml was
centrifuged. The precipitated protein was dis-
solved in 0.3 ml 2 mMm Tris-HCI, pH 8.0 + 80 um
EDTA and desalted by passage through a Sepha-
dex G-50 column.

Activation procedures

(1) Heat-activation was carried out by treatment
of CF, (0.5—1 mg/ml) for 4 min at 62 "C in a medi-
um containing 30 mm Tris-HCL, pH 8.0, 40 mm
ATP,2mMm EDTA, 10 mm DTT [21].

(2) DTT-activation was achieved by incubation
of CF, (0.5-0.6 mg/ml) for 3 h at room tempera-
ture in a medium containing 50 mm Tris-HCI, pH
8.0, 50 mm DTT and 2.5 mm EDTA [22]. For the
experiments in which the effect of divalent cations
(Mg>* or Ca’") was studied, the EDTA concentra-
tion was reduced to 60 pm.

(3) For octylglucoside-preactivation the enzyme
(0.5—0.6 mg/ml) was kept for 6 min at 36 'C in a
medium which contained 50 mm Tris-HCI, pH 8.0,
0.5mm EDTA, 2.5 mm ATP and 50 mm octylglu-
coside [23].

(4) For trypsin-activation CF, (0.5—0.6 mg pro-
tein) was preincubated for 5 min in medium con-
sisting of 50 mm Tris-HCI, pH 8.0, 2 mMm or 60 pm
EDTA and trypsin [24]. Trypsin activity was
stopped by adding soybean trypsin inhibitor. The
proportion CF,:trypsin:trypsin inhibitor protein
was 1:2:4 by weight.

Measurements of enzyme activity

ATPase activity was measured in a reaction me-
dium containing 50 mm Tris-HCI, pH 8.0, 50 um
EDTA. I mM ATP and 1 mm MgCl, or I mm
CaCl,. The temperature was 35 C. Octylgluco-
side-dependent Mg”>"-ATPase activity was meas-
ured in standard reaction medium supplemented

with 50 mm octylglucoside; octylglucoside-de-
pendent Ca’"-ATPase activity was measured in
the presence of 50 mm octylglucoside, 8 mm CaCl,
and 4 mm ATP. For determination of methanol-
stimulated ATPase activity [25] the latent CF, was
incubated in standard reaction medium containing
additional 20% (Ca?"-ATPase) or 30% methanol
(Mg?*-ATPase), respectively.

Samples of the reaction mixture were taken after
different times, deproteinized and analyzed for in-
organic phosphate as in ref. [26].

Sulfite-dependent Mg>*-ATPase activity was
determinded by spectrophotometric registration of
the decrease of NADH concentration at 340 nm in
standard reaction medium supplemented with
1 mm PEP, 10 units/ml pyruvatkinase, 5 units/ml
lactate dehydrogenase and 0.2 mm NADH.

Heat activated Ca’*-ATPase activity was deter-
mined as increase of hydrogen ion concentration
measured by a pH glass electrode in unbuffered
standard reaction medium [27].

Results

Isolated CF; was subjected to different treat-
ments of activation. The characteristics of the
ATPase reaction, notably its specificity for Ca>* or
Mg?>*, are known to depend on the method of acti-
vation [1]. Table I compares ATPase activities in
the absence and presence of 0.1 mm NaNj. Irre-
spective of the procedure of enzyme activation, the
resulting Mg>*-dependent ATPase activity is al-
ways sensitive towards azide, whereas the Ca’*-
ATPase is either inhibited or not affected by azide
depending on the type of activation. Heat- and
trypsin-activated Ca’*-ATPase is inhibited, while
DTT-activated and octylglucoside- or methanol-
stimulated Ca’*-ATPase is virtually insensitive to-
wards azide in a concentration range up to 0.1 mm
(Fig. 2). Azide inhibition of DTT-activated Ca’*-
ATPase found in some experiments (cf. Tables II
and III), did not exceed 15% even at concentra-
tions > 0.1 mm.

Azide-sensitive Mg>*- or Ca’"-dependent
ATPases show the following common characteris-
tics of inhibition: (1) Azide has no significant effect
on the initial rate, but inhibits ATP hydrolysis
with progression of the reaction (Fig. 1). The re-
sult suggests that either a slow-forming inhibitory
complex is generated [28] or that manifestation of
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Table I. Inhibition of differently activated CF-ATPase by NaN;.

