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Covalent modification of the catalytic sites of the
H*-ATPase from chloroplasts with 2-nitreno-ADP.
Modification of the catalytic site 1 (tight) and catalytic sites 1 and 2
together impairs both uni-site and multi-site catalysis of ATP synthesis
and ATP hydrolysis
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Abstract

After isolation and purification, the HT-ATPase from chloroplasts, CFoF;, contains one endogenous ADP at a catalytic
site, and two endogenous ATP at non-catalytic sites. Incubation with 2-azido-[o-32P]JADP leads to tight binding of azido-
nucleotides. Free nucleotides were removed by three consecutive passages through centrifugation columns, and upon UV-
irradiation most of the label was covalently bound. The labelled enzyme was digested by trypsin, the peptides were separated
by ion exchange chromatography into nitreno-AMP, nitreno-ADP and nitreno-ATP labelled peptides, and these were then
separated by reversed phase chromatography. Amino acid sequence analysis was used to identify the type of the nucleotide
binding site. After incubation with 2-azido-[0-*>P]JADP, the covalently bound label was found exclusively at B-Tyr-362.
Incubation conditions with 2-azido-[o->*P]JADP were varied, and conditions were found which allow selective binding of the
label to different catalytic sites, designated as 1, 2 and 3 in order of decreasing affinity for ADP, and either catalytic site 1 or
catalytic sites 1 and 2 together were labelled. For measurements of the degree of inhibition by covalent modification, CFyF;
was reconstituted into phosphatidylcholine liposomes, and the membranes were energised by an acid-base transition in the
presence of a K*/valinomycin diffusion potential. The rate of ATP synthesis was 50-80 s™!, and the rate of ATP hydrolysis
was 15 s~! measured under multi-site conditions. Covalent modification of either catalytic site 1 or catalytic sites 1 and 2
together inhibited ATP synthesis and ATP hydrolysis equally, the degree of inhibition being proportional to the degree of
modification. Extrapolation to complete inhibition indicates that derivatisation of catalytic site 1 leads to complete inhibition
when 1 mol 2-nitreno-ADP is bound per mol CFyF;. Derivatisation of catalytic sites 1 and 2 together extrapolates to
complete inhibition when 2 mol 2-nitreno-ADP are bound per CFyF;. The rate of ATP synthesis and the rate of ATP
hydrolysis were measured as a function of the substrate concentration from multi-site to uni-site conditions with derivatised
CFF; and with non-derivatised CFoF;. ATP synthesis and ATP hydrolysis under uni-site and under multi-site condition
were inhibited by covalent modification of either catalytic site 1 or catalytic sites 1 and 2 together. The results indicate that

Abbreviations: Tris, tris(hydroxymethyl)aminomethane; EDTA, ethylenediaminetetraacetic acid; Tricine, N-[2-hydroxy-1,1-bis-(hy-
droxymethyl)ethyl]glycine; CFoF;, proton translocating H"-ATPase from chloroplasts; HPLC, high pressure liquid chromatography;
AXP, AMP or ADP or ATP
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derivatisation of site 1 inhibits activation of the enzyme and that cooperative interactions occur at least between the
catalytic sites 2 and 3. © 2000 Elsevier Science B.V. All rights reserved.

Keywords: HTATPase; CFoF; Nucleotide binding; Uni-site catalysis; 2-Azido-nucleotide

1. Introduction

H"-ATPases (‘ATP synthase’, F-type ATPase,
FoF)) catalyse ATP synthesis and ATP hydrolysis
in bacteria, chloroplasts and mitochondria. They
use the free enthalpy difference (‘Gibbs free energy’)
derived from the transmembrane proton transport
to synthesise the B-y-phosphate-bond in ATP from
ADP and phosphate. All F-type H"-ATPases have
a similar structure; they consist of a membrane-in-
serted Fy-part involved in proton translocation and
a hydrophilic Fi-part containing the nucleotide and
phosphate binding sites [1-5]. Photolabile as well as
chemically reactive nucleotide analogues have been
used to identify the nucleotide binding sites within
the protein. 2-Azido-AD(T)P has been frequently
used, since it has the same ’anti’ conformation as
the adenine nucleotides, and its photolabile group
is small, so that binding to the enzyme is not
disturbed [6-9]. Thus, the analogue binds to F-
ATPases with similar characteristics as AD(T)P,
and it is a substrate for both ATP synthesis and
ATP hydrolysis with almost the same K, values as
those of the corresponding adenine nucleotides [10-
12].

After photolysis of bound 2-azido-AD(T)P, the re-
sulting 2-nitreno-AD(T)P is exclusively bound to the
B-subunit of CFyF; [13]. Detailed analysis of the
labelled amino acids under different conditions gave
the following result: when binding and covalent
labelling of catalytic sites was analysed, the nitreno-
[0-32P]ADP appeared to be bound at Tyr-362 of the
B-subunit. Binding to non-catalytic sites resulted in
the labelling of Tyr-385 of the B-subunit [14,15]. This
surprising result was understood after the elucidation
of the structure of MF; at 0.28 nm resolution [16]:
the catalytic sites are located on the B-subunits and
B-Tyr-362 (CF-numbering) is located near the azi-
do-group of 2-azido-ADP. The non-catalytic sites are
located on the a-subunits, but a stretch of the neigh-
bouring B-subunit forms a part of the binding site
and this stretch contains B-Tyr-385 which is located

near the azido group of 2-azido-ATP bound at the
o-subunit.

Whereas agreement has been achieved on the num-
ber of nucleotide binding sites, the interaction be-
tween the different sites is still an open question. In
rotational catalysis all three catalytic sites participate
sequentially in catalysis. At each moment, the three
sites have a different structure, but during catalysis,
they undergo conformational changes, adopting the
open, tight and loose conformation in sequential or-
der [17,18]. However, there are also reports that only
two PB-sites are directly involved in multi-site cataly-
sis, the third site containing a tightly bound nucleo-
tide in MF; [19] or turning over very slowly in
CFyF; [20,21]. Covalent derivatisation of catalytic
sites and investigation of its effect on catalysis has
been frequently used for clarifying this question.
When all catalytic sites operate sequentially, covalent
modification of one site is expected to block enzyme
activity completely. However, earlier studies on the
correlation between derivatisation of the Fi-parts of
F-type ATPases from different sources gave no clear-
cut result (for review, see [22,23]). The main prob-
lems were the following: first, not only one type of
nucleotide binding sites was derivatised. Second, co-
valent modification of one catalytic site of CF; with
2-azido-ATP does not cause a complete loss of enzy-
matic activity, and additional '®0 measurements in-
dicate formation of catalytic sites with altered prop-
erties [24]. Third, covalent derivatisation of one site
might lead to different effects (full inhibition, partial
inhibition, no inhibition) on the rate catalysed by the
non-derivatised sites. These observations impede the
interpretation of the correlation between activity and
enzyme modification. For a mechanistic interpreta-
tion, there are two additional problems. First, most
of the work with covalent labelling of nucleotide
binding sites was not carried out with the holoen-
zyme, but with the experimentally more amenable
Fi-part. Fj-catalysed ATP hydrolysis, however,
only gives information on a partial reaction of the
enzyme, and it is important to know, how catalytic
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sites interact, when ATP synthesis and ATP hydro-
lysis are coupled with proton transport. Second, a
special problem arises with the chloroplast enzyme,
since CF; is usually obtained in an inactive latent
form and requires one or another special (mis-) treat-
ment in order to induce ATP hydrolysis activity.
Such treatments might generate a heterogeneity of
the enzymes and/or a heterogeneity of catalytic path-
ways.

