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The membrane-bound ATP synthase from chloroplasts can occur in different redox and activation siates. In
ihe absence of reductands the enzyme wswally is oxfdized and inactive, B2, Homination in the presence of
dithiothreitol leads to an active, reduced enzyme, EXY, If this form is stored in the dark in the presence of
dithiothreital an inactive, reduced emeyme B is formed. The rates of ATP syothesis and ATP hydrobysis
cutalyzed by the different enryme species are messured as a function of ApH (4 = 0wV, The Aphl was
generated with an acid-base Gransition using & rapid-mixing guenched How apparatus. The following resudis
were shtained. (1) The oxidized ATP synthase catalyzes high vates of ATY synthesis, o) = 400 ATF per
CEF, per s The half-maimal rate is obtained af ApH = 34, (2} The active, reduced ATEF synthase
catalyres high rates of ATP synthesis, ¢¢ == 400 ATP per CEF, per s. The half-maximal rate b5 obtained
at ApH = 2.7, It catalyzes abso high rates of ATP hydrolysis f = —90 ATP per CF,F per s at Aphl =0,
{3y The fnactive species (both oxidized and reduced) catatyre neither ATY synthesis nor ATP hydridysis.
The activation /fsoctivation of the reduced enryme s completely reversible. (4) The activation of the
reduced, inactive enzyme is measured as a function of ApH by measoring the rate of ATE hydrolysis
catalyzed by the active species. Half-maximal activation is observed at ApH = 2.2, (8} On the basis of these
resudts a vesction scheme is proposed relating the redox reaction, the activation and the catalyiic reaction of
the chiloroplast ATP synthase.

Introduction bydrolysis conpled with a wansmembiane proton
transport f1} Besides this catalylic reaction, the
ATV synthase carries oud also two other reactions:
a redox resction where an -3-S-group on the
v-subunit becomes reduced or oxidized [2--4] and
a protolytic reaction where the ATPase is cone
verted from an inactive into an active state {5-91
The relations between the different siates are
depacted in a simplified way in the reaction scheme
{Scheme I} [10] In class-IT chloroplasts, ie., chlo-
roplasts without envelope membranes, the ATP
synthase is wsually in the oxidized state, EM™

The membrane-bound ATP svithase, CFF,
from chloroplasts catalyres ATP  synihesis/
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When the chloroplasts are tlfuminated in the pres-
ence of dithiothreitol, the ATP synthase becomes
activated and reduced, B, In state B1™ the ATP
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synthase 18 able to catalyze high rates of ATP
hydrofysis and ATF synthesis [7-13]. The capabl-
iy of CEF, for hvdrolvzing ATP declines with
tome, The presence of ADP aceelerates this de-
cling, whereas the presence of phosphate stabilizes
the ATP hydrolysis activity {14-16].

When the ATP synthase is i its form EP,
energization of the membrane leads (o an active
state, ESY From parallel measurements of the
activation and ATP synthesis as a function of the
energization it was concluded that the activation
(of the oxidized form) requires a higher energiza-
tion than ATP synthesis itself — at least at low
phosphate potentials {6,817} Correspondingly,
ATP hydrolysis is hardly observed in class-fl chio-
roplasts, since at low energization the ATF svn-
thase s tmactive and at high energization ATP
syiihesis ocours,

Aceording to this scheme four different reac-
tions of the ATF synthase respond 1o the mem-
brape energization, ApH (and A4 ) the activation
of the oxidized and of the redoced enzyme and the
catalytic reaction catalyzed by the owidized and
the reduced enzyme,

En this work we investigate the functional de-
pendence of the activation of the veduced gnzyme
on ApH and compare it with the dependence of
the activation of the oxidized enzyme and with
that of the catalytic reaction.

Materials and Methods

Class-II  chioroplasts were prepared from
spinach as described elsewhere [18]). They were

gither stored on ice and used within 4 h afler
preparation or they were rapidly frozen and stoved
i Houdd witrogen o a medium containing 100
mb sorbitol, 30% ethyleneglycol (v/vy, 7 mM
MpCl,, 23 mM Nall 20 mM tricine/ MWaOH
(pH = 7.4) and 2.3 mM chlorophyll [19]. After
thawing the chloroplasis were washed once with a
solution containing: 2 mM MgCl,, 5 mM Nadl, 2
mhd tricine,/ WaOH (pH = 8.0) and then resuse
pended io give a stock solution containing: 50
m sorbitel, 2 mb MgCl,, 5 e Tricine / NaOH

solution can be stored up o 4 h on e without
loss of activity, ie., fresh and thawed chloroplasts
show, under otherwise identical conditions, the
same rates of ATE synthesis and ATP bhvdrolysis.
The amount of CF, per chlorophyll was de-
termined by rocket immune electrophoresis 120,211,

Dithiotheeitol reduction. Chloroplasts were -
{umninated with white light (100 mW /em’) in a
water bath at 15-18°C for 5 min, The dithio-
threitol, reduction medium containg: 6 mh Tri-
cine/ NaOF (p} = §.2), 2.5 mM MgCl,, 0.5 mM
MNa, BEDTA, 20 mM dithiothreito!l 200 pM methyl
viologen, 300 pM chlorophyll and - when in-
dicated ~ 2 mM MaH,PO,. The hght was filtered
through 10 cm 1% CuS0, solution. Afier the
Humination the chioroplasts were either nsed -
mediately or stored at room temperature up 0 1.5
h without loss of activity.

