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(1) The ATPase enzyme in untreated chromatophores from Rhodospirillum rubrum is in a low-activity state (de-
signated as E°). It can be activated by application of a transmembrane Aliy+ generated by light-induced electron
transport, or by application of acid-base jumps. (2) After rapid dissipation of the light-induced Al i+, the active
state of the ATPase enzyme decays (in the absence of added substrates or products) to a low-activity state (desig-
nated as E'), with a half-time of the order of 2—4 min. This state differs from E° in that E’ (but not E°) can be
rapidly reactivated by addition of substrate, but only when the Mg?* concentration is kept below 20—30 uM.
Since this is characteristic of an activated enzyme containing tightly bound ADP (Slooten, L. and Nuyten, A.
(1981) Biochim. Biophys. Acta 638, 313-326), it is suggested that release of endogenous, tightly bound ADP is
one of the factors involved in activation of the ATPase enzyme.

Introduction

Activation phenomena in the onset of ATP hydro-
lysis and ATP synthesis have been studied in some
detail in mitochondria and chloroplasts. In submito-
chondrial particles, activation of ATP synthesis [1] as
well as ATP hydrolysis [2] was attributed to an
energy-dependent displacement of an ATPase-inhibi-
tor protein. Membrane energization also results in
exchange of nucleotides bound at a tight binding site
(or sites) of the ATPase enzyme [3]. In chloroplasts,
also, activation of phosphorylation was ascribed to
energy-dependent conformational changes leading to
displacement of an endogenous ATPase-inhibitor pro-
tein [4], and exchange of tightly bound nucleotides
[4,5]. Similarly, activation of ATPase in chloroplasts
(after treatment with dithiol reagents to inactivate
the endogenous ATPase-inhibitor protein [6,7]) was

Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhy-
drazone; Mes, 4-morpholineethanesulfonic acid; SDS, sodium
dodecyl sulfate; BChl, bacteriochlorophyll.

associated with release of tightly bound nucleotides
[8], and deactivation (in the course of hydrolysis) with
reappearance of tightly bound ADP [9]. Very low
concentrations of ADP added before the onset of
hydrolysis caused a severe inhibition of the reaction
{10].

Relatively little is known about activation proces-
ses in photosynthetic bacteria. Light activation of
ATPase was observed in Rhodopseudomonas cap-
sulgta chromatophores. One of the factors involved in
light activation was depletion of endogenous ADP
[11]. However, an experimental difficulty with this
organism is that the active state of the ATPase en-
zyme is light dependent, not just light triggered [11].
This is in contrast to the situation in Rhodospirillum
rubrum chromatophores. Here, the active state of the
ATPase enzyme, once generated, is maintained for
some time during a subsequent dark period in the
presence of MgATP [12,13], as well as in the ab-
sence of substrates. The latter point is described in
the present article, which deals with the mechanism
of activation and deactivation of the ATPase enzyme
in the absence of substrates.
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Methods

R. rubrum, strain S1, was grown as described pre-
viously [14]. The cells were broken by sonication
[15]. The media used for sonication, and for washing
and storage of the chromatophores [14] were modi-
fied in that glycylglycine and KCl were present
throughout at 20 and 50 mM, respectively; the pH
was adjusted to 8.0 with NaOH.

Where indicated, ‘choline chloride chromato-
phores’ were used. These were prepared in the same
way, except that KCl was replaced by 30 mM choline
chloride.

Rates of ATPase were estimated by colorimetric
determination of P;. The assay medium contained
(unless otherwise indicated) 0.2 M sucrose, 50 mM
KCl, 0.1 mM EDTA, 20 mM glycylglycine and NaOH
to pH 8.0. The reaction volume was 2 ml and the
bacteriochlorophyll concentration, 19-25 uM. The
reaction was performed in a stirred spectrophotom-

eter cuvette, thermostatically maintained at 20°C,

and was stopped after 2 min by addition of 1 ml
phosphate reagent. The reagent was as described
earlier [16] except that it contained, in addition,
35M SDS (British Drug House, specially pure).
The detergent prevents precipitation of proteins and
eliminates the need for trichloroacetic acid precipita-
tion step [17]. After 2 min of color development, the
extinction was read in a cuvette with a 3 cm path
length, at 785 nm. This was an isosbestic point for a
transient absorbance change due to bacteriochloro-
phyll degradation.

