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Transport protons do not participate in ATP synthesis/hydrolysis at the
nucleotide binding site of the H*-ATPase from chloroplasts
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The H*-ATPuse lrom chloroplasts, CFF,, was brought inte the active, reduced state by illumination of thylakoids in the presence of Lhioredoxin
and dithiothreitol. Uni-site ATP synthesis was initiated by the addiuon of 20 nM [2-"PIADP, and enzyme-bound and free nucleotides were
separated by a pressure column, The ratio of enzyme-bound ADP 1o ATP was 55 2 005. In a second experunent, uni-site ATP hydrolysis under
energized conditions was initiated by the addition of 36 nM [a-*P]ATP; enzyme-bound and free nucleolides were separaled by a pressure column.
Both procedutes were earried out under eontinuous illumination The ratio of engyme-bound ADP 10 ATP wis 0.46 2 0.04, In a third experiment,
uni-site ATP hydrolysis under de-energized conditions was initiated by the addition of 39 nM [z-"P)|ATP and NH,Cl/valinomyein in the absence
of tlluminaien. Free and enzyme-bound nucleotides were sepurated also by a pressure <olumn. The ratio of enzyme-bound ADP 10 ATP was 0.43
£ 0.02. Thus ratio was always the same irrespective of whether the reacuion 1uns in the synthesis or the hydrolysis direction. Furthermore, the ratio
does not depend on 1he membrane energization. We conclude, therelore, thal the protons are not direeily involved in the reaction at the eatalytic
nile

Chlmoplast; H*-ATPase, Enzyme hinetics; Binding change mechunism

1. INTRODUCTION

The H*-ATPase from chioroplasts catalyzes proton
transport coupled ATP-synthesis and ATP-hydrolysis
[1,2}. The enzyme is a F-type ATPase [3,4], i.e. it has a
hydrophobic membrane integrated part, Fo, involved in
transmembrane proton iransport and a hydrophilic
part, FF,, which contains the nucleotide binding sites.
Both parts are connected by a narrow stalk. The mech-
anism of the coupling between the proton translocation
through the enzyme and the chemical reaction is not yet
known. Currently, two hypotheses are discussed: (i) The
protons translocated through the enzyme are involved
directly in the chemical reaction (‘direct coupling’ [5]).
In this case protons frem the internal aqueous phase can
reach the catalytic site leading 1o a three-fold protona-
tion of the bound phosphate. A nucleophilic attack of
the bound ADP (which is not pretonaied at the catalytic
site) leads via a pentavalent transition state of the phos-
phorous atom to the climination of water and thereby
bound ATP is formed. This mechanism predicts a steric
inversicn at the phosphorons atom during the reaction
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and this has been observed [6,7). (ii) The protons
wranslocated thiough the Fy-part lead to conformational
changes which are transinitted to the catalytic site in the
F,-part and this leads to a change of the binding affini-
ties of the nucleotides (*indirect coupling® {8,9]). In a
simplified way this mechanism works as follows: ADP
and phosphate are bound (o an open binding site. This
is followed by a conformational change leading (o a
closing of the binding site, so that nucleotides and phos-
phate cannot exchange with the medium. Under these
conditions ATP is formed spontaneously and it remains
tightly bound at the catalytic sile. Protonation cf the
enzyme from the inside gives rise to a conformational
change, the calalytc site is opened again and ATP is
released. The existence of an equilibrium between
tightly bound ADP and ATP has been demonstrated by
'5Q.exchange measurements [10,11].

In this work, we wanted to distinguish between both
types of coupling. One consequence of the direct cou-
pling mechanism is that the ratio between bound ADP
and bound ATP must depend strongly on the mem-
brane ¢nergisation: increasing the internal proton con-
centration will directly lead to an increase of bound
protonated phosphate and consequently Lo an increase
of bound ATP. Therefore, we measured the bound ADP
and bound ATP under energized and de-energized con-
ditions. In order to avoid complication which might
arise from the cooperativity between different nucleo-
tide binding sites, all measurements were ¢arried out
under uni-site conditions.
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2. MATERIAL AND METHODS