Energization of the membrone, The thylakoid
membrane was energized by an acid-base transi-
tion in the following way.

(a) Actdic stage: 250 gl dithiothreitol-reduced
chioroplasts (n  the dithiothreitol reduction
medinm) were muxed with the same volume of
medium A coniaining 40 M sucoinie scid, 10
mb Tricine, 2 mM MgCl,, 20 pM 3-(34-dichlo-
rophenyly-1,1-dimethylurea, 3 pM valinomyein, x
mM KOH for pH control (30 < x5 90y, 206~ x
mM KC and - when no P, was present in the
reduction medium - 2 mM NalH,PO,. The chio-
roplasts were incebated for 30-40 s o thes medium
so that internal and external phase are equi-
litrated.

(b) Basic stape: 100 pl of the chloroplasts in-
cubated in the acidic-stage medium were mixed
with the same volume of medium B containing
200 mM Trcine, 108 mM KOH, 2 mM MgClL., |



mbd Nall, PGy, 10 pbd DOCMU and y M NaOH
(20 <y = 50) so that the pH after mixing was
8.20 + 0.03.

Assay of ATF hydrelvsiz. Usually, 5 s after the
acid-base {ransition ATP hydrolysis was started
by addition of 100 pl chloroplasts to the same
volurme of the following assay mediwm: 100 mM
Tricine, 50 mM KOH, 50 mM KCh 200 mM LiCl,
2 mM MgCl,, 1 mM NaH,PO,, 6§ mM NH,CI
and 2 mM ATP containing [v-*PIATP (2107
Bg,/mb) and NaOH (13 mM) to adjust the fimal
pH of assay to 820 + 0.05. After different time
intervals samples were taken, denatured with 0.6
M perchloric acid and analyzed for P content
similar as described i Ref, 23, The [y-“PATE
was synthesized according to ref. 24.

When no preceding acid-base transition was
pesformed, 50 ¢l medivm A and 104 pl mediom B
were mixed before 50 pi chloroplasts (in the di-
thicthreitol reduction medinm) were added. The
experimental procedure for reduction, activation,
inactivaiion, reactivation and assav of ATP hy-
drotysis is given in Scheme [ The ion concentra-
tions in the activation step and during the assay of
ATP hydrolysis are summarized in Table 1.

In the experiments where the coupled and un-
coupled rates of ATP hydrolysis are compared
under the same conditions, hydrolysis was started
by mixing with medium B which contains ad-
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dittonally 100 md LiClL 2 wmM ATE and [y-
HPIATE with 107 Bg/ml and 6 mM NEH,Cl for
the measurement of the uncoupled rate of ATP
hydrolysis. High time resolubon (ms range) was
obtained by peforning the mixing with [y-
PRPIATP in a rapid mixing quenched flow system
[22].

Assay of ATP synthesis. The rate of ATP
synibesis after an acid-base fransition was mea-
sured with a rapid mixing quenched flow system
as described carlier {22] Combination of an acid-
base transition with a change i K7 concentranion
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(i the presence of valinomyein) leads 1o the gen-
eration of ApH and AyY which can be varied
independently from each other 22,25 In this
work we always used the condition A= 0 mV.
The chloroplasts were subjecied either before (en-
zyme in the oxidized, inactive form) or im-
mediately after reduction by dithiothreitol (en-
zyme in the reduced, activated form) to an acid-
base transition using the same reaction media as
described above (energization of the membrane’),
except thai the P, concentration was 5 mM in all
media and solution B containg 200 p M ADP and
no added ATP.

Hesults

When the activation of the reduvced ATP gyn-
thase is to be measured, the reduced, inzctive
form, B, must be generated first. This has been
done as follows: class-1T chdoroplasts were il
luminated in the presence of dithiothreitol, giving
the spedies B2 The kinetics of the inactivation
process after illumination in the dark o the species
E*Y was investigated by measuring the uncoupled
rate of AT hydrolysis at different times.

Fig. 1 shows the result. &t the top, the P
released as a function of the reaction ibme 1s
shown, the parameter at the curves is the storage
time after the illumination. The slopes of these
curves are the rates of ATE hydrolysis, On the left,
resubts are shown when 1o phosphate is present in
the dithiothreitol redaction medium; on the right,
results in the presence of 2 mM phosphate are
shown, It can be seen that the rate of ATF hydrol-
ysis decreases with increasing tme after illumina-
tion, In the absence of phosphate after 10 min no
ATP bydrolysis is observed, Tn the presence of
phosphate, the decline of the hydrotysis activity is
much slower in accordance with earlier ohserva-
tions {14-16]. TFig. 1, botom, shows the rate of
ATE hydrolysis; Le., the slope of the curves from
Fig. 1, top, as & function of iime afier iHlumina-
tion. Without phosphate the rate declines to its
half-maximal value within 30 s, in the presence of
LM B within about 130 s,

