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Abstract

Incubation of the isolated HT-ATPase from chloroplasts, CFoF;, with 2-azido-[0c-32P]ATP leads to the binding of this
nucleotide to different sites. These sites were identified after removal of free nucleotides, UV-irradiation and trypsin
treatment by separation of the tryptic peptides by ion exchange chromatography. The nitreno-AMP, nitreno-ADP and
nitreno-ATP peptides were further separated on a reversed phase column, the main fractions were subjected to amino acid
sequence analysis and the derivatized tyrosines were used to distinguish between catalytic (B-Tyr362) and non-catalytic
(B-Tyr385) sites. Several incubation procedures were developed which allow a selective occupation of each of the three non-
catalytic sites. The non-catalytic site with the highest dissociation constant (site 6) becomes half maximally filled at 50 uM
2-azido-[a-*?P]ATP, that with the intermediate dissociation constant (site 5) at 2 uM. The ATP at the site with the lowest
dissociation constant had to be hydrolyzed first to ADP before a replacement by 2-azido-[o->>P]JATP was possible. CFoF;
with non-covalently bound 2-azido-[o->P]JATP and after covalent derivatization was reconstituted into liposomes and the
rates of ATP synthesis as well as ATP hydrolysis were measured after energization of the proteoliposomes by ApH/A¢. Non-
covalent binding of 2-azido-ATP to any of the three non-catalytic sites does not influence ATP synthesis and ATP hydrolysis,
whereas covalent derivatization of any of the three sites inhibits both, the degree being proportional to the degree of
derivatization. Extrapolation to complete inhibition indicates that derivatization of one site (either 4 or 5 or 6) is sufficient to
block completely multi-site catalysis. The rates of ATP synthesis and ATP hydrolysis were measured as a function of the
ADP and ATP concentration from uni-site to multi-site conditions with covalently derivatized and non-derivatized CFyF;.
Uni-site ATP synthesis and ATP hydrolysis were not inhibited by covalent derivatization of any of the non-catalytic sites,
whereas multi-site catalysis is inhibited. These results indicate that multi-site catalysis requires some flexibility between - and
o-subunits which is abolished by covalent derivatization of B-Tyr385 with a 2-nitreno-adenine nucleotide. Conformational
changes connected with energy transduction between the Fy-part and the F;-part are either not required for uni-site ATP
synthesis or they are not impaired by the derivatization of any of the three B-Tyr385. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Membrane-bound F-type H'-ATPases catalyze
ATP synthesis and ATP hydrolysis coupled to trans-
membrane proton transport in bacteria, mitochon-
dria and chloroplasts [1]. They consist of two do-
mains, a membrane-integrated Fy-part involved in
proton transport, and a hydrophilic Fi-part contain-
ing nucleotide and phosphate binding sites. The Fi-
parts contain six nucleotide binding sites and X-ray
analysis of the mitochondrial F;-part showed that
three are located on o-subunits, and three on the
B-subunits [2]. Studies in different groups have been
carried out to distinguish between catalytic and non-
catalytic sites (for review see [3,4]). One criterion
used for this distinction was the rapid exchange of
nucleotides bound at catalytic sites during turnover
of the enzyme, whereas those at non-catalytic sites
remain bound or exchange so slowly that they are
not competent for catalysis. Using this approach, it
has been shown with 2-azido-[o-*>PJAD(T)P that
two different B-tyrosines were covalently derivatized
after UV-irradiation, when either catalytic or non-
catalytic sites were occupied [5-7]. For CF; these
tyrosines are PB-Tyr362 (catalytic) and B-Tyr385
(non-catalytic). This result was fully understood
only after elucidation of the structure of MF; near
atomic resolution, B-Tyr362 being located in the
binding site on the PB-subunit and B-Tyr385 being
located on a stretch of the B-subunit which extends
into the nucleotide binding site of the neighboring
a-subunit (CF; numbering).

The effect of covalent derivatization of different
sites by 2-nitreno-nucleotides on catalysis was inves-
tigated mainly with the experimentally more amen-
able Fj-parts from mitochondria, chloroplast and
bacteria [5,7-11]. Corresponding investigations with
the holoenzymes have been carried out with submi-
tochondria [12,13], with TFF; (proton translocating
HT™-ATPase from the thermophilic bacterium PS3)
[14,15] and recently with CFyF; (proton translocat-
ing HT-ATPase from chloroplasts) reconstituted into
liposomes [16,17]. Stimulated by the interest in the
binding change mechanism and its prediction of the
effect of blocking of one catalytic site on the turn-
over of the enzyme, mainly the effect of derivatiza-
tion of catalytic sites was investigated.

There are only few reports on the effect of occu-

pation of non-catalytic sites on catalysis and the re-
sults are controversial. In heat-treated CF;, three
non-catalytic sites with different properties were
identified, occupation of one site by ADP has no
effect on ATP hydrolysis, whereas another site
must be occupied by ATP in order to observe ATP
hydrolysis [18]. In EF; all three non-catalytic sites
show the same binding affinity for ATP and for
ADP and their occupancy is not required for ATP
hydrolysis [19]. For MF;, ATP hydrolysis without
ATP bound at a non-catalytic site was reported
[20]. Partial inhibition of ATP hydrolysis was ob-
served when 2-azido-ADP (or ADP) was bound to
the medium-affinity non-catalytic site [21,22]. After
coreconstitution of TFyF; and bacteriorhodopsin
into liposomes, the light-induced rate of ATP syn-
thesis was increased when ATP was bound at a
non-catalytic site [14].

Purified CFyF; can be reconstituted into liposomes
and, after energization of the proteoliposomes by
ApH/A¢ jump, the rate of ATP synthesis is almost
as high as in thylakoid membranes [23]. Recently, we
have used this system to occupy selectively the differ-
ent catalytic sites and investigated the effect of cova-
lent derivatization of each site on the rate of ATP
synthesis and ATP hydrolysis from uni-site to multi-
site conditions. It was found that derivatization of
site 1 blocks uni-site and multi-site catalysis, whereas
blocking of either catalytic site 2 or 3 blocks only
multi-site catalysis [16,17]. The role of the non-cata-
lytic nucleotide binding sites and their occupation in
the reaction cycle is not known yet. Therefore, in this
work we developed procedures which allow a selec-
tive occupation of each of the three non-catalytic
sites in isolated inactive CFyF,. To distinguish the
three sites on the o-subunits they are called 4,
5 and 6 in order of decreasing affinity to ATP.
The effect of covalent derivatization of each site on
ATP synthesis and ATP hydrolysis was investi-
gated.

We used CFyF; for these investigations because
this enzyme has several advantages. First, the effect
of covalent derivatization on the complete reaction