Fig. 1. Influence of azide on
ATPase activity of heat-activated
CF,. (A) Ca’*-ATPase activity,
measured by a pH electrode; (B)
SO,> -dependent Mg>*-ATPase
activity, measured by NADH
consumption in a coupled en-
zymatic assay. The protein con-
centration during the reaction
was 5.7 ug ml™" (A) and 1.9 pg
ml ' (B). respectively.

Procedure of Cationin  Type of ATPase activity
activation reaction activity (umol P, mg protein ™!

medium in 5 min)

control + 0.1 mm NaNj

DTT Ca?* 18.9 19.4
Octylglucoside  Ca’* OG-dependent 10.0 10.7

Mg?>* OG-dependent 31.0 18.5
No activation Mg?* OG-dependent 25.2 5.1
Trypsin Ca’* 12.7 5.3
No activation Ca’* 20% MeOH-dependent 7.1 8.2

Mgt 30% MeOH-dependent  15.6 9.1
heat Ca?t 13.8 5.0

Mg>* SO,’> -dependent 5.28 2.7

@ Given in pumol NADH oxidized mg protein~! in | min (measured by coupled en-

zymatic assay).

Table II. Effect of ADP and Mg>* preincubation on azide inhibition of

DTT-activated Ca?"-ATPase.

Preincubation NaNj, in Activity
reaction medium (umol P, mg protein™!
[uMm] in 3 min)

- - 10.6

— 100 9.2

5 uMADP - 10.3

5 uMADP 100 8.8

7.5 um MgCl, - 7.8

7.5 pm MgCl, 100 4.8

5 uMADP +7.5uMMgCl, - 9.2

S uMADP + 7.5 uMm MgCl, 100 4.9
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Table II1. Effect of P, and Mg?* preincubation on azide inhibition of DTT-

activated Ca’"-ATPase.

Preincubation NaN;in Activity
reaction medium  (pumol [**P]P; mg protein™!
[pMm] in 3 min)
= = 5.9
- 50 5.2
10 pm MgCl, - 5.8
10 pm MgCl, 50 2.7
I mm P, = 6.2
I mm P, 50 6.2
10 um MgCl, + 1 mM P, = 4.5
10 v MgCl, + I mm P, 50 2.8

azide inhibition requires catalytic turnover. The
latter explanation is supported by the finding that
incubation of the activated enzyme with azide
prior to substrate addition does not increase the
extent of inhibition (not shown). (2) Inhibition is
saturated at azide concentrations between 50 and
100 pm (Fig. 2). (3) Even at saturating azide con-
centrations no complete inhibition is observed
(Fig. 2). Similar characteristics apply to azide inhi-
bition of other F;-ATPases and were particularly
elaborated for F, isolated from beef heart mito-
chondria [13, 28].

The above results suggest a relationship between
the procedure of activation, divalent metal ion
specificity and azide susceptibility of the ATPase.

Photophosphorylation and ATP hydrolysis cata-
lyzed by CF,CF, in situ depend on the presence of
Mg?*. One role of the divalent metal ion as a co-
factor is the formation of ATP- or ADP-metal ion
complexes which are the true substrates of the
CF,CF,-ATPase [29]. In isolated CF|, the free di-
valent cation is furthermore an inhibitor of the
ATPase competitive with the ATP-metal ion com-
plex. As free Ca®" is less inhibitory than free Mg>*,
optimal activity of the trypsin- or heat-activated
CF, is found with Ca’" as cofactor although
Ca-ATP is a weaker substrate than Mg-ATP [30].
The strong inhibitory action of free Mg>* (or
Mn>") is overcome by weak acid anions like bicar-
bonate, maleate or phosphate, and the affinity for

Methanol
Mg?* 8t

Trypsin
Lt Ca® 3t

Octylgluc.
Mg?*

Fig. 2. ATPase activity of differently activated
CF, as affected by azide. Trypsin and DTT ac-

activity (umol P, mg protein~' min™")
N
N

DTT
Ca?*

Methanol
Ca?*

1 1 L

Octylgluc
CGZ‘

tivation was performed as described in Materi-
als and Methods. Methanol-stimulated Mg>*-
ATPase was measured with 30%, methanol-
stimulated Ca’>*-ATPase with 20% methanol
present in the reaction medium. For measure-
ment of octylglucoside-dependent Mg>*-ATP-
ase activity, latent CF, was incubated in reac-
tion medium containing 25 mm octylglucoside;
Ca’*-dependent activity was likewise assayed
in the presence of 25 mMm octylglucoside, but
with CF, preactivated for 6 min in the presence

0 50 100 0 50 100 0
azide concentration (uM)

of 25 mm octylglucoside. The rates were meas-
100 ured between 1 and 2 min after start of the
reaction by addition of ATP.
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Mg-ATP (or Mn-ATP) is increased in the presence
of these anions [31, 32]. Similarly, sulfite changes
the heat-activated CF,-ATPase from Ca’"- to
Mg?*-specificity [33]. Hence the type of activation
and the presence of certain anions have a large ef-
fect on the properties of the catalytic binding sites
for free metal ions and the ATP-metal ion com-
plex, respectively.