Purified CFgF; can be reconstituted into lipo-
somes, and, after energisation of the membrane by
ApH/A¢, the rate of ATP synthesis is almost as high
as in thylakoid membranes [27]. In this system, it is
possible to correlate the effect of covalent modifica-
tion with the inhibition of the complete reaction
cycle including H'-translocation. Based on earlier
work on nucleotide binding to CF; [25,26], we inves-
tigated the correlation between covalent derivatisa-
tion and ATP synthesis with reconstituted CF(F;
under conditions, when only one type of nucleotide
binding site was derivatised.

The three sites on the B-subunits will be called sites
I, 2 and 3 in order of decreasing affinity to ADP.
Correspondingly, the three o-sites are called sites 4, 5
and 6 in order of decreasing affinity to ATP. Re-
cently, we have shown that upon specific covalent
modification of either catalytic site 2 (loose) or cata-
lytic site 3 (open) multi-site catalysis is inhibited pro-
portionally to the fraction of covalently modified en-
zyme molecules, while uni-site catalysis is not
affected [28]. In the present study we have covalently
modified site 1 (tight), and site 1 and site 2 together
and investigated the effect on catalysis. The data in-
dicate that in this case, both uni-site and multi-site
catalysis are inhibited proportionally to the fraction
of modified enzymes.

2. Materials and methods

The H"-ATPase from chloroplasts was isolated
and purified as described earlier [29], except that no
nucleotides were present in the sucrose-density gra-
dient centrifugation. The enzyme was obtained in a
solution containing 300 g/l sucrose, 30 mM Tris-suc-
cinate, pH 6.5, 0.5 mM EDTA, 2 g/l Triton X-100
(Sigma) and 1 g/l asolectin (Fluka) with a protein
concentration of about 2-5 g/l. It was rapidly frozen

and stored in liquid nitrogen. Protein concentration
was measured with the Bio-Rad protein assay using
bovine serum albumin as a standard. A molecular
mass of 550 kDa for the CFyF; was assumed. After
three consecutive passages through Sephadex G-50
centrifugation columns [30] equilibrated in buffer A
(20 mM Na-succinate, 20 mM Na-Tricine, pH 8.0,
80 mM NacCl), the CFyF; contains approximately
2 bound ATP and 1 bound ADP per enzyme.

The synthesis of 2-azido-[o-**P]JAD(T)P was per-
formed as described in [31,32]. The specific activity
after synthesis was 900-1000 dpm/pmol. The 2-azido-
[0-32P]ADP contained maximally 1% 2-azido-[o-3*P]-
ATP. Incubation with 2-azido-[o-**P]JAD(T)P, pho-
toaffinity labelling and identification of the modified
binding site was carried out as described earlier
[28,33]. The reconstitution of CFyF; into liposomes
was performed as described [35]. The lipid concen-
tration of the proteoliposome suspension was 10 mM,
the concentration of reconstituted CFyF; was 80 nM
for measurements under multi-site conditions, and
800 nM for measurements under uni- and bi-site
conditions. After reconstitution, the enzyme was re-
duced by incubation with 50 mM dithiothreitol for
2 h at room temperature. Endogenous nucleotides
were measured as described in [21]. The rates of
ATP synthesis and ATP hydrolysis were measured
after a ApH/A¢ jump as described [28,34-36].

3. Results
3.1. Experimental protocol

After isolation and purification of CFyF}, free and
loosely bound nucleotides were removed by three
consecutive passages through centrifugation col-
umns. After this treatment, the enzyme contains
about one ADP and two ATP per CFyF;, the
ADP being bound at a B-subunit and the two ATP
molecules at a-subunits [28]. This enzyme was used
for the following experiments: CFyF; was incubated
with 2 mM EDTA with different concentrations of
2-azido-[a->’P]ADP for up to 5 h at room temper-
ature. After incubation, free nucleotides were again
removed by three consecutive centrifugation col-
umns, and protein concentration and 2-azido-
[o-3?P]nucleotides and endogenous nucleotides were
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Fig. 1. Binding of 2-azido-[o-*?PJADP to CF,F;. Isolated
CFoF; (5 uM) was incubated with 100 uM 2-azido-[o->P]JADP
in the presence of 2 mM EDTA up to 22 h. After different in-
cubation times, free nucleotides were removed by three consecu-
tive passages through centrifugation columns, the enzyme was
denatured and the nucleotide content was determined. Top pan-
el: the binding of 2-azido-[0-**P]JADP and total nucleotide con-
tent. Bottom panel: the endogenous nucleotide content. About
one endogenous nucleotide and two 2-azido-[o-*>P]JADP were
bound per CFyF, after 5 h.

measured. Then, a part of the enzyme preparation
with the bound 2-azido-[o-*>P]JADP was irradiated
with UV-light for covalent modification and digested
by trypsin. The labelled peptides were separated by
HPLC and the amino acid sequence of the labelled
peptides was determined. In parallel, the irradiated
and, separately, the non-irradiated enzymes were re-
constituted into liposomes. Again the endogenous
nucleotide- and 2-azido-[o-*>P]JADP content were de-
termined after reconstitution. Finally, the rate of
ATP synthesis and ATP hydrolysis was measured
as a function of the ADP or ATP concentration
from uni-site to multi-site conditions. The same mea-
surements were carried out with the non-irradiated
part of CFyF; which contained non-covalently
bound 2-azido-[o-*>P]JADP. Additionally, the release
of bound 2-azido-[o-*>P]JADP was measured after

energisation in the presence as well as in the absence
of a catalytic turnover.