Alternatively, ATPase was measured with a glass
electrode [18] at room temperature and under a ni-
trogen atmosphere in order to prevent ‘drift’ due to
CO, uptake. In this case, the glycyiglycine concen-
tration in the above medium was lowered to 0.2—
0.6 mM, depending on the sensitivity required, and
20 mM NaCl was added instead. The reaction volume
was 5 ml and the bacteriochlorophyll concentration
13 puM. Addition of MgCl, and/or ATP in the course
of a pH measurement sometimes caused extensive
baseline transients. The duration of these transients
was shortened (a) by the inclusion of EDTA in the
assay medium, and (b) by the use of a stock solution
consisting of equal amounts of glycine and MgCl,,
buffered at pH 8.5-9.0 as required. Blank experi-
ments were routinely included. In the blanks the

chromatophores were replaced by an equivalent
amount of buffer, since the response time of the elec-
trode depends upon the buffering capacity of the
medium. The time resolution of the technique is illus-
trated in Fig. 1. (The details of this experiment will
be discussed elsewhere.)

In both setups, actinic light was provided by a
100 W tungsten-iodine lamp, and was focused onto
the cuvette after passing through 2 cm of water and
through a Balzer interference filter with maximum
transmission at 800 nm. The ATPase reaction rate
itself was measured in the dark.

Bacteriochlorophyll was estimated using an in vivo

MgATP

1min ‘
—_

Fig. 1. Recorder tracings of ATP hydrolysis as measured with
the pH technique. Trace A, no chromatophores; trace B,
chromatophores present. MgATP (traces A and B) and 90
nmol HCI (trace A) were added at the indicated times. The
buffer capacity was the same in traces A and B, In trace B,
MgATP was added 25 s after a light trigger (duration 15 s)
given in the presence of nigericin. CCCP was added just
after the light trigger. Other details as in Fig. SA.



extinction coefficient of 140 mM™!-cm™? [19]. The
Mg?* concentrations were calculated using the pK,
values for ATP and the stability constants for the
Mg? complexes of ATP as given by Phillips et al.
[20], corrected for an ionic strength of 75 mM.
The stability constants for the K™ and Na* complexes
of ATP were taken from Ref. 21. From these data, an
overall stability constant of 20.2 - 10® M~? for Mg?*
complexation with ATP was calculated. The condi-
tional stability constant for the Mg-EDTA complex,
2.66 - 10® M™%, was calculated from Ref. 22.

Nigericin was a gift from Eli Lilly Laboratories,
Indianapolis. Valinomycin, oligomycin, ADP and
ATP were from Sigma. All other reagents were analyt-
ical grade.

Results

Fig.2 shows experiments in which ATP hydro-
lysis in the dark was started by simultaneous addi-
tion of ATP, MgCl, and CCCP. A light trigger was
given just before the onset of hydrolysis (open
circles), or was omitted (solid circles). Uncoupler
stimulation of dark-activated ATPase was much more
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Fig. 2. Uncoupler dependence of ATP hydrolysis in R.
rubrum chromatophores. The measurements were done with
the P; method. o———o, chromatophores were illuminated
for 10s in 1.3 ml medium (see Methods). Hydrolysis was
started just after the switching off of the light by addition of
ATP, MgCl, and CCCP dissolved in 0.7 ml medium. Final
concentrations were 0.7 mM ATP, 8.8 mM MgCl, and CCCP
as indicated. #———e, as o———o0 except that no light was
given. &, as o———o, but CCCP was added before, instead of
after illumination.
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extensive after than before light activation. This is
why most experiments were done in the presence of
uncoupler. Light activation was inhibited by addition
of uncoupler before, instead of after illumination
(e.g., triangle in Fig. 2).