Cme might now ask whether this dechne is
reversible or ooty ie, whether the initial activity
can be restored by energization of the mermbrane.
This experiment has been carried oot as follows:

- sterage Bme fein <P storoge time o
n 8h
/? 14533
S
o - /’5?"-‘w
E4 57 4
= 3 /
0 “
Fy & N .
i = i
w
. -
€
L T
e B e
| LN
f: Ww H kil 14 W 0 a0
tungl & timefs
o g
Fra
i
s 4 b= o__..
# @ o )
S i =i 1P
w 4
Tl
CARIEY .
£ \ :
'
A @
£
-
o » “n... ™
& B e Wy
o A o By gy = @ E——
Pl G i
hied 20 Eli}

siorage thme ! onin

Fig. 1. ATP hyvdvolysis in chlovoplasts preifluminared sn the
presence of dithiothreitol, Fop Ieft: ATP hydrolvzed as a
funciton of reaction tme. The slopes of the curves are Lhe rates
of ATP hydrolysis. The numbers give the rates in M ATP per
M OCHI per s. These curves are measured & different storage
times &t 20°C after umination. The curve labeled {-+ Afi )
was measured 13.6 min afwer Hlumination and after a preceding
membrane energization, The curves are dsplaced arbitrasly
from the origin for & clearer presentation. Actually, the zero
poini (representing the * P, conieat of the [v-"TPIATP) is the
samne for all carves, Hlumination and stovage was carried out i
ther absence of P chlorophyll concentration was 430 pM, Top
right: same as top Teft, but #hamination and storage were
carried out in the presence of 2 mM P, Bottom: rate of ATP
hydvolysis as a function of storage time in the presence and
absence of P Open symbols (4 Afy ) the membrane was
energized after different storage times,

first the chloroplasts are stored antil the ATP
hydrolysis activity has declined completely (after
13.6 min in the absence of P). Then the mem-
brane is first energized by an acd-base transition
(ApH = 3.2} supplemented by a K/ valinomyein
diffusion potential {&¢ = 85 mV) [22] and after 5 5
uncoupled ATP hydrolysis is started as deseribed
in Materialy and Methods. The resubt is shown in



Fig. 1, top {(++ & 4-) In the absence as well as in
the presence of phosphate in the dithiothreitol
reduction medium g rate of about 150 mM ATP
per M Chl per s is found. This rate i3 identical
with the rate measured divectly after pre-itlumina-
tion, e, before inactivation has occurred. Fig. 1,
bottons (+Afi;-) shows that this vate can be
restored at any time after preifluminaton. This
implies that the sctivation,/mactivation process is
completely reversible,

We tried different uncouplers i order to have
an optimal vncoupling. It turned out that with
most uncouplers, o.g. gramcidin 13, there exists an
opitmal concentration: at lower copcentrations the
rate of ATP hydrolyas decreases (incomplete un-
coupling) and also at higher concentrations the
rate decreases. (Possibly, there 15 g divect interac-
tion beiwean uncoupler and ATPase which in-
activates the enzyme.) Unfortunately, the optimal
concentration also varies [rom preparation 1o pre-
parationy. Therefors, we finally decided tw use
ML CY which requires rather high concentrations
(more than 1 mM) but increased concentrations
(10 mM) do not inhibit ATP bvdrolysis,

Fi may now be asked whether the uncoupling is
complete. This has been tested as follows. Fiest,
we observed that the different wncouplers used
give the same maximal rate of ATE hydrolysis,

Second, we have mensured ATP hydrolysis under
coupled and uncoupled conditions, This is shown
i Fig. 2.0 The rate of ATP hydrotysis, we., the
slopes of the curves i1 Fig. 2 are 150 mM ATP por
M Chl per s for the uncoupled and 20 mM ATP
per M Ch per s for the coupled rate, Le., uneou-
pling stunulates the rate by a factor 7.5

The curve in the presence of MH, O extrapo-
Iates (o zere, whereas in the absence of NH O a
burst can he observed indicating a fast phase of
ATE hydrobysis shortly after imitiating the reacs
tion,  With  the rapld-mixing  quenched-flow
rechnigue the inuial phase has been Investigated
(Fig. 2, inset) It can be seen that in the first 300
ms the rates of ATE hwvdrolysis in the presence
and ahsence of NUH Y are identical and give a
rate of 130 mM ATEF per M Chi per 5 In the
presence of WH,CH this vate 15 constant up 1o 20 5;
whereas, i the absence of MH O after 300 ms
the rate decreases and after T s the rate of 20 mbd
ATE per M Chi per s is observed which 15 con-
stant For at feast 30 s This result shows that
during the first 300 wms the nternal proton con-
centration is so low that the rate of ATP hvdroly.
sig Is not Bmdted by the deprotonation reaction at
the inside, Due 1o the hydrolysis-coupled influx of
H?*, the proton concentration increases and after
about 1 s the proton concentration is so high that
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Fig. 2. Coupled {—NH, D and vncoupled {+NH,CD ATE bydrodysis 2s g {unction of resction thme measired 40 5 altey
iHhemination s the presence of dithiothrettol, The numbery give the vaie in M ATP per M Chl per s, Insot: ATE hydrodysis with
high time resolntion messured with a rapid-mizing quenched llow apparatos under coupled and uncoupled conditions,