As a control, isolated CFyF; without incubation
with 2-azido-[o-**P]JADP was either irradiated with
UV-light or not irradiated. Again, both enzymes
were reconstituted separately into liposomes and
the nucleotide content, ATP synthesis and ATP hy-
drolysis were measured. As a second control, isolated
CFyF; was incubated with ADP in the same way as
with 2-azido-[0-*?P]JADP and then reconstituted into

tight loose open
1 2 3
catalytic sites ADP
4 5 6
non-catalytic sites ATP ATP
5h, RT
2mM EDTA

100 uM 2N;-[a3?P]-ADP
3 centrifugation columns

1 2 3
2N-ADP* | 2N-ADP*

5 6

4
ADP/ATP

Procedure 4

v

1.5h,RT

2mMEDTA

100 pM ADP

3 centrifugation columns

1 2 3
2N-ADP* ADP

4
ADP/ATP

Procedure 5

Fig. 2. Scheme of the procedures for specific labelling of cata-
lytic sites 1 and 2. Procedure 4 leads to occupation of two sites,
procedure 5 to occupation of only one site (site 1). For clarity,
the resulting occupation of the binding sites is shown already in
this figure, although the arguments for this assignment are giv-
en in Section 4.
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liposomes. None of these treatments changes the re-
sults of the activity measurements.

3.2. Binding of 2-azido-[ o>’ P]ADP

Fig. 1 shows the variation of the endogenous nu-
cleotide content and the binding of 2-azido-[o-3*P]-
ADP when CFF; is incubated with 100 uM 2-azido-
[0-3*P]JADP and 2 mM EDTA. In the first 50 min,
binding of one 2-azido-[o->*P]JADP per CF,F; is ob-
served without a significant change of the endoge-
nous ADP and ATP content. Then, one endogenous
nucleotide, mainly ATP, is released, and the binding
of a second 2-azido-[o->PJADP per CFyF; occurs
which is complete after about 5 h. The binding of
the second 2-azido-[0->*P]JADP is accompanied with
the release of one endogenous nucleotide (mainly

ADP) so that, finally, the total nucleotide content
is again three nucleotides per CFyF;. Further incu-
bation up to 22 h does not change this distribution
(see Fig. 1).

This treatment is called procedure 4 and leads to
the occupation of two catalytic binding sites with 2-
azido-[a-*?P]ADP. Fig. 2 shows schematically proce-
dure 4 and the resulting occupation of the binding
sites. Additionally, Fig. 2 shows the treatment which
leads to occupation of catalytic site 1 (procedure 5).
In order to clarify the presentation, we have already
included the result for the occupation pattern of the
binding sites, although the arguments for this assign-
ment are given later.

The enzyme treated according to procedure 4 con-
tained 1.8 bound 2-azido-[o-*>P]JADP and one resid-
ual endogenous nucleotide (see Table 1 and Fig. 2).

Table 1
Characterisation of isolated CFyF; and of CFF; reconstituted into liposomes and analysis of covalently bound nucleotides after UV-
irradiation
Incubation Isolated CF(F, CF(F| reconstituted into liposomes Analysis of irradiated CFyF,
conditions
ATPbound ADPbound ADPfree 2-N3- ATPbound ADPbound ADPfree 2-N3- covalently % AXP- labelled
[a-*2P]- [a-32P]- bound labelled Tyr
AXP AXP 2-N3- peptide
[0(-32]:’]-
AXP

Incubation in  1.75 1.30 0.015 0 0.70 1.45 0.45 0 - - -
buffer A, 30
min
Procedure 4:  0.40 0.70 0.05 1.8 0.15 0.40 0.40 1.7 1.4 —ADP Y-362
incubation in >95%
buffer A+
2 mM EDTA+
100 uM 2-N3-
[0-32P]JADP,
Sh
Procedure 5:  0.40 1.5 0.09 1.1 0.30 1.50 0.30 0.95 0.80 —ADP Y-362
as procedure 4, >95%

followed by
incubation in
buffer A+

2 mM EDTA+
100 uM ADP,
1.5h

Data are given in mol nucleotide per mol CFyF;. No free ATP was detected under any condition. The % of AXP-labelled peptides is
given as percent of radioactivity of the sample applied on the ion exchange column. Incubations were carried out at room tempera-
ture. After each incubation, free nucleotides were removed by three consecutive passages of the CF¢F; solution through centrifugation
columns. The data represent the average from three experiments (initial conditions average of 12 preparations). The standard devia-

tion was less than 10% for all data shown.
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This enzyme was then irradiated with UV-light for
up to 60 s. After each irradiation time, the protein
was denatured and the amount of covalently bound
2-nitreno-[o-*>PJAXP was measured (Table 2). The
data indicate that maximally 75% of the bound 2-
azido-[a-*?P]JADP can be covalently bound under
these conditions. In order to measure the effect of
covalent modification on ATP synthesis activity,
the enzyme was reconstituted into liposomes after
each irradiation time, and, after a ApH/A¢ jump,
the rate of ATP synthesis was measured with 100
uM ADP. It decreased from 88 to 14 s~! after 60 s
of irradiation (Table 2). In order to distinguish the
effect of covalent modification of the binding sites
from the potentially harmful effect of UV-irradia-
tion, the enzyme was treated according to procedure
4, but the 2-azido-[o-*>PJADP was substituted by
ADP. This enzyme was irradiated in the same way,
reconstituted into liposomes and the rate of ATP
synthesis was measured. Up to an irradiation time
of 30 s the rate remains constant and a small de-
crease is observed after 60 s irradiation (Table 2).

Fig. 3 shows the rate of ATP synthesis at different
levels of covalently bound 2-nitreno-[o-*’P]JADP. Ex-
trapolation of the linear part of the curve indicates
complete inhibition, when about two nucleotides are
covalently bound.

3.3. Localisation of the bound 2-nitreno-ADP

The enzyme treated according to procedure 4 was
irradiated for 60 s with UV-light, then digested with

Table 2

1.0

procedure 4

0.5F

procedure 5 N =N

relative rate of ATP synthesis

\ AN
\
0 ] A 1 >

0 0.5 1.0 1.5 2.0

cov. bound 2N-[a*2P]-ADP per CFqF;

Fig. 3. Relative rate of ATP synthesis as a function of the
amount of covalently bound 2-azido-[o-?P]JADP. CFyF; (5
uM) was incubated with 100 uM 2-azido-[o-*?P]JADP in pres-
ence of EDTA for 5 h. Free nucleotides were removed by three
consecutive passages through centrifugation columns (procedure
4). The enzyme treated according to procedure 4 was then incu-
bated with 100 uM ADP in the presence of EDTA for 1.5 h
and free nucleotides were removed by three passages through
centrifugation columns (procedure 5). Both enzymes were cova-
lently labelled by UV-irradiation for different times. After re-
constitution of the differently labelled enzymes into liposomes,
the rate of ATP synthesis was measured, and the data are plot-
ted as a function of covalently bound 2-nitreno-[o->?P]JADP per
CF(F;. The rate of ATP synthesis without covalent derivatisa-
tion were 88 s~! for the enzyme treated with procedure 4 and
55 s~! for the enzyme treated with procedure 5.