Light activation was saturated within 2 s after the
onset of continuous illumination (Fig. 3, open cir-
cles). The electron-transport inhibitor, antimycin A,
caused a 13-fold reduction in the initial rate of light
activation (solid circles). In this respect, activation of
ATPase is almost equally sensitive to antimycin A as
is the rate of phosphorylation (Ref. 23 and unpub-
lished data). By contrast, the final extent of light acti-
vation of the ATPase enzyme was less than 20%
inhibited by antimycin A. This is presumably con-
nected with the fact that antimycin A caused only

1.0K

umol Pj /mg BChI per min
o
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Fig. 3. Kinetics of light activation of the ATPase enzyme in
the presence or absence of antimycin (P; method). o———o,
chromatophores were illuminated for the indicated times in
1.3 ml medium. The 800 nm interference filter was replaced
by a far-red cut-off filter (Schott RG 715) in these measure-
ments. Hydrolysis was started just after the switching off of
the light by addition of 0.7 ml medium containing ATP,
MgCl, and CCCP. Final concentrations were, 1.2 mM ATP,
9.3 mM MgCl, and 4.2 uM CCP. e¢———», as 0—0
except that 0.3 uM antimycin A was added before lightacti-
vation.
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about 50% inhibition in the extent of light-induced
proton uptake (not shown), in agreement with earlier
data concerning the effect of antimycin A on the
steady-state Al y* in continuous light [23].
Activation of ATPase could also be achieved by
acid-base jumps (Table I). A pH jump of 3.5 units
(from 5.0 to 8.5) caused a significant stimulation of
ATPase with respect to the control (Expts. 1 and 2).
The effect was saturated after 7 min incubation in the
acid stage (not shown). By itself, a K'-diffusion po-
tential (positive inside) did not cause a significant

TABLE1
ACID-BASE TRIGGERED ATPase

The measurements were done with choline cloride chroma-
tophores (see Methods) using the P; method. Hydrolysis took
place in the presence of 1.2 mM ATP, 9.3 mM MgCl; and 4.2
#M CCCP. The reaction was started by adding these compo-
nents dissolved in 0.44 ml of a mixture of the same composi-
tion as that already present. Errors indicate the range of
duplicate measurements. Pretreatment: (expts. 1 and 6) chro-
mators were added to 1.56 ml neutralized mixture, pH 8.5,
containing 30 mM choline chloride. Hydrolysis was started
1 min later. In Expt. 6, and 10-s light trigger was given just
prior to the onset of hydrolysis. (Expts. 2,4 and 5) chroma-
tophores were added to 0.56 ml ‘acid solution’, pH 5.0, con-
taining 30 mM choline chloride. After 10 min the pH was
brought to 8.5 by addition of 1.0 ml ‘base solution’ contain-
ing 30 mM of either choline chloride (Expt. 2) or KCl (Expt.
4 and 5). Hydrolysis was started 5 s later. (Expt. 3) chroma-
tophores were added to 0.56 ml neutralized mixture, pH 8.5,
containing 30 mM choline chloride. After 1 min, 1.0 ml neu-
tralized mixture containing 30 mM KCl was added. Hydro-
lysis was started 5 s later. Medium compositions: all solutions
contained 0.2 M sucrose, 0.1 mM EDTA, salts as indicated,
and were brought to pH with NaOH. In addition acid solu-
tion contained 20 mM Mes, base solution contained 20 mM
glycylglycine, and neutralized mixture contained 7.2 mM Mes
and 138 mM glycylglycine. Valinomycin (0.2 nmol) was
added just after chromatophores, unless indicated otherwise.

Experiment ATPase (umol Pj/mg BChl
- per min)

No. Pretreatment

1 Dark control 0.28 £ 0.03

2 A pH 0.46 + 0.03

3 AY 0.32+0.01

4 ApH+ Ay 1.19 £ 0.05

5 ApH+Ay 2 0.57 +0.03

6 Light control 1.16 +0.03

2 Valinomycin omitted.

stimulation of ATPase (Expt. 3). Control experiments
gave the same, negative results when the time interval
between application of the diffusion potential and
the onset of hydrolysis was varied (not shown). How-
ever, a K'-diffusion potential applied in the base stage
enhanced the stimulation of ATPase caused by a pH
jump (Expt. 4). Under these conditions, acid-base
activation was equally effective as light activation
(Expt. 6). The enhancement of acid-base activation
by K* was largely dependent on the presence of vali-
nomycin (Expt. 5).