the rate is limited by the deprotonation. Since the
same rate s observed under uncoupled conditions
and in the first 300 ms under coupled conditions,
tt can be concluded that the NH Ol concentration
is high enough so that ATP hvdrolysis is not
limited by the deproionation inside and thai, on
the other hand, the NH,Cl concentration is low
enough not to decrease the activity of the enzyme.
We conclude, therefore, that the observed rate 150
mM ATP per M Chl per s is the maximal rate of
the enzyme under these conditions {(pH =282, 1
mM ATP, Mg?™ = 2 mM, P, =1 mM, 20°C). The
amount of chlerophyll per CF, as determined by
rocket immune electrophoresis was 600 M Chi per
M CF,. This gives a turnover of 90 ATP per CF,
per 5. The linding that the rate of ATP hydrolysis
is not limited by the deprotonation reaction inside
does not imply that voder uncoupled conditions
there exists no ApH across the membrane. By
measuring the rate of ATP hydrolysis in the first
300 ms with the rapid mixing technigue as a
function of ApH it bas been shown that the rate is
not influenced up to Apkl= 1.2 (at pH,, =82}
[26].

Based on these results the procedure for mea-
suring the dependence of activation on ApH was
as follows: class-II chloroplasts were preil-
luminated in the presence of dithiothreitol without
phosphate. After pre-iliumination they were stored
in the dark al room temperature. Under these
conditions, after 15 min no hydrolysis activity is
observed as shown in Fig. 1, bottom. With these
chioroplasts acid-base transitions with different
ApH are carried out so that the pH_ is always
8.2 and & =0 mV. 5 s afier the acid-base jump,
NH,Cl and [v-*PJATP is added and the PP,
released is measured as a function of the reaction
time (sce Materials and Methods).

Fig., 3 shows the amount of ATP hydrolyzed as
& function of reaction time with different ApH in
the activating step. When the ApH is low in the
activating siep (0.13) no ATP hydrolysis is ob-
served. With increasing Apk in the activating step
the rate of ATP hydrolysis increases.

Fig. 4 shows the uncoupled rate of ATP hydrol-
yais as a function of ApkH i the activating step
(A= 0 mV} Data are from Fig. 3 and additional
measurements. A sigmoidal dependence can be
seen with a maximum rate of 180 mM ATP per M
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Chi per s, scale on the right. The left scale gives
the rate in ATP per CF, per s The half-maximal
rate is obtamed at ApH = 2.2, Provided that dur-
ing pre-ilumination in the presence of dithio-
threitol all ATP synthases have been reduced and
activated, it results that 57 = E where £7 is
the concentration of the active, reduced enzyme
and £, ke the total enzyvme congentration. It has

L)

humination time increased the rate of ATP hvdrol
vais. Addiionalty, it has been observed that there
is no enzyme-bound ADP at the end of the pre-il-
umination period. This indicates thar practically
all Ck,F) has been activated with a concomitant
release of tghtly-bound ADP [6,15,16,28]. Since
the rate is proportional to the enzyme concenira-
tiom, i resulis for the relative rate:

been verified that neither an increase of dithioth- Oprp(Bydr)  Ee
reite] concentrafion nor an increase of the il o nyds) E, h
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Fig. 5. AT synthesis as a function of the reaction time measured with a rapid-mixing quenched How apparatus. The slopes of the
curves are the tates of ATP synthesis; numbers give the rates in mM ATE per M Chi per 5. The curves are displaced arbitrarily from
the origin for a clearer presentation. Actwally, the zero point is the same for all curves. Different ApH have besn generated by
acid-base transitions, & was zero in all cases. Detatls see Materiods and Methods, Left: experiments are carricd out with unireated
class-IT chiaroplasts, e, CFF was at reaction dme 7= 0 fn the state 5% Right: experiments are carded oul with classel]

chtoroplasts which have been preiiluminated in the presence of dithiotheeitol, Lo, CF,F) was af reaction time ¢ = ( in the state B
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Les, the relative rate of ATE hydrolysis diveetly
gives the fraction of reduced, active ATP syn-
thases

Fig. 5 shows ATP synthesis at different 4pH
(A =0 mV) measured with a rapid-mixing
quenched flow apparatus. Un the left, results are
shown when chloroplasts are used before di-
thiothreitol tremtment, Le, when CEF, is in the
form B Om the righs, zesults with dithiothreitol-
L owhen CEF s
in the form B™. Al the same &p“ the rate
catalyzed by ?:;“' is much higher than that cata-
tyzed by B in accordance with earlier vesults {8],

In Fig. & the rates of ATP synthesis, ie., the
slopes of the curves o Fig. 5 and siaflar measure-
mants are plotied as function of ApH for both
forms of the enzyme. Measurements of the rate of
ATE synthesis as a Donction of Apk immediately

treated chloroplasts are shown, ie

4

after generation of E™ are not kinetically con-
trolied by 2 preceding activation process and re-
flect, therefore, the dependence of the catalyiic
reaction on ApH {see Discussion). Starting with
the oxidized, inactive enryme, B, the relative
eate of ATP syathesis gives according to Egn. 3
the fraction of the concentrations of the activated.
cmu:hzad enzymes, £ /E, as a Function of Apki