Effect of UV-irradiation on covalent labelling of CFyF; and on the rate of ATP synthesis

Irradiation time (s) Rate of ATP synthesis

Total bound

Covalently bound Rate of ATP synthesis

(s7!) Control 2-N3-[o-2P]ADP 2-N3-[a-3>P]JADP (s™h

Procedure 4

0 83 1.8 0 88
15 88 1.9 0.79 51
30 85 1.8 1.27 27
60 67 1.8 1.4 14
Procedure 5

0 52 0.9 0 55
15 52 0.9 0.5 25
30 55 1.0 0.8 15

The enzyme was incubated with 2-azido-[0-*?P]JADP according to procedure 4 or procedure 5. As a control, the enzyme was either
treated according to procedure 4 or to procedure 5, however, ADP was used instead of 2-azido-[o-*>P]JADP. Data are given in mol

nucleotide per mol CF(F].
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Fig. 4. ATP synthesis of CFyF; with covalently bound and
non-covalently bound 2-azido-[a->*P]JADP at sites 1 and 2 as a
function of the ADP concentration. CFyF; was incubated as
described under procedure 4. The CFyF; contained 1.4 cova-
lently bound 2-azido-[o-**P]JADP (filled triangles) or 2 non-co-
valently bound 2-azido-[o-?>P]JADP (open triangles) after recon-
stitution into liposomes. The rate of ATP synthesis was
measured after ApH/A¢ jump. Top panel: data under uni-site
conditions (up to 100 nM ADP). Bottom panel: data under
multi-site conditions (up to 100 uM ADP). Center panel: the
intermediate range.

trypsin, and the resulting peptides were separated by
HPLC. Almost all radioactivity was present as nitre-
no-ADP-labelled peptides. Nitreno-AMP-labelled
peptides represent less than 5% of the total radio-
activity, taking into account that the radioactivity
in the void volume appeared to be nitreno-AMP-la-
belled peptides. The elution profile of the HPLC sep-
aration on the reversed phase column indicated that
more than 95% of the radioactivity represents pep-
tides of the catalytic site and sequence analysis indi-
cates that only B-Tyr-362 was derivatised (see Table

1). Obviously, both sites occupied with procedure 4
are catalytic sites [14,15].

3.4. Effect of modification of two catalytic sites on the
kinetics of the enzyme

In order to characterise these occupied binding
sites we investigated the effect of their covalent deri-
vatisation on the catalytic properties of the enzyme.
CF,F, containing two 2-azido-[a->’P]JADP (proce-
dure 4) at catalytic sites was irradiated for 60 s to
achieve maximal derivatisation (1.4 mol bound 2-ni-
treno-[o-*>PJADP per mol CF,F;). The irradiated
enzyme and, as a control the non-irradiated enzyme
were reconstituted into liposomes. ATP synthesis was
measured after a ApH/A¢ jump with ADP concen-
trations ranging from 10 nM to 100 uM. The initial
rates of ATP synthesis as a function of ADP concen-
tration are depicted in Fig. 4. At low ADP concen-
trations (uni-site conditions, top panel), medium
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Fig. 5. ATP hydrolysis of CFyF; with covalently bound and
non-covalently bound 2-azido-[o->’P]JADP at site 1 and site 2
as a function of the ATP concentration. CFyF; was incubated
according to procedure 4. CFyF; contained after reconstitution
into liposomes 2.0 non-covalently bound 2-azido-[o-*>P]JADP
per CFyF; (open triangles) or 1.4 covalently bound 2-azido-
[0-?P]JADP per CFoF; (filled triangles). The rate of ATP
hydrolysis was measured after activation of the enzyme by a
ApH/A¢ jump from uni-site (upper panel) to multi-site (lower
panel) conditions.
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ADP concentrations (centre panel) and high ADP
concentrations (multi-site conditions, bottom panel)
a strong inhibition of the rate of ATP synthesis by
covalent derivatisation is observed. Approximately
70% of the two initially bound 2-azido-[o-*P]JADP
are covalently bound after irradiation and, in paral-
lel, the rate of ATP synthesis decreased by 70% at all
ADP concentrations.

In addition, the rate of ATP hydrolysis was meas-
ured with the irradiated and non-irradiated CFyF;.
First, the reconstituted enzyme was activated by a
ApH/A¢ jump and then the activated enzyme was
injected into a buffer containing an uncoupler, the
luciferin/luciferase assay and different ATP concen-
trations [28]. Fig. 5 shows the initial rates of ATP
hydrolysis at low (uni-site conditions, top panel) and
medium concentrations (bottom panel). At high ATP
concentrations (1 mM, multi-site conditions) the rate
was measured with [a->’P]JATP [36]. With the non-
covalently labelled enzyme the rate was 17 s~!, with
the covalently derivatised enzyme 4 s~!. At all ATP
concentrations from uni-site to multi-site, the rate
decreases by approximately 70% after covalent deri-
vatisation. Correspondingly, 70% of the two initially
bound 2-azido-[o-**P]JADP are covalently bound
after irradiation, i.e. at all concentrations the inhibi-
tion of the rate is proportional to the fraction of
covalently derivatised enzyme. These data indicate
that covalent labelling of catalytic sites 1 and 2 in-
hibits both ATP synthesis and ATP hydrolysis from
uni-site to multi-site conditions to the same extent.
This is surprising since selective covalent derivatisa-
tion of catalytic site 2 does not lead to inhibition of
uni-site catalysis [28]. We have to conclude that in-
hibition of uni-site catalysis results from the covalent
derivatisation of catalytic site 1. In order to distin-
guish between the effect of the two different sites, we
have developed procedure 5 which allows selective
labelling of catalytic site 1.

3.5. Effect of covalent modification of the catalytic
site 1 on the enzyme activity

When isolated CFyF; was treated according to
procedure 4, the enzyme contains finally about two
2-azido-[a-*’P]JADP and one endogenous nucleotide
per CFoF,. This enzyme was subjected to a second
incubation in the presence of 2 mM EDTA and 100

_E -AMP  -ADP  -ATP

75 =100

0O 10 20 30 40 50 60 70
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3
32p |abeled peptides (cpm*10°)
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Fig. 6. HPLC elution profiles of photolabelled CF(F; after
trypsin treatment. CFoF; (5 uM) was treated according to pro-
cedure 5 and 2-azido-[o->>P]JADP was covalently bound to the
enzyme by UV-irradiation for 30 s. The photolabelled CF(F;
was treated with trypsin and the resultant labelled peptides
were separated by HPLC. The radioactivity of the collected
fractions is represented by bars. The elution gradients in pres-
ence of eluent B are superimposed (right hand scale). Upper
panel shows the separation of the labelled peptides with the ion
exchange chromatography. Lower panel represents the result of
the separation of nitreno-ADP derivatised peptides (fraction 26
from ion exchange chromatography) by a reversed phase chro-
matography. Amino acid sequence analysis was carried out
with fraction 30. The nitreno-ADP was found on of the B-Tyr-
362.

uM ADP for 1.5 h (see procedure 5, Fig. 2). After
removal of free nucleotides, we obtained an enzyme
containing 1.1 bound 2-azido-[a-**P]JADP, 1.5 bound
ADP and 0.4 bound ATP per CFyF; (Table 1).
This enzyme was then irradiated with UV-light for
up to 30 s and the covalently bound 2-nitreno-ADP
was measured as described before. Table 2 shows the
results. After 30 s of UV-irradiation, 0.78 mol 2-ni-
treno-[0-*>PJADP per mol CFyF; was covalently
bound. After reconstitution of the covalently deriva-
tised CFyF; into liposomes, the rate of ATP synthe-
sis was measured after a ApH/A¢ jump. It decreased
from 52 to 15 s~ ! after 30 s of irradiation (see Table
2). The data are plotted in Fig. 3. Extrapolation of
the linear part of the curve indicates complete inhi-
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bition when one nucleotide is bound. As a control,
the enzyme incubated with ADP only, was irradi-
ated. After reconstitution, the rate of ATP synthesis
was measured and no decrease of the rate was ob-
served up to an irradiation time of 30 s.