In the experiments described below, chromato-
phores were illuminated in the presence of valinomy-
cin (an electrophoretic K* carrier [24,25]) or nigeri-
cin (a K'/H" antiporter [24,25]); in either case,
4.2—6 uM CCCP (an electrophoretic H carrier) was
added immediately after the switching off of the
light. As a result, the light-induced transmembrane
electrochemical proton gradient (Afy+) decayed to
zero within 20 s after CCCP addition, as indicated by
measurements of light-induced proton uptake, light-
induced 9-aminoacridine fluorescence quenching, and
light<induced carotenoid absorbance changes (not
shown).

Fig. 4 shows the Mg?* dependence of ATP hydro-
lysis. As described earlier [12], hydrolysis is partly
inhibited by high concentrations of MgCl,. At the
optimal concentration of MgCl, the concentration of
free Mg?* was 20—30 uM, depending on whether
ATP was present at 0.3 or 1.2 mM (the Mg?* concen-
trations were calculated using the stability constants
given in Methods). In experiments where hydrolysis
started just after a 10-s light trigger (Fig.4, open
circles), the activity was at least twice that when no
light trigger was given (triangles). The solid circles
show experiments in which hydrolysis started 3 min
after a light trigger; the light-induced Aﬁw was dissi-
pated immediately after the light trigger by addition
of uncoupler, as explained above, The dark interval
between the light trigger and the onset of hydrolysis
caused a partial inhibition (cf. open circles); however,
this inhibition was manifest only when hydrolysis was
carried out at inhibitory concentrations of MgCl,.
This indicates that the sensitivity of the light-acti-
vated enzyme toward Mg?* increases during a dark
period between the light trigger and the onset of
hydrolysis. (Note that MgCl, was not present during
preincubation.)
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Fig. 4. MgCl, dependence of ATP hydrolysis catalyzed by
nonactivated (4) and light-activated (o, ) ATPase (P; meth-
od). (o, @) Chromatophores were illuminated for 10s in
1.3 ml medium supplemented with 0.2 nmol valinomycin.
0.7 ml medium containing CCCP (final concentration 4.2 uM)
was added just after the switching off of the light. The indi-
cated concentrations of ATP and MgCl, were added along
with CCP (0———o0), or 3 min after CCCP (e -9). (&)
As o———o except that no light was given.

Experiments with the pH technique (Figs. 5 and 6)
provided more insight into the role of Mg?*. Fig. S
showsinitial rates of ATP hydrolysis. The open circles
show experiments in which the dark interval between
a light trigger and the onset of hydrolysis was varied
as indicated. Again, the light-induced Ag y* was dissi-
pated immediately after the light trigger (i.e., at =
0). The data indicate that a slow partial decay of the
light-induced active state takes place in the absence of
substrates. In five different batches of chromato-
phores, the half-time of the decay varied between 1.4
and 4.2 min, and the final extent of the inhibition
varied between 30 and 65%. Within a given batch of
chromatophores, the results obtained during treat-
ment of ATPase with 10 uM Mg?* (Fig. SA) were
similar to those with 1 mM Mg?* (Fig. SB) (the con-
centration of MgATP was 0.2 mM in either case).

Fig. 6 shows the kinetics of ATP hydrolysis as
observed during the same experiments. In experi-
ments with the light-activated ATPase enzyme,
hydrolysis started either immediately after (open
circles) or 12.5 min after the light trigger (solid cir-
cles). The deactivation caused by the 12.5 min dark
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Fig. 5. Kinetics of the dark decay of the light-induced active
state of the ATPase enzyme (pH method). o———o, chro-
matophores were illuminated for 15s in 4.5 ml medium in
the presence of 0.1 uM nigericin. CCCP (final concentration
6 #M) dissolved in 0.5 ml medium was added just after the
switching off of the light. Hydrolysis was started at the indi-
cated time after addition of CCCP by addition of 0.31 mM
MgCl, and 1.2 mM ATP (Fig. 5A), or 1.3 mM MgCl, and
0.21 mM ATP (Fig. 5B). Rates were determined 9 s later
from the slopes of the recorder tracings. Each point is from
one experiment. ®———=, as o——o, except that no light
was given.