2.1, Isotation and reduction of CEE, in thylahoids

Thylukoid membranes sere prepared as described earlierand stored
under ligud mirogen [12). The chlorophyll-to-CFF, rauo was 730 &
100 as determined by immunoelectrophoresis {13,14] The refngera-
tion medium was removed and the enzyme was reduced in the presence
of tluoredexin, pyocyann and dithiothreital under continuous illumi-
nation as described earlier [15] Afler this trealinent the thylakoid
suspension contamed about 300 uM chlorophyll, 3 4uM thioredoxin,
20 uM pyoeyanin, | mM dittuothireitol, 5 mM Na-tnicine, 0.3 mM
EDTA and 2.5 mM Mg/Cl; (buffer 1). The thylakoids were slored on
1ce in thedark Detween 13 min up tod b The inactive, reduced enzyme
contamed two bound ATP/CF,F, and ong bound ADP/CFF, In
oirder to reactivate the enzyme 42 il of the thylakoid suspension was
added to 182 gl bulfer 2 (100 mM Na-Tricine, 60 mM KOH, 20 mM
suceinate, 2 mM MpCl,, 2 mM Nall, PO, titrated to pH 8.03 with
NaOH, freshly added 43 uM pyocyanin) und illuminated for 15-30 s
with saturating white light. ATP synthesis or ATP hydrolysis was then
started by addition of' the coiresponding substrale,

2.2, Preparanon of [a-*P]ADP

Highly labelled [2-*P]ADP wus prepared as follows. Twenty micre-
liers [2-*PIATP (PB. 10200, Amershim Buchler) was muxed with |
41 each of 100 mM MgaCls. 20 mM p-glucose, 10 mM EDTA and |
2/ hexokinase, After 60 min ot room temperature, ATP hydrolysis was
complete and the hexokinase was denatured by adding 2.2 4l irichlo-
roacetic acid (24%, w/v)., The solution was neutralized with 1 N
NaOH, dituted with water up o 300 4l and stored at ~20"C. Pioduct
and educt ware analyzed [or ATP, AMP. ADP and P,. The concentra-
tion of ADP and ATP was determined with luciferin/luciferase [16].
The separation of P, and [x-PJATP was performed by extracung
inorganic phosphate as phosphoammoniun molybdate complex {see
[16]). [&-"PJATP, [x-"P]ADP and [a-"PJAMP were scparated by thin-
layer chromatogiaphy as described below. 1t resulted in [z-P)ATP
120 TBg/mmol, 393 MBaq/ml, 3.2 uM (97.5%). 53 nM ADP (1.5%),
27 nM AMP (19%); Prbackgiound: 1.4 MBq/ml (0.4%), The product
[2-PJADP had a specific acivity of 1 14.2 TBg/ramol, a total radioac-
tivity of 25 MBo/ml, 2158 oM ADP (97 3%), 2 nM ATP (1%6), 3.7 1M
AMP (1.7%). The use of these highly labelled nucleotides increased the
detecuion limit considerably because the speaifie activity was improved
by 4 factor of 5,700 compdred to [U-"CJADP used earlier [15].

2.3 Sepuration of labefled [o-3 Plrucleotides

The samples were muxed with cold ADP, AMP and ATP (final
coneentrations | mM in each case) in order to Jocalize the spots under
a UV lamp (4 = 254 nm) after running the thin«layer chromategraphy.
Between 20 and 100 4l of (he neutralized samples were apphed on a
polyethyleneimine-coated cellulose plate (Polygram CEL 300, PEl/
UV, Macherey-Magel), For the thin=layer chromatography 1.2 M
LiCl was used as eluant. The spots were cut out and direetly counted
in 4 ml seintillatios lud {Hiomie Fluor-Canberra-Packard, Countar:
TriCarb 1600 CA, Canberra Packard) 10-100 4l of the samples were
direetly counted in a seintillation counter giving the total ammount of
adenimnucleotides {AdM). Corrections were made for ¢uenclung by
sohid particles, A copirol experiment with p-{6-*H]glucose (see below)
indicaled thul glucose was runping with the solvent front.