3.6. Localisation of the bound 2-nitreno-ADP

CFyF; was treated according to procedure 5 and
irradiated with UV-light for 30 s. The protein was
then digested with trypsin and the resulting peptides
were separated by HPLC. Fig. 6 top shows the elu-
tion profile of an HPLC anion exchange column run.
The bars represent the radioactivity of the collected
fractions, the solid line indicates the concentration of
eluent B. The expected regions for nitreno-AMP-,
nitreno-ADP- and nitreno-ATP-containing peptides
are indicated. No nitreno-ATP-labelled peptides
were found, the nitreno-AMP-labelled peptides rep-
resent less than 5% of the total radioactivity, i.e.
almost all radioactivity eluted as nitreno-ADP.
Fraction 26 was subjected to a second HPLC run,
using a reversed phase column, and the fraction elut-
ing at 30 min (Fig. 6 bottom) was used for amino
acid sequencing. The sequence was identified as:
30GI-PAVDPLDSTST..?”8, Tyr-362 being the miss-
ing derivatised amino acid. Obviously, under these
conditions (procedure 5), only a catalytic site was
labelled. Since the nucleotide at this catalytic site is
most difficult to exchange, this site is catalytic site 1
(tight catalytic site).

In Table 1 the data of the analysis of the isolated
and reconstituted CFyF, treated with the procedures
4 and 5 with and without UV-irradiation are col-
lected. These data show that about two 2-azido-
[0-3*P]JADP are bound to the isolated CFyF; with
procedure 4 and one with procedure 5. During re-
constitution, a small part (5-10%) of these nucleo-
tides was released from the enzyme. Free ATP was
not observed under any condition described. The
data indicate that some of the endogenous bound
ATP is converted to ADP and the latter is partially
released during reconstitution. Correspondingly, the
total nucleotide content (endogenous and 2-azido-
[0-3P]- AXP) decreased during reconstitution. Anal-
ysis of the derivatised peptides shows that with both
procedures more than 95% of the label is nitreno-
[0-3>P]JADP bound at a catalytic site (Tyr-362).
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Fig. 7. ATP synthesis of CFyF; with covalently bound and
non-covalently bound 2-azido-[a-**PJADP at site 1 at different
ADP concentrations. CFyF; was treated according to procedure
5. After removal of free nucleotides, CFyF; contained after re-
constitution into liposomes 0.78 covalently bound 2-azido-
[0-2P]JADP (filled triangles) or 0.9 non-covalently bound
2-azido-[0-*>P]JADP (open triangles). The rate of ATP synthesis
was measured after a ApH/A¢ jump. Top panel: data under
uni-site conditions (up to 100 nM ADP). Bottom panel: data
under multi-site conditions (up to 100 uM ADP). Center panel
shows the intermediate range.

3.7. Effect of covalent modification at site 1 on the
kinetics of the enzyme

The enzyme was treated according to procedure 5
and covalently derivatised by 30 s of UV-irradiation.
This resulted in covalent binding of 0.78 mol 2-nitre-
no-ADP per mol CFyFy, i.e. approximately 70% of
the bound 2-azido-[o-3*P]JADP was covalently bound
under these conditions. After reconstitution of the
covalent derivatised and of the non-irradiated CFyF;
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Fig. 8. ATP hydrolysis of CF¢F; with covalently bound and
non-covalently bound 2-azido-[0-*?P]JADP at site 1 at different
ATP concentrations. CFyF; was treated according to procedure
5 and contained the same amount of 2-azido-[a->>PJADP as de-
scribed in Fig. 6. The rate of ATP hydrolysis was measured
after activation of the enzyme by a ApH/A¢ jump from uni-site
(upper panel) to multi-site (lower panel) conditions. Open trian-
gles represent data with non-covalently bound 2-azido-[o.->*P]-
ADP. Filled triangles represent data with covalently bound
2-azido-[a-3?P]ADP.

into liposomes, the rate of ATP synthesis was meas-
ured after a ApH/A¢ jump.

Fig. 7 shows the rate of ATP synthesis for both
enzymes as a function of the ADP concentration
from uni-site conditions (top panel) to multi-site con-
ditions (bottom panel). At high ADP concentrations
covalent derivatisation leads to a decrease of the rate

Table 3

Release of non-covalently bound 2-N;-[o-P]JAXP in ApH/A¢ jump

from 50 to 15 s7!, i.e. to a decrease of about 70%.
Under uni-site conditions (10 nM ADP) the rate de-
creases from 0.035 to 0.009 s~ !, i.e. also by 70%.

Fig. 8 shows the rate of ATP hydrolysis as a func-
tion of ATP concentration. At uni-site conditions
(top panel), the rate decreases from 0.003 to 0.0005
s~! after covalent derivatisation. Under multi-site
conditions (1 mM ATP), the rate decreases from 17
to 5 s7!, ie. also by 70%. These data indicate that
covalent derivatisation of the catalytic site 1 results
in the same degree of inhibition of ATP synthesis
and ATP hydrolysis, both under uni-site and under
multi-site conditions. Considering the fact that about
70% of the bound 2-azido-[o-*?P-]JADP is covalently
bound and the inhibition is 70%, the modification
obviously, causes full inhibition of all activities of
the modified enzyme molecules.