interval between the light trigger and the onset of
hydrolysis was reversed within about 20 s after addi-
tion of substrates when the reaction was measured at
10 uM Mg?* (Fig. 6A, circles). This was not the case
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Fig. 6. Mg2?* inhibition of substrate-dependent reactivation
of the ATPase enzyme (pH method). o———o0, chromato-
phores were illuminated for 15 s in 4.5 ml medium in the
presence of 0.1 uM nigericin. CCCP (6 uM) dissolved in 0.5
ml medium was added just after the switching off of the
light. MgCl, and ATP were added along with CCCP.
e———e, as 0——0 except that MgCl, and ATP were
added 12.5 min after CCCP, 6————a, as o———o0 except
that no light was given. Concentrations of MgCl; and ATP in
A and B were as in Fig. 5A and B, respectively. Hydrolysis
started at £ = 0.
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when the reaction was measured at 1 mM Mg?* (Fig.
6B, circles). Thus, Mg?* inhibited a substrate-depen-
dent reactivation of the enzyme; in fact, it caused a
further deactivation of the enzyme in the course of
hydrolysis, in agreement with earlier observations
[7,12]. This will be discussed elsewhere [26]. In the
presence of 10 uM Mg?*, hydrolysis catalyzed by the
light-activated and then dark preincubated enzyme
(Fig. 6A, solid circles) accelerated much faster than
that catalyzed by the nonactivated enzyme (triangles),
suggesting that different processes are involved in
these two (re)activation reactions. This means that
the light-inactivated enzyme did not return to the
‘nonactivated’ state during the 12.5 min dark period
between the light trigger and the onset of hydro-
lysis.

In Fig. 7, the dark time between the light trigger
and the start of the reaction was again varied, but
now CCCP was added at the onset of hydrolysis. The

umol Pi/mg BCh( per min.
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Fig. 7. Energy-dependent reactivation of the ATPase enzyme
(P; method). e————e, chromatophores were lluminated for
10s in 1.3 ml medium. The light was switched off at ¢ = 0.
Hydrolysis was started at the indicated times by addition of
0.7 ml medium containing ATP, MgCl, and CCCP (final con-
centrations: 1.2 mM, 9.3 mM and 4.2 uM, respectively).
Each point is from one experiment, 0——0, as ¢———=
except that an additional 10-s light trigger was given during
the indicated time.

deactivation of the enzyme due to a dark interval
after a light trigger could be reversed by a second
light trigger given just prior to the onset of hydrolysis
(open circles).

Baltscheffski et al. [13] reported that light activa-
tion of ATPase in R. rubrum chromatophores is de-
pendent on the presence of phosphate. Since they
worked with micromolar concentrations of ATP, we
repeated some of the above experiments using 1.5~
3 uM MgATP. Some results, obtained in the absence
of uncoupler, are shown in Fig. 8. Without a light
trigger (trace 3), the ATPase activity was about equal
to the oligomycin-insensitive ATPase activity (traces
1 and 2). A light trigger caused a period of increased
activity (trace 4); a second light trigger, given after
the rate of the reaction had slowed down nearly to
that of oligomycin-insensitive ATPase, had very little
effect. At that time the enzyme was inactivated, for
after a second addition of ATP at 3 uM, hydrolysis
did not accelerate until a third light trigger had been
given. However, the light-induced active state of the
enzyme was largely retained in a 4 min dark period
between the light trigger and addition of MgATP
(trace 5).

2 min

+ oligomycin

Fig. 8. Light activation of ATPase at low substrate concen-
trations. (pH method). The medium (Methods) was supple-
mented with 3 mM MgCl,. Nigericin was present at 0.2 uM.
Where indicated, additions of ATP at 3 uM were made.
Where indicated, oligomycin was present at 5 ug/ml. The
light was switched on and off at the time indicated by the
thick upward and downward-pointing arrows, respectively.