The measurement of the activation of the reduced,
inactive enzyime is more complicated: in a two-step
procedure first the inactive, reduoed snryme, ¥ {“‘"ﬁ
is generated and then B/ is transformed into
EF The fraction of the concentrations of the
active, reduced enzymes, EXY/E . is then given
{see kqgn. 1} by the relative uncoupled rate of ATE
hydrolysts, Therefore, the data from Fig. 4 are
replotied in Fig. 6, giving the fraction of active,
reduced enrymes as a function of SpH. It can be
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Fig. 6. Rate of ATF synthesis (seale on the right) vatalyzed by untreated elass-Ii chloroplasts, EP, and by reduced. aotivated classel!
chloroplasts, B as a function of 4pkt. de from Fig, 5 and similar sets of gxperiments, Reative rate of ATE hydrolysis catadyred

try vednecd, mduw\a class-II chioroplases,

. 85 3 function of ApH in the activation step. Data from Fig. 4. The relative rate of

AT bydrolysis represents, according 0 Egn. 1, the fraction of reduced, active ATF svmthases, BP9 the relative rate of ATP
synthesis cabdyvzed by wstrented chloroplasts reprosenis, according 1o Bau. 3, the fraction of oxidized, active ATF syntlases, B
{sende o the left).



seen from Fig. 6 that for each of the three differ-
en{ processes a sigmoidal dependence on ApH is
found, Half maximal activation is achieved for the
oxidized enzyme at ApH =34, for the reduced
ergzyme at &pH = 2.2, For the catalytic reaction a
half-maximal rate of ATPF synthesis s obtained at
ApH =27 The maximal rate of ATP synthesis
(400 ATP per CEFF, per s) 5 the same for the
oxidized and reduced enzyme,

Priscussion

Reproducibility of the data

About 40--530 different chloroplast preparations
have been used io collect the data presented in
this work. Il rates of ATP synthesis,/ hydrolysis
are measured per chlorophyll, differences of about
a factor of 3 are observed betweean different pre-
parations under otherwise identical conditions.
Therefore, the amount of CF, per chlorophyll was
determined by rocket lmmzmne electrophoresis for
each preparation. f rates are expressed per CF.
the difference between different preparations was
maxzmally a factor of 1.3; ie, the main &
ferences between the preparations was  the
CF-to-chlorophyll ratio. Based on a molecular
mass of 400 kda {or CF,, this ratio varies between
450 and 1200 chlorophyll per CT) in accordance
with earlier results [21].

The measurement of the transmembrane Apkl
is as exact as the pH can be measured with glass
electrodes using standard buffers for calibration
of the electrode response. The underlying assump-
tion s that during incubation in the acidic medium
there is a complete equilibration between internal
and external pH. This complete equilibration has
been demonstrated in our earlier work by measur-
ing the rate ag a function of the incubation thme
[22]. With this method all vesicles have at the
beginning of the reaction the same internal pH
independent of their mize. In smal vesicles the
ApH decreases faster during the reaction due o
their smaller amount of protons stored inside. The
sceond assumption that the ApH is constant in all
vesicles during the rate measurement is controlled
ix each measurement, since only the hinear parts
of the ATP vield vs, reaction thme curves are used
for the determination of the rate.

Also the other reaction conditions are exactly

knowny all membrane potentials (diffusion poten-
tial, surface potential difference, Donnan poten-
tial) are vanishingly small because of the high KCl
concentration and the presence of valinomycin;
the substirate concentrations temain at their initial
value because of the short reaction fime; the prod-
uct concentration is measured. Therefore, the data
i Fig, 6 vefer to precisely defined reaction condi-
tions with a high degree of reproducibility, They
can, therefore, serve as standard or reference curves
for other measuremenis; eg., if the rate of ATP
synthesis and the state of the enzyme is known,
the ApH can be taken from Fig. 6. This is espe-
cially useful, since our ApH measurement does
not reguire the knowledge of the internal volume
and the wuwse of ApH-indicating probes (e.g.,
Amines}.

The activation of the reduced ATP synthase

The results shown in Fig. 1 indicate that the
mactivation of the ATP hydrolysis occurring after
dithiothreited treatment can be completely re-
versed by membrane energization. I our earlier
experireents only @ partial reversibility was ob-
served |10]. We have found two experimental con-
ditions wnder which a complete reversibility can
be achieved.

{1} The dithiothreitol treatment is carried out
as desenbed earlier [10] and sobsequently ihe
chloroplasts are treated with N-ethylmaleininde
{3,271, This leads to atkylation of ~8H groups and
prevenis the reoxtdation of the - SH groups in the
y-subunit wiich had been redoced doring the di-
thiothreitol treatment {3,27]. The decay of ATP
hydrolysis  activity is slower in the case of
maleinimid-treated  chloroplasts than with non-
treated samples, The maleinimid-treated chioro-
piasts can be completely reactivated by energi-
ration; with the non-treated chloroplasts only a
partial reactivation is observed [10).