3.8. Release of non-covalently bound nucleotides by
energisation

CFyF, treated with procedure 5 or with procedure
4 contained after reconstitution in liposomes about
0.9 and 1.4 non-covalently bound 2-azido-[o-3*P]-
ADP per enzyme. We investigated the release of
the radioactive 2-azido-[o-*>P]JADP upon energisa-
tion of the membrane by ApH/A¢ in the presence
and in the absence of substrates. The data are shown
in Table 3. Approximately 8% of the bound radio-
active nucleotides are released in the absence of sub-
strates and 20% in the presence of either ADP or
ATP. This is surprising since during the time between
energisation and separation of the enzyme from the
released nucleotides (5 s), more than 500 ATP are
newly synthesised per CFyF; at an ADP concentra-

Incubation Non-covalently bound 2-N;3-[0-2P]AXP released in ApH/A¢ jump 2-N3-[0-?P]AXP released
conditions 2-N;-[o-P]AXP without substrate in ApH/A¢ jump

hydrolysis synthesis

+1 mM ATP +100 uM ADP
Procedure 4 14 nd 0.29 0.24
Procedure 5 0.95 0.08 0.18 0.16

CFoF; (5 uM) was treated as described in procedure 4 or 5 and then reconstituted into liposomes. Energisation of the membrane
leads to the release of the non-covalently bound 2-azido-[o-*>P]JADP. Free nucleotides were separated by rapid filtration from the lipo-
somes 5 s after energisation. Experiments were carried out in the absence of substrates or in the presence of substrates, either 1 mM
ATP or 100 uM ADP. Data are given in mol nucleotide per mol CFyF;; nd, not determined.
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tion of 100 uM (see Fig. 7). In hydrolysis direction at
1 mM ATP, about 80 ATP per CFyF; are hydro-
lysed within 5 s. If the radioactive nucleotide is lo-
cated on a site involved in the catalytic reaction
cycle, a complete loss of the label is expected within
a few turnovers. Obviously, this was not the case;
only 20-25% of the enzymes lost the label during
turnover. We conclude from this result that only
about 25% of the enzymes participate in the catalytic
reaction cycle. Since all the rates given in this work
are based on the amount of protein added during
reconstitution, this finding implies either that only
20-25% of the CFyF; complexes are structurally
and functionally intact after isolation, or that only
this percentage of the intact CFyF; molecules are
correctly inserted into the liposomes and are active
in ATP synthesis and ATP hydrolysis.

3.9. Incubation of CF,F; with 2-azido-[ o>’ P]ATP

CFoF; was incubated with 2-azido-[o-*’P]ATP
under otherwise the same conditions as with 2-azi-
do-[0-3>P]JADP. The results are shown in Fig. 9. Dur-
ing the first hour, about one mol 2-azido-nucleotide
per mol CFyF; is bound additionally, so that the

2N3~[a32 P]-AXP

(ADP+ATP)

mol AXP / mol CRy Fy

// ~—

1 1 1 1 1L //—1
0 100 200 300 400 500 1320

incubation time (min)

Fig. 9. Binding of 2-azido-[a-*’P]JATP to CFyF,. Isolated
CFoF; (5 uM) was incubated with 100 pM 2-azido-[o->*P]ATP
in the presence of 2 mM EDTA up to 22 h. After different in-
cubation times, free nucleotides were removed by three consecu-
tive passages through centrifugation columns. After different in-
cubation times, the enzyme was denatured and nucleotide
content was determined. Filled squares represent total nucleo-
tide content, open squares endogenous ADP+ATP and filled
circles 2-azido-[o->>PJAXP.

total nucleotide content increases. This phase is fol-
lowed by a release of almost all endogenous nucleo-
tides and a binding of three mol 2-azido-nucleotides
per mol CFyF; after about 20 h. After UV-irradia-
tion and tryptic digestion, the anion exchange
chromatography shows -AMP-, -ADP- and -ATP-
containing peptides. In the reversed phase chroma-
tography the -AMP- and -ADP-labelled peptides
elute at the position of the catalytic site tryptic pep-
tide and sequence analysis indicates derivatisation of
B-Tyr-362. The -ATP-labelled peptide elutes at a dif-
ferent position, and sequence analysis indicates that
in this peptide B-Tyr-385 is derivatised. Since upon
incubation with 2-azido-[o-*>P]JATP both catalytic
and non-catalytic sites of the enzyme are modified,
this CFyF; was not used for kinetic analysis.

4. Discussion

4.1. Occupation of the different nucleotide binding
sites

In earlier work, the binding affinities, the ex-
changeabilities of nucleotides and Mg>* requirement
were used to characterise nucleotide binding sites
[25,26,37]. As introduced by Xue et al. [14,15], we
used the labelling of PB-Tyr-362 by 2-azido-
[0-3*P]JAXP as an indication for binding at a cata-
lytic site. With this approach, we found the following
properties of the catalytic sites in isolated CFyF;:
incubation with 2-azido-[o->>PJADP in the presence
and absence of Mg?* leads to selective labelling of
B-Tyr-362. The nucleotide bound at the B-Tyr-362-
containing peptide was predominantly ADP (> 95%)
and some AMP. Incubation with 2-azido-[o-*’P]ATP
also leads mainly to labelling of B-Tyr-362; however,
also some labelled B-Tyr-385 was found. Binding of
2-azido-[a-*’P]ATP occurred in the presence as well
as in the absence of Mg>". The covalently bound
nucleotide at B-Tyr-362 was also in this case predom-
inantly ADP (>95%) and some AMP, while the
covalently bound nucleotide at the non-catalytic
site (B-Tyr-385) was ATP (> 95%).

These data show that isolated CFyF; binds ADP
or 2-azido-ADP selectively at catalytic sites of the
B-subunits. ATP and 2-azido-ATP bind to both
catalytic and non-catalytic sites. When 2-azido-ATP
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is bound to non-catalytic sites, it is not hydrolyzed
even during the trypsin treatment of the CF(Fj.
When, however, 2-azido-ATP is bound to a catalytic
site, it is hydrolyzed to 2-azido-ADP, so that only
nitreno-ADP-modified B-Tyr-362 is found. In this
work, we have used incubations with 2-azido-
[0-3*P]JADP for selective labelling of catalytic sites.
Based on these observations, we can interpret the
distribution of the initially bound nucleotides on
CFyF;. The CF(F; used in this work contained one
ADP and two ATP per enzyme molecule after iso-
lation, and we conclude that ADP is bound at a
catalytic site while the two ATP’s are bound at
non-catalytic sites.

The nucleotide binding sites have different proper-
ties. In order to distinguish the different catalytic
sites, we call them sites 1, 2 and 3 in order of de-
creasing affinity for ADP, i.e. site 1 has the lowest
dissociation constant for ADP, site 3 has the highest
and site 2 has an intermediate dissociation constant
[28]. Correspondingly, the three non-catalytic sites
are called 4, 5 and 6 in order of decreasing affinity
for ATP. This nomenclature was also used for de-
scription of the binding sites on MF; [38] and EF;
[39]. Based on this classification, it is clear that the
ADP at the catalytic site is localised on site 1 since,
per definition, this is the site with the lowest dissoci-
ation constant. Similarly, the ATP on non-catalytic
sites must be localised on sites 4 and 5, since these
have the lowest and the intermediate dissociation
constant. These considerations lead to the distribu-
tion of initially bound nucleotides depicted in Fig. 2,
top.