Discussion

The results of Fig. 2 indicate that ATP hydrolysis

with high substrate concentrations and zero or sub-.

optimal uncoupler concentrations is rate limited at
different levels, depending on whether or not the en-
zyme has been activated. In the light-activated en-
zyme, the rate-limiting step is the dissipation of the
ATPase-induced Auy* (open circles); in the non-
activated enzyme, the rate-limiting step is the turn-
over capacity of the enzyme. The uncoupler sensitiv-
ity of light activation (Fig. 2, triangle) suggests that
a transmembrane Al H* is required for activation of
ATP hydrolysis. This is confirmed by the effect of
acid-base jumps (Table I), and especially by the fact
that a K'-diffusion potential, positive inside, en-
hanced activation of ATPase by an acid-base jump.
The K'-diffusion potential applied in these experi-
ments was at least 106 mV if we assume that the
internal K" concentration of the chromatophores
(prepared and stored in choline chloride) did not
exceed 0.3 mM (cf. Refs. 27 and 28). This potential
may have been insufficiently large to activate the en-
zyme by itself. Alternatively, an additional require-
ment for activation of ATPase may be an acidic pH
of the chromatophore interior.

The light-induced Agy+ decayed within 15—20 s
in the dark in the presence of CCCP and valinomycin
or nigericin (not shown). The decay of the light-in-
duced high-activity state of the ATPase enzyme was
much slower under the same conditions (Fig. 5). This
indicates that activation of ATP hydrolysis involves
an energy-dependent, slowly reversible conforma-
tional change (or changes) of the enzyme.

The data pertaining to the destabilization of the
light-activated enzyme in the dark (Figs. 4—7) can
be explained with the following scheme:

E°=>ESE' (1)

in which E° and E represent the nonactivated and
activated ATPase enzyme, respectively; open arrows
indicate energy-dependent reactions. When the mem-
brane is deenergized, E is (in the absence of added
ATP, ADP or MgCl,) transformed into the state E' in
a slow reaction (¢,, 14—4.2 min; see Fig. 5 and
Results). Like E°, the form E' exhibits a low activity
but unlike E°, it is (re)activated rapidly after addition
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of substrate (within 20 s under the conditions used in
Fig. 6A). Mg?* at above 20—30 pM inhibits this sub-
strate-dependent reactivation of E’ (Figs. 4 and 6B).
E’ can also be transformed back into E by illuminat-
ing the chromatophores once more (Fig. 7).

In the accompanying paper [26], evidence is pre-
sented suggesting that the transition E—E’ corre-
sponds with the rebinding of endogenous ADP,
liberated in the light, so that the activation and deac-
tivation reactions may be written as:

EOADP=>E+ADP;: EADP 2)

where Epp has replaced E' of Eqn. 1.

The data of Figs. 5 and 6 indicate that after light
activation, even prolonged dark periods do not
restore the enzyme to the nonactivated conformation
(E° app in Eqn. 2). ADP addition after a light trigger
is equally ineffective in this respect (see Ref. 26). So
the question arises as to how the nonactivated confor-
mation is produced at all. A related question is in
what respect E° differs from E. At present we can
only speculate about these questions. Thus, mem-
brane energization may lead to displacement of an
endogenous ATPase-inhibitor protein, in analogy with
the situation in chloroplasts [4] and mitochondria
[1,2]. An endogenous ATPase inhibitor has indeed
been isolated from R. rubrum chromatophores [29].
In submitochondrial particles it has been shown that
rebinding of the ATPase inhibitor, after its energy-
dependent release, is specifically dependent on hydro-
lysis of MgATP (not on the hydrolysis products)
[30]. The mitochondrial F;-ATPase is similarly deac-
tivated slowly in the course of MgATP hydrolysis;
again this is not due to product accumulation [31].
We assume, therefore, that an MgATP -dependent
deactivation of the ATPase enzyme, resulting in the
formation of E°app, occurs in the dark during pre-
paration of the chromatophores, either in whole
cells or in the sonicated suspension.

In contrast with the results obtained by Balt-
scheffski et al. [13], light activation of ATPase did
not require phosphate, irrespective of whether hydro-
lysis was assayed with millimolar or micromolar
concentrations of MgATP. Light activation in the ex-
periments of Baltscheffski et al. [13] was expressed
as a decrease in K, (from 5 to 1.3 uM) rather than
an increase in V. In our experiments, light activation
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does result in an increase in V (the apparent Ky, of
light-activated ATPase was 30—40 uM, depending on
the Mg?* concentration; Slooten, L., unpublished
data). It seems likely that Baltscheffski et al. [13] ob-
tained the ATPase enzyme in a form which, by our
standards, would be considered activated, and that
the events associated with Pj-dependent light activa-
tion of the enzyme are different from those studied
here.
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