24 Separatlon of free and ensymiesbound reqclanis

Free reactants were separated from reactants bound to thylakois
membrane by a modification of cenirfugahion columns niraduced by
Penefsky [L7]1 A syringe (I ml) was closed by a cylindrieal plate
(diameter 5 mm, pore width 35 um, polyethylene 6900, Reichelt
Chemie) and the tip of the synnge wus cut lo diminsh the dead
volume. 1.5 g Sephadex-G 50-fine (Pharmacis) was swollen m 60 mi
water for 24 h at room temperature, Then, 60 ml double concentrated
bufter 2 was added and the gel suspension was filled into the syringe
20 4M pyoeyamin was added when the separation was earried out
during continuous illwmination. The ¢olumns were eentrifuged for 5
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min al 4,600 x g, They were then filled afier centrifugation exacily up
to 0 35 ml. Fuling and centrifugation was repeated twice, 50 that the
columns were filled up to 0.7 ml after the second and 0.85 ml alter the
third centrifugaton. Usually 310 ul of suspension was put on the
column and the thylakends were pressed through by pushing the pision
to the | ml mark (starling point ol separation) The separation process
was stopped 45 s luter, The volume of the eluate was delermined by
weighing (usually between 120 and 200 xl). Partial adsorption of
thylakeids onto uw gel particles leads to a loss of chlorophyll in the
eluate, The chlorophyll conceniration was measured for each sample
by muxing 20 &1 eluate with 80 &1 100% aceton usimg ultramicrocuveltes
{No, 105.202-08, Hellma) The ¢hlorephyll concentration in the eluate
was usually between 25 and 40% of the initial concentration.

The separation fuctor was determined as follows. p-[6=*H]glucose
(30 kBq) was added 1o the thylakoid suspension. The glucose concen-
trations before and after the column were measured The ratio be-
tween these was aboul 1,500 and (his represents the separation factor
The same separation factor was measured when cold ATP (1 mM) was
added to buffer 2. The concentrations of free AMP, ADP and ATP
after the column were calculated from therr known concentrations
before the column and the separation lacter. This facior was deter-
muned in each experiment. The enzyme-bound nucleotides were caleu-
lated [rom the (otal nucleotides by subtrucling the free nucleotides, A
quench correction for *H was carried out and also the overlapping of
the 1> and *H spectrd was correeted. When enzyime-bound nucleoudes
were determined undel energized conditions, the colunns were illumi-
nated from three sides and the top by saturating white light, The rate
ol ATP synthesis was measured {(buller 2 -~ 300 #M ADP) before and
aller the column A decrease of the rate by a factor of 2 was found
(from 1 1Q = 20 mM ATP/(MChl.s) 1o (50 £ 5) mM ATP/(MChl.s). The
same decrease was found independently whether the separation was
petformed in the dark or during illunimation.

235, Kineute megswrements with CFF, from thylakaids

For all exoeriments the enzyme was brought into the acuve, reduced
state as desecribed above. Aflter 15 s ilumination the reaction was
started (reaction time £, = 0) by adduition of 176 /i thylakoids in buffer
210 165 41 of buffer 2 contuining additiona! {e-P)ATP or [2-¥P]JADP
(n edch case 50 kBq) and b-[6-*H]glucose (50 kBqg, sp. act.: 9324
GBg/mmol, Amersham), The rosulting mixture 15 referred (o us reace
tion medium in the foliowing text. From this solution an aliquot of
310 4l was put en the eolumn at the reaction time /; during continuous
Htumination. The free and enzyme-bound spegies weie separaled with
the pressure ¢olumn. The reaction time £, was the time when Lhe piston
of the synnge stopped at the | ml mark, i.e. the time when the separa-
tion was staried. The eluate dropped direetly into 20 gl 24% irichle-
roacetic acid, After 43 » the separation was finished. The labelled
nucleotides [2-*P]JAMDP, [a-“PJADP and [o-*PJATP were sepurated
by thin-layer chromatography. When ATP hydrolysis under de-ener-
gized conditions was measured, the preillumination time was 30 s,
After this ime the light was switched off and the reaction was started
by addition of 165 ul buffer 2 contauung additionally [z-*P]ATP, 6
mM NH,Cl and 3 #M valinomyein,

3. RESULTS

CF_F, was brought in the active, reduced state by
continuous illumination in the presence of thioredoxin,
pyocyanin and dithiothreitol (see Section 2). The thy-
lakoids were illuminaied for 15 s and ATP-synthesis
was started by adding [a-**P]JADP (initial concentra-
tiens: [ADP]; = 20 nM; [CF F,], = 40 nM and 20 nM
cold ATP synthesized during preillumination). Five sec-
onds before the reaction time r, the suspension was put
on the column and enzyme-bound aad free nucleotides
were separated in the pressure column as described in
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Fig. 1. Rauio belween enzyme-bound ADP and enzyme-bound ATP. The H-ATPase was brought into the aclive, redaced slate. Radioaciive

nucleotides were added and alter dilferent reaction times ree and enzyme-bound nucieoiicles were separated using a pressure column. The eluate

was denatured by trichloroacelic aeid and analyzed by thin-layer chromatography for the bound nucleotides. {A) Energized conditions: ATP-

synthesis was inttated by the addition of 20 nM [2-*PJADP. The thylakeids were lluminated duning the reaction and during the sepuration on

the column {B) Energized conditions' ATP-hydrolysis was intiated by the addiion of 36 nM [a-**PJATP. The thylakoids were illumimated duning

the reaction und dunng the separation on the column (C) De-energized conditions. ATP-hydrolysis was initiated by the addition of 39 nM
{@-*P]ATP, 6 mM NH,Cl and 3 uM valinomycin. Then, the hght was switched off (open eircles, see [18]).