We have observed that preincubation of DTT-
activated CF, with a low concentration of Mg>*
inhibited the subsequently assayed Ca’*-ATPase
activity. For example, preincubation with 10 pm
Mg?* resulted in about 10% inhibition of Ca?*-
ATPase activity. This type of inhibition is proba-
bly not due to competition at the catalytic site
since Mg?* was diluted upon transfer of pretreated
CF, into assay medium where the excess of Ca’*
over Mg?* was 600-fold. The effect of Mg?*-pre-
treatment of DTT-activated CF, on azide sensitiv-
ity of subsequently assayed Ca’*-ATPase activity
was studied in some detail. While the untreated
control was not affected, the Mg>*-pretreated en-
zyme was strongly inhibited by azide (Fig. 3a), in-
dicating that the preincubation with Mg>* has
caused acquisition of azide susceptibility of the
azide-resistant DTT-activated Ca’*-dependent en-
zyme. The same type of experiment conducted
with azide-susceptible trypsin-activated CF, is

shown in Fig. 3b. The trypsin-activated Ca’’-
ATPase was not inhibited by Mg>" pretreatment
but the initial rate was slightly increased. The rela-
tive inhibition of Ca’>"-ATPase by azide was un-
changed.

In vivo CF(CF, is activated by energization of
the thylakoids by light. In order to obtain an active
ATP hydrolyzing enzyme in the subsequent dark
period, preillumination must be carried out in the
presence of DTT (thiol modulation) which re-
places the natural thioredoxin system [22]. Upon
addition of micromolar concentrations of ADP,
however, the enzyme is rapidly deactivated as a re-
sult of tight ADP binding [34] to one of the cataly-
tic sites located in the B subunits of CF, [35]. Deac-
tivation and tight binding of ADP, respectively,
are strongly decelerated by inorganic phosphate
[34, 36]. In a previous paper [18] we have shown
that this particular effect of phosphate is abolished
by azide in a competitive manner.

As DTT-activated isolated CF, may have simi-
lar characteristics as thiol-modulated CF,CF, in
situ, the influence of preincubation with ADP =+
Mg>* or phosphate + Mg>* on Ca’>"-ATPase ac-
tivity and azide inhibition of DTT-activated isolat-
ed CF, was investigated. In contrast to thiol-mod-
ulated CFCF, in situ preincubation of DTT-acti-
vated isolated CF, with a low concentration of

Fig. 3. Effect of Mg>* preincubation on
Ca?*-ATPase activity of DTT- (A) and
trypsin-activated CF, (B). Open circles:
no Mg>* preincubation, azide absent;
filled circles: no Mg>* preincubation,
50 um (A) or 100 um azide present (B):
open squares: preincubation with 10 um
(A) or 50 um Mg>* (B), azide absent;
filled squares: preincubation with 10 um
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(A) or 50 um Mg>* (B), 50 um (A) or
100 um azide present (B). The preincu-
bation time was 3 min.
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ADP did not affect the activity of the Ca’'-
ATPase (Table II). Pretreatment with phosphate
slightly increased to ATPase activity (Table III).
The two pretreatments, however, did not change
the inhibitory action of azide. Like in Fig. 3a,
preincubation with Mg>* induced azide-sensitivity
of the DTT-activated Ca’"-ATPase. However,
azide inhibition was not altered by the simulta-
neous presence of ADP or phosphate during pre-
treatment.

Discussion

The reported effects of azide on isolated CF, are
rather different from those on CF,CF, in situ. In
thylakoids neither Afi;--coupled phosphorylation
nor coupled ATP hydrolysis is affected by azide,
but the ATPase reaction is inhibited by azide when
gradient formation is prevented by addition of an
uncoupler [17, 18]. These results led Wei ez al. [17]
to suggest that membrane energization generates a
conformation of the enzyme in which the binding
site for azide is hidden.