€2y If BT A 15 included in the dithiothreitol-
reduction medinm {see Materials and Methods),
also 2 compieie reactivation of the ATP hydrolysis
activity by energization is observed. The reason
for this effect is not completety clear.

The observed complete reversibility facilitates
the interpretation of the results as well as the
experiments. It is clear that as far as CEF) re-
maing in the reduced state there exists a reversible
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activation-deactivation process which depends on
ApH. Increasing the ApH increases the fraction of
active, reduced enzymes oniil at ApH = 3.2 alt
CF,F, is in the form B We assume that there is
a prototytic equilibriom berween the mternal pro-
ton concentration and proton accepting groups on
ihe enzyme. If these are fully protonated from the
ingide while other groups which are in contact
with the external phase are fully deprotonated, all
enzymes are active [8,17]. The two-step procedure
used here (firstly, a reduction by dithiothreitol
under Hluminatiom and then inactivation while
keeping the enzyme in the reduced state, and
secomdly, an activation of the reduced enzyme by
ApHY allows g guantitative measurement (Eqn. 1)
of the [raction of active, reduced enzymes as a
function of ApH. The highest rate of ATP hydrol-
yaig observed under our conditions was 180 mM
ATP per M Chl per s corresponding 1o a turnover
of about 80 ATP per CF,F, per s, This iz about a
factor 2 higher than observed cartier {111

The activation of the oxidized ATF synthase
The rate of ATE synthesis /hvdrolysis cata-
lyzed by the oxidized enzyme s given by

.
vl = w5 (8 pH, A {ApH, Af) 2)

(For simplicity it is assumed that the concentra-
tion of subsirates, products and cofactors IS con-
stant.y £ /K i the fraction of active, ouidized
ATP synthases and wib, 15 the rate of the cata-
Iytic reaction per active, oxnidized ATP synthase.

If the functional dependence of the catalytic
reaction dows not depend on the redox state of the
enzyme, i€, if wilp = w/ S it can be seen that
the measured rate, £%,, reflects indoed maindy the
activation of the oxidized enzvme. At ApH =30
the catalvtic reaction reached practically the maxi-
mal turnover, whereas vgyp has reached only 20%
of s maximal rate. This imphies that a further
increase of ApH does not increase the rate of the
catalytic reaction, only the fraction of active UF,F,
increases. Uinder these conditions we obtain from
Eagn. 2

S

Pa g § AR 8y

Therefore, 1o Frg. 6 the scale on the leflt side
indicates the fraction of active ATP synthases.
The fraction of active, reduced CF,¥F, has been
measured n s two-step procedure by the relative
rate of ATP hydrolysis catalvzed by EI* (Bgn. 1),
The fraction of active, oxidized CFF, has been
measured by the relative rate of ATP synthesis
catalyzed by the oxidized form (Egn. 33, Compari-
son of both results shows that a ApH =34 i
necessary to activate hall of the axidized species;
whereas a Aphl = 2.2 is necessary to activate half
of the reduced species. This tmphies that dithioth-
reatol treatment of chloroplasts, Le., the reduction
of an ~88-group in the vye-subunit leads o a de-
crease of the Apt for activation. This conclusion
is in agreement with earlier resuhts obtained by
completely different methods [9).

The caralytic reaction

I an acid-base transition 1 carned out -
mediately alier dithiothreitol (reatment; i.e.. when
the emeyme is in the state EP the rate of the
catalytic reaction can be measured without the
mvelvement of the activation process. The time
between dithiothreitol treatment and the measure-
ment of the rate of ATP synthesis 1s 30 5 (due to
the incubation in the acidic mediom). According
1o the resulis shown in Fig. 1 approx. 20% of B
is converted into B/ in this time (in the presence
of 2 mM P, and at a chlorophyll concentration of
450 uM) The decay kinetics of hydrolytic activity
is slowed down by decreasing chlorophyll con-
centration {because then also the concentration of
free ADP decreases). Phthiothreitol reduction for
the measurement of ATP synthesis was carried out
in the presence of 5 mb P, and 150 oM chloro-
phyll and the chloroplasts were diluted with the
mediom A immediately after iHumination. Under
these conditions a maximuom of 3% of the activated
erzymes is inactivated during incubation, There-
fore, the maximal sysiematic error in the measure.
ment could be that all rates are 5% w small,
However, since the SpH jump apphlied for the
catalytic reaction is higher than that necessary Tor
activation, this leads to a reactivation of the 5% of
inactive enzymes. Therefore, we think that the
curve labeled ‘catslviic reaction’ represents the
true dependence of the rate of ATF svnthesis on
ApH without mvolvement of the activation. Agal-



ogously, as for the oxidized form, the rate of ATP
synthesis / hydrolysis for the reduced form is given
by

red

i E‘\t .
o0 = wie(SPHL Ay)—- (ApH, 4¢) )
4

For the reduced enzyme Fig. 6 shows both de-
pendencies, wi3, on ApH and E™/E, on ApHl.
If, e.g., the enzyme is in the state EM™ and we
apply & ApH of 2.5, we obtain from Fig. 6 wis,
=150 57 and EM/E, = 0.8; ie., the measured
rate should be 155, = 120 57 according to Eqn. 4.

Unfortunately, the catalytic rate catalyzed by
the oxidized enzyme, wik,, cannot be measured
in & similar way as described for the redoced
enzyme, because the form B2 is so unsiable that
upon deenergization it reacts rapidly o EM Pre-
sently, we have no method to measure w iy, The
simplest asswmption in this respect is that the
redox state of the enzyme only influences the
activation process bul not the catalytic reaction,
In this case it is w, =wi, and the curve
labeled catalytic reaction in Fig. 6 represents the
ApH dependence of the rate for the oxidized and
the reduced ATP synthase.

The rate of ATP gsynthesis as a function of
ApH using class-II chloroplasts has been mea-
sured by different groups {29-31,531 in all cases
vie was measured which reflects - according 10
the reswlts presented here - at low phosphate
potentials the activation £/, as a function of
ApH. In our interpretation all measurements where
the enzyme is in the oxidized state give no direct
information on the catalyvtic reaction but on the
activation process and the data (eg., H*/ATP,
K values, et reguire therefore a remmterpreta-
tion,

Drata for the catalvtic reaction without involve-
ment of the activation can be obtained only when
the enzyme is in state £/ during the measure-
ment or — at leasi - when the fraction of enzymes
m the different states 15 exactly known and this
fraction does not change during the experiment.
fn all other cases - we think - a mechamistic
interpretation of the data in torms of a coupling
berween proton transport and ATP synthesis is
practically impossible.

11

The regulation of the ATP synthase

The activity of CE X 1s srongly regulated by
the redox state of HS-groups in the vy-subunit.
This regulation is not universal among FoF, ATP
synihases, e.g., the y-subunit of the ATP synthase
from the thermophilic bacterium P53 does not
contain a HS-group [52]. Addinonally, like other
ATP synthases the activity of CEF, is controlled
by the energizaiion of the membrane and the
binding of substrates and cofactors, Presamably,
this strong regulation 15 necessary to avoid ATP
hydrolysis in vivo at the end of an illumination
period.

The regulation by binding of ADFP and P, can
be neglected in vivo, since the P, concentration is
about 10 mM {33] and the ADP concentration as
well as the ATP conceniration is in the 1 mM
range |[34,35]. This implies that compared to the
Ky values of the regulatory ADP and P, binding
{15,16,36] their absoluie concentrations are too
high to play a significant role in regulation. On
the other hand, the membrance encrgization and
the redox potential, Le, the NADPH/NADP"
ratio, change strongly. It has been shown that
vivo CE,F, can be reduced by thioredoxin [37,38)
so that after illumination of leaves in the class-]
chloroplasts {with ntact envelope membranes)
high rates of ATP hydrolysis are observed [37-42).
The rate of ATP hydrolvsis and ATP synthesis is
stimulated regardless whether reduction is carried
ount in vive by thioredoxin or in vitro by dithio-
threitol treatment of class-11 chloroplasts {41

The redox state of thioredoxin is coupled via
fervedoxin to the redox state of NADPH, The
redox state of MADPH /NADPT is eontrolled by
the rate of its reduction due to the electron trans-
port and the rate of its oxidation in the Calvin
cycle. On the basis of the results shown in Fig. 6
and the reaction Scheme § the following phenom-
ena are gxpected in vivo. In dark-adapted leaves
as well as in class-1 and class-IT chloroplasts CFF,
is usually m the oxidized state, B,

According to Fig. 6 at, eg, ApH =27 a part
of CEF, is transformed into the state B and a
rate of about 30 57 % will be observed. If the €O,
fixation 18 Jimited by the ATP supply, NADPH
will be accumulated and this will tead via
thioredoxin 1o a reduction of CF,F,. If all CEE,
is reduced, this would lead at constant ApH 1o an
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increase of the rate up o 306 s However, we
must take into sccount that possibly not alt CFE,
will be reduced, and that due io the moreased
phosplorylation-coupled proton efflux the ApH
will decrease. H, e.g., ApH decreases by about (0.3
units, the rate will increase only from 30 57" o 60
s7Y e, we can expect that during decrense of
ApH the rate of ATP synthesis is increased. In
fact such a behavior has been observed: the rate of
CO, fixation in clags-I chloroplasts is increased
upon addition of NH,C1 which decreases the Apk
[43,44% This has been nterpreted as a stimulation
of reactions in the Calvin cvele {431 In our scheme
this wounld be interpreted as follows: addition of
N, eads 1o & decreased ApE and therefore to
an increased rate of eleciron transport and conse-
quently to an increased NADPH concentration,
This gives nise to reduction of CFF, wa
thioredoxin and thereby the rate of ATP synthesis
can be increased according to the resulis in Fig. 6,
although the ApH was lower than before NH,CI
addition. i is evident from our results that this
effect can be expected only if CF,F) is at the
beginning of the experiment in the oxidized state,
I oall CFF, is in the reduced state, this effect
should not be phserved. In chloroplasts where the
envelope membrane has been made permeable for
ADP an uncoupler stimulated ATE synthesis hag
been observed [45], Although shenomenologically
sirmifar 1o the effects in vivo (and class-l chioro-
plasty) the origin of the phenomenon seems o be
different [43].

It has been shown that in dark-adapied class.l
chloroplasts there exists a rather high ATP con-
centration which i obviously not hydrolyzed
[35,45]. When these chloroplasts are illuminated
with a sertes of single wrnover flashes, first ATP
hydrolysis and, alter some flashes, ATP synthesis
is observed. According to the reaction scheme I
this is interpreted as follows: st the beginning of
the experiment CF,F, is in the state E/* {no ATP
hydrotysis), A few single turnover flashes (even
tor flashes can be suflicient (Schreiber, U, un-
published resuits} energize the membrane to such
an exient that part of the enzvme is activated
(according to Fig. 6 this energization corresponds
o a ApH = 1.5 and correspondingly ATP hydeol-
ysis is observed. When in a series of flashes ApH
and Ad is increased so that the energization is

higher than ApH » 2.2 ATP synthesis is observed.
it is clear from our results that these phenomena
can only be observed if the enzyme is in state B,
I it were in state B, the cnergization for the
activation of the ATP synthesis would be approx.
ApH = 3.0, In this case po ATP hydrolysis can be
observed at lower ApH, sitnce no active enzyme 15
present, However, when ApH > 3.0 is reached,
this high encrgization leads astomatically to ATP
synthesis,

The increased rate of ATP syothesis in the
range of 2.0 < ApH < 3.5 catalyzed by BX in
comparison to the oxidized enzyme explains also
why addition of dithwthreitel to intact chioro-
plasts reduces ihe guantum requirement for €O,
reduction [34]. Obviously, at low lght miensiies
COy-reducnon is lUmited by the ATP supply and
the rate of ATP synthesis catalyzed by the oxidized
gnzyme 15 too low fo allow effictest CO,-reduc-
fiomn,

The data presented in this work allow the
guantifative interpretation of the redox reaction,
the activation reaction, and the catalyiic reaction
of the ATP synthase in class-IT chloroplasts pro-
vided the relevant paramelers are known. Actu-
ally, the data have been vsed to simulate success-
fully the time-cowrse of the membrane potential
[46]. We think that the propesed scheme also
describes the phenomena observed n class-{ chlo-
roplasts and in vive; however, in vivo the relevant
parameters (redox staie of the enzyme, membrane
energization) asually are not known  cxactly.
Therefore, this behavior can be described only
gualitatively.

Comparison with lterature data

It is well established in class-i chloroplasts
shat illumination in the presence of dithiothreitol
ehicits proton-transport coupled ATE hydrolysis in
the following dark period [11-141

Also, pre-illumination of leaves or intact chlo-
roplasts leads to ATP hydrolysis in the subsequent
dark period {37-42% In class-I1 chloroplasts the
stimulation of ATP synthesis after dithiothreitol
treatment hias been shown by different groups
[4,7,9,47 48], The initiation of ATP synthesis, ATP
hydrotysis and [ ClADP release was studied when
the CEF, was in the form E™ and E™ [4950]
{the release of tightly bound [ CJADP reflects the
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activation of CFF, [6,28]). The number of single
turnover {lashes required to initiate the different
activities was measured under conditions where
the membrane potential was abohshed. Therefore,
these experiments reflect the minimal ApH re-
guired for the CFF, activity snder consideration.
In gqualitative agreement with our results six flashes
are required for the activation EM - B 12
flashes for E&™ — EY. The injtiation of ATP
synthesis and ATP hydrolysis catalyzed by E™
reguired about ten flashes, ATP synthesis by E™
about IS5 flashes. Additionally, 1t was demon-
strated that both activation processes do not de-
pend on the phosphate potential [49,50].

The rate of ATP synthesis and ATP hydrolysis
has been measured as a function of ApH energiz-
ing the membrane by light and measurmg the
Apl by the distribution of imidazol [9]. Three
different sigmoidal dependencies were found for
the activation of the oxidized enzyme, of the re-
duced enzyme, and of the catalvc reaction cata-
lyzed by the reduced enzyme. The ApH for the
half-maximal activation and of the half-maxinsal
catalytic rate were (in brackeis are given the data
from: our work)y: wS.: ApH = 2.75 (1.7), £ /K,
ApH =32 (3.4), EM/E: ApH =235 (2.2). In
view of the fact that the measorement of the rate
of ATP synthesis/hydrolysis and that of ApH
was completely different, the agreement of these
data 15 surprisingly goed. On the basis of com-
pletely different experiments carried out with in-
tact chloroplasts a reaction scheme has been pro-
posed for the activation and the redox reaction of
CF,F, which is quite similar to our reaction scheme
(Scheme 1) {42]

On the basts of these data obtained by different
groups the relation between the redox reaction of
CF,F, (also called ‘thiol-modulation’), the activa-
tion of CEF, and the catalviic reaction seems (o
us to be clarified now. However, this does not
mean that the reguiation of this enzyme is com-
pletely understood. It is well known that the activ-
ity s also regulated by the absolule concentrations
of ADP, ATP, P, and Mg*" {51], so that a final
scheme of the regulation of CI,T is more com-
phicated than the simpilified scheme proposed here.
For further investigations it is important that the
state of the enzyme 18 well defined and does not
change during the experiment.
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