Section 2. The reaction time ¢, is the time between addi-
tion of ADP and the start of the separation. During the
whole procedure the thylakoids were illuminated. The
eluate dropped directly into 249% TCA and was ana-
lyzed by thin-layer chromatography for enzyme-bound
AMP, ADP and ATP as described in Section 2.

In Fig. 1A the ratio between enzyme-bound ADP and
ATP was plotied against the reaction time f,. The ratio
remains constant up to 3¢ 5 after an initial phase which
is not resolved (dashed line). The ratio between enzyme-
bound ADP and enzyme-bound ATP was 0.55 £ 0.05.

In a second experiment, the ratio between enzyme-
bound ADP and ATP was measured when ATP was
hydrolyzed ender energized conditions. In this case, [o-
2PIATP was added after 15 s preillumination (initial
concentrations: [ATP), = 36 nM including the ATP syn-
thesized during preillumination, [CF,F,], = 32 nM}.
After different reaction times r, the separation of free
and bound nucleotides was started as deseribed above.
The concentration of the bound nucleotides was deter-
mined by thin-layer chromatography as described
above. In Fig. 1B the ratio between enzyme-bound ADP
and enzyme-bound ATP is shown. The ratio is constant
after an imtial fast phase which is not resolved here
(dashed line). The ratio is (.46 = 0.04.

In a third experiment, the ratio between enzyme-
bound ADP and ATP was measured when ATP was
hydrolyzed under de-energized conditions. In this case,
[o-**P]ATP together with 6 mM NH,Cl and 3 uM vali-
nomycin was added after 30 s preillumination (initial
concentrations: [ATP], = 39 nM including the ATP syn-
thesized during preillumination), [CF.F ], = 34 nM).
ATP was hydrolyzed for 30 s, then free and enzyme-
bound nucleotides were separated and the enzyme-
bound nucleotides were analyzed by thin-layer chroma-

tography. The ratio between the enzyme-bound ADP
and enzyme-bound ATP is shown in Fig. 1C (filled
circles). This rario was meusured eurlier using Spin-X
filters for the separation of bound and free substrates
(r, = 15-9Q s), and it was also delermined by acid
quench/cold chase experiments (¢, = 0.5-3 s) [18]. These
data are depicted by open circles in Fig. 1C. The ratio
0.43 + 0.02 is constant after an initial fast phase which
iz not resolved here (dashed line). All three methods give
the same result which is an indication of the equivalence
of these three methods.

4, DISCUSSION

When protons participate directly in the reaction at
the catalytic site the squilibriurn constant at this site is
given by:

E ATP + nH;, = E ADP P, + nH},

_{E ADP Pi] [H})"
"~ [E ATP] [H, )

-~

From de-energized (4pH = 0) to energized (4pH = 3)
conditions the ratio (H,/H,,,)" changes from 1 to (10%)",
i.c. for # = 3 by a factor 10°. Correspondingly, the ratio
[E ADP PJ[E ATP] should change by 107 in order to
maintain the same equilibrium constant. The data in
Fig. | show that the ratio [ADPluouad/[ATPLauna does
not change. In the synthesis direction the enzyme is
always saturated with P, i.e. [EADP] << [EADP Pl. In
the hydrolysis direction (de-energized) the same result
|EADP PY[EATP] was oblained when {a-*FIATP (full
circles, Fig. 1) and when [y-**P]ATP was used (ref. [18],
open circles, Fig. 1). This implies that [EADP] and [EP]
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are small compared to [EADP PJ. Therefore,
[ADPloso Fepresents nearly exclusively [EADP P).

We conclude, therefore, that the tiansported protons
do not participate direcily in the reaction at the catalytic
nucleotide binding site. This is in accordance with the
proton-induced binding change mechanism proposed
by Boyer [58.%] where bound ATP is formed spontane-
ously on the enzyme and the energy derived from the
transmembrane electrochemical potential difference of
protons is used for dissceciation and binding of sub-
strates and products.
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