During cleavage of ATP by thylakoid vesicles, a
proton gradient is necessary to maintain the active
state of light-triggered ATPase [37, 38]. The gra-
dient counteracts tight binding of the reaction
product ADP, a process which is known to cause
deactivation of the thiol-modulated ATPase [34].
On the other hand, tight ADP binding and deacti-
vation of the ATPase are decelerated by inorganic
phosphate [34, 36]. This effect is specifically abol-
ished by azide which competes with phosphate
[18]. In accordance with the observation that the
ATPase activity of DTT-activated isolated CF, is
not regulated by ADP and phosphate, no interfer-
ence between azide, ADP and phosphate was
found (Table IT and III).

The effectiveness of azide on isolated CF, de-
pends on the procedure of activation and the diva-
lent metal ion employed as cofactor. The molecu-
lar mechanisms of the different types of activation
are not yet fully understood. Activation by deter-
gents like octylglucoside [39] or by alcohols [40]
was found to be related to displacement of € sub-
unit, a polypeptide of CF, which is considered to
be an ATPase inhibitor. Activation by heat or
trypsin was likewise traced back to dissociation (or
digestion) of € subunit [41]. Later studies, however,
suggested that trypsin activation is related with

clipping of a subunit to a slightly smaller o’ [42].
Heat or DTT treatment, on the other hand, was
proposed to cause a change of the conformation or
position of subunit y [42]. DTT furthermore ef-
fects reduction of a disulfide bridge in y subunit
[43].

The multiple changes of primary, tertiary and
quarternary structures of CF, caused by the di-
verse activating procedures may explain the non-
uniform metal ion specificity and azide susceptibil-
ity, two properties which seem to be related with
each other. The Mg?*-dependent activity is highly
sensitive towards azide, whereas the azide effect on
Ca’*-dependent activity is ambiguous. The most
remarkable case is the DTT-activated enzyme
which is per se resistant to azide, but gains azide
sensitivity by pretreatment with Mg?*.

Altogether six divalent cation binding sites were
detected on CF, by employing Mn?* as a probe in
EPR binding studies. They could be classified as
one tight and five loose sites in the absence, or two
tight and four loose binding sites in the presence of
nucleotides [30]. Extended subsequent work sug-
gested cooperative interaction of two [44] or three
[45] high affinity sites which are proposed to be in-
volved in the linkage of ATP to the catalytic sites
[45]. The functional role of the other binding sites
is obscure. Unfortunately those binding studies
have been carried out with latent CF; hence noth-
ing is known about possible changes of affinity,
specificity and cooperativity caused by the differ-
ent activating treatments.

For further discussion of the interrelationship
between divalent cations and azide effects, results
on other F, type ATPases may be relevant. F,
from E. coli possesses both Mg?>*- and Ca’*-de-
pendent ATPase activities. In general agreement
with our results on CF,, the Mg>"-ATPase was
found to be 200-fold more sensitive towards azide
than the Ca’>*-ATPase. F, of an E. coli mutant in
which serine-174 of the  subunit was replaced by
phenylalanine showed a decreased sensitivity of
Mg>*-ATPase and an increased sensitivity of Ca’*-
ATPase against azide, suggesting that the area
around serine-174 in 3 subunit may constitute the
azide binding site [46]. On the other hand, mutants
defective in a subunit were reported to be insensi-
tive to azide [47], suggesting that o subunit may
also be involved in azide binding. F, from beef
heart mitochondria showed synergistic inhibition
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of Mg?*-ATPase activity by azide and Mg>* [28].
As the initial rate was less affected than the steady
state rate (similar to our results on CF)), the au-
thors proposed that azide binding is a slow reac-
tion which requires a bound Mg’* to form an en-
zyme-Mg?*-azide complex with decreased catalytic
activity. A similar interpretation may also explain
our results on CF,. However, although Mg>*
seems to induce azide susceptibility of the DTT-ac-
tivated Ca>*-ATPase, Mg’" is not necessary when
other methods of activation (e.g. trypsin or heat
treatment) are employed.

A result which may give a key to a more precise
understanding of azide inhibition, was reported by
Noumi et al. [48]. These authors found that the
Mg>*-ATPase of E. coli-F, was strongly inhibited
by azide when multi-site conditions (high substrate
concentration) were employed, but was not at all
affected under conditions which permitted uni-site
catalysis only. This result led them to propose that
the inhibitory effect of azide on steady state ATP
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