When a sample of isolated CFyF; with this nucle-
otide occupation pattern is incubated with 2-azido-
[0-3?P]JADP, the ADP analogue binds to the catalytic
site 2, 1.e. the site with the intermediate dissociation
constant. Also site 3 will bind the analogue, but at
this site the nucleotide is not retained after column
centrifugation. Prolonged incubation leads to the re-
lease of ATP from the enzyme (see Fig. 1). Since site
5 is the occupied non-catalytic site with the inter-
mediate dissociation constant and site 6 is not occu-
pied, the release of ATP occurs from site 5. Partly in
parallel, but somewhat slower, binding of a second 2-
azido-[0->*P]JADP is observed, while one ADP is re-
leased. This slow exchange occurs at site 1, either
direct or indirect. Removal of the free and loosely

bound nucleotides at this incubation time (5 h, see
Fig. 1) then leads to the occupation pattern shown in
Fig. 2, centre: two 2-azido-[o-*>P]JADP are bound at
the catalytic sites with the lowest (site 1) and the
intermediate (site 2) dissociation constant. The result
of procedure 4 is, therefore, occupation of the two
catalytic sites with the lowest dissociation constants.
Sequence analysis of the tryptic peptides after deri-
vatisation indicates that only catalytic sites are occu-
pied.

When an incubation with ADP is carried out with
the enzyme preparation treated according to proce-
dure 4, binding of ADP to site 3 occurs. Three cata-
lytic binding sites are now occupied, the binding
properties of site 2 are changed so that the bound
2-azido-[a-*’P]ADP is released and replaced by ADP
(see Table 1). We then obtain the occupation pattern
shown in Fig. 2, bottom. Sequence analysis of the
tryptic peptides shows that only a catalytic site was
derivatised. As result of procedure 5, we thus retain
one 2-azido-[a-*’P]ADP at the site with the lowest
dissociation constant (site 1), while an ADP is bound
at the site with the intermediate dissociation constant
(site 2). This conclusion is supported by the analysis
of the inhibition of ATP synthesis and ATP hydro-
lysis after illumination. Covalent derivatisation of
site 2 leads to inhibition of multi-site catalysis,
whereas uni-site ATP synthesis and ATP hydrolysis
are not impaired [28]. Covalent derivatisation of the
enzyme treated according to procedure 5 leads to
inhibition of uni-site and multi-site catalysis, i.e. a
site with properties different from site 2 is modified.
Since site 3 is not occupied after procedure 5, the 2-
azido-[a-*’P]JADP must be located on site 1 and the
ADP on site 2.

Site 1 is the site with the lowest dissociation con-
stant and the question is whether 2-azido-[o-*2P]-
ADP is bound directly to this site. The observed
exchange at site 1 can be explained by assuming
three interacting catalytic sites: when three catalytic
sites are occupied by ADP or 2-azido-ADP in the
absence of Mg?*, a change in the binding affinities
of all three sites may occur. In our case the ADP-
containing site 1 (with lowest Ky) then changes to
site 3 (with highest K4). Correspondingly, the sites
with the two bound 2-azido-[a-*’>P]JADP’s switch to
site 1 (lowest Kq) and site 2 (intermediate K4). Re-
moval of nucleotides by three passages through
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centrifugation columns then results in a loss of
bound ADP and the enzyme contains 2 mol 2-azido-
[0->’P]JADP per mol CFyF; on the new sites 1 and
2.

Since, however, the sequential adoption by each
binding site of the three different conformations
that are present in the enzyme, as proposed by the
binding change mechanism, only occurs during the
process of catalysis and the isolated CFyF; is in an
inactive state, another explanation is more likely.
Various reports conclude that in CF; [40], E. coli
F; [41] and TF, [42] site 1 can release and rebind a
nucleotide without any interaction with the two oth-
er catalytic sites. Opening and closing of site 1 ap-
parently does not require a conformational change at
the other catalytic sites. The nucleotide on site 1,
then, dissociates very slowly under the conditions
of the incubation of procedure 4, so that after 5 h
it is replaced in most enzyme molecules by a nucle-
otide from the medium. It should be mentioned that
in the presence of Mg”* the nucleotide at site 1 does
not dissociate from its site and no exchange occurs.
Interaction between sites 2 and 3, such that binding
of an adenine nucleotide at site 3 results in a lower
affinity of the nucleotide at site 2, followed by ex-
change of this nucleotide, has been quite firmly es-
tablished [22] and in this way it was explained that a
tightly bound nucleotide in MF| is exchanged with a
Ky of 35-50 uM [38.,43].

Our results show clearly that the inactive isolated
CFoF; contains three catalytic sites with different
nucleotide binding affinities. It seems plausible to
identify site 1 with the tight site, site 2 with the loose
site and site 3 with the open site of the tri-site bind-
ing change mechanism [17,18,22,23]. However, one
must keep in mind that the binding change mecha-
nism describes the active enzyme during catalytic
turnover, where the sequence of the affinity changes
is determined by the direction of the chemical reac-
tion. The procedures for selective occupation of the
different conformations of catalytic sites described
here and in [28] make use of the different ADP-bind-
ing affinities of the non-activated CFyF;. In this case,
no catalytic reaction takes place and a possible effect
of binding of a nucleotide at one site on the affinity
of the nucleotide at another site does not give infor-
mation on the interactions occurring during catalysis.

In addition to the exchange of nucleotides at the

catalytic sites, we also observed a slow hydrolysis of
ATP bound at the non-catalytic site 4. Therefore, in
the scheme of Fig. 2, is site 4 occupied by ATP and
ADP. The nucleotide distribution on non-catalytic
sites and its effect on catalysis will be described in
a forthcoming paper.

4.2. Release of non-covalently bound
2-azido-[ 0=’ PJADP during energisation

Energisation of the liposome membrane by ApH/
A¢ induced the release of 8% of the non-covalently
bound 2-azido-[a->’P]JADP from site 1, i.e. energisa-
tion generates an enzyme conformation which is
characterised by a higher dissociation constant of
nucleotides bound to site 1 as compared to the
non-energised form. When energisation was carried
out in the presence of substrates, approximately 20%
of non-covalently bound 2-azido-[a-*’P]JADP were
released. When all enzymes were involved in cataly-
sis, a complete loss of the non-covalently bound label
would be expected within a few turnovers. We must
conclude from this result that only 20% of the en-
zymes are involved in the catalytic reaction. On the
other hand, the stoichiometry and the kinetics of the
binding of 2-azido-[o-*>P]JADP (Fig. 1) and the sub-
sequent analysis of the covalently labelled peptides
showed that a homogeneously labelled CFyF; prep-
aration was obtained. Therefore, we assume that the
heterogeneity of the response of CFyF; to membrane
energisation results from the reconstitution proce-
dure, i.e. only 20-25% of the enzymes added for
reconstitution are correctly inserted into the mem-
brane, and only these are involved in catalysis. The
rest is not reconstituted or not functionally inserted
into the membrane. All enzyme activities (turnover,
rate) in this work are based on the amount of en-
zyme added to the reconstitution medium, assuming
that all the enzymes are active in catalysis. If only
20% of the added enzymes are activated, all the rates
given in this work have to be multiplied by a factor
of 5 in order to obtain the rates based on the amount
of correctly reconstituted enzymes. The rate of ATP
synthesis per enzyme (added to the reconstitution
medium) was about 90 s™' and, therefore, the rate
per active enzyme is expected to be 450 s~!. Such
rates have been measured when thylakoid mem-
branes are energised by ApH/A¢ [36].
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4.3. Covalent labelling and inhibition of catalysis

UV-irradiation of CFyF; for up to 30 s before
reconstitution had no detectable effect on the rate
of ATP synthesis, irradiation for 45 s caused a de-
crease of about 10%. Non-covalent binding of 2-azi-
do-[0-3?PJADP to site 1 or to sites 1 and 2, before
reconstitution, did not affect the rate of ATP syn-
thesis. Covalent binding of 2-azido-[o->*P]JADP be-
fore reconstitution inhibited ATP synthesis propor-
tional to the degree of labelling. When only site 1 is
labelled, the extrapolation indicates complete inhibi-
tion when one nucleotide is covalently bound (Fig.
3). For sites 1 and 2, extrapolation reveals that inhi-
bition is complete when two nucleotides per enzyme
are covalently bound (Fig. 3). This result is surpris-
ing since bound nitreno-radical, formed upon illumi-
nation, should have a probability to react with B-
Tyr-362 or with water that is independent of what
happens at other sites. The efficiency of the forma-
tion of a covalent bond appears to be about 70% at
site 1 (this work) and site 2 [28]. When two sites are
occupied, this efficiency remains the same, since 1.4
mol become covalently linked when sites 1 and 2 are
occupied (see Table 1). Since one covalently bound
nucleotide is sufficient to block completely multi-site
catalysis and some enzymes contain two bound nu-
cleotides, a non-linear relation between activity and
the amount of covalently bound nitreno-ADP is ex-
pected. This is obviously not observed. The most
probable explanation seems to be that the covalent
derivatisation at one site induces a slight conforma-
tional change at the second site such that, upon for-
mation of the nitreno-radical, in almost all cases, a
covalent bond with the tyrosine is formed. Corre-
spondingly, in the enzyme molecules in which at
the first site the nitreno-ADP has not reacted with
Tyr-362, but with water, also the nitreno-ADP
formed at the second site reacts almost exclusively
with water.

For comparison, Garin et al. [44] have investigated
the inhibition of catalysis by binding of 2- and 8-
azido-ADP-fluoroaluminate complexes. In this case,
two catalytic sites become occupied by an azido-
ADP-fluoroaluminate complex, supposedly inde-
pendent of each other, but the inhibition curve is
completely linear, extrapolating to full inhibition
when two sites are occupied. The reason for this

effect is not clear, but it might indicate that there is
a highly (positive) cooperative binding of the inhib-
itors.

The relation between inhibition and covalent deri-
vatisation with 2-azido-nucleotides has been exten-
sively studied with the F;-parts from different sour-
ces [11,24,31,45-48]. In most cases, one covalently
bound nucleotide was sufficient to inhibit ATP hy-
drolysis, however, in some cases two nucleotides
were required for complete inhibition and not always
simple correlations have been found (for review of
earlier work see [22,23]). Interestingly, in E. coli F,
inhibition of multi-site and uni-site ATP hydrolysis
was observed after reaction with 1 mol adenosine
triphosphopyridoxal per mol F; [49]. Recently, the
mitochondrial H*-ATPase was labelled with 2-azi-
do-nucleotides in submitochondrial particles and a
complete inhibition of ATP synthesis and ATP hy-
drolysis (under multi-site conditions) was found
when one catalytic site was derivatised [50].

We have used CFyF; for our investigations be-
cause this enzyme has several advantages. First, the
effect of covalent derivatisation on the complete re-
action cycle can be studied. Second, the isolated
CFoF, is catalytically inactive. Therefore, enzyme
species with well-defined nucleotide occupation pat-
terns can be prepared, and this distribution does not
change significantly during the handling of the en-
zyme. Third, the rate of ATP synthesis is used for
assaying the catalytic activity, i.e. we measure only
enzymes which are functionally reconstituted into the
membrane. For interpretation of the data we have to
assume that the reconstitution efficiency is the same
for derivatised and non-derivatised CFyF;. Fourth,
both uni-site and multi-site catalysis can easily be
measured.

Our data indicate that covalent derivatisation of
catalytic site 1 inhibits completely both multi-site
and uni-site catalysis catalysis (ATP synthesis as
well as ATP hydrolysis). Derivatisation of either cat-
alytic site 2 or site 3 leads to inhibition of multi-site
catalysis, whereas uni-site catalysis is not impaired
[28]. Obviously, labelling of site 2 or site 3 abolishes
the cooperativity between catalytic sites, which is re-
quired for multi-site catalysis, but still allows uni-site
catalysis at one of the non-derivatised sites. The fact
that labelling of site 1 abolishes both multi- and uni-
site catalysis might imply that uni-site catalysis can
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proceed only at site 1, but it seems more plausible
that the covalently bound ADP makes an activation
of CFyF; by membrane energisation impossible.

CFyF; bound at thylakoid membranes contains a
tightly bound ADP which is released upon mem-
brane energisation [51-54]. CFyF; is in an inactive
form in deenergised membranes and energisation
leads to a conformational change of the enzyme.
This results in the release of ADP and, thereby, the
enzyme is brought into the metastable active state.
The fraction of released ADP gives the fraction of
active enzymes. Correspondingly, when the mem-
brane is deenergised, rebinding of ADP inactivates
the enzyme and this process can be measured by its
effect on the ATP hydrolysis activity [21,55,56]. De-
rivatisation of site 1 prevents the release of ADP
and, thereby, the activation of the enzyme.

The effect of modification of site 1 differs signifi-
cantly from that of the two other sites. Obviously,
one B-site differs from the two others and this might
imply that site 1 is located on the B-subunit interact-
ing with the 9J, I, II-subunits (the stator, [57,58]) and/
or with the y-e-subunits. Such a structural asymmetry
might be the reason for the differing binding affinities
of the B-sites in the inactive enzyme, but in the active
state, binding affinities might change during catalysis
in such a way that all three sites are equally partici-
pating in multi-site catalysis [17,18,22]. The results
reported here are therefore compatible with a two-
site mechanism (in this case, the asymmetry found in
the inactive enzyme remains during catalysis) as well
as with a three-site mechanism (in this case, activa-
tion leads to a symmetrisation of the catalytic sites).
Nevertheless, we would like to point out that earlier
data indicate heterogeneity between site 1 and sites 2
and 3 also during catalysis [20,21] and a recent study
shows that the catalysis that is characterised by a low
rate and a low K, (properties of uni-site catalysis at
site 1) proceeds fully independent of the catalysis
that is characterised by a high rate and a high K,
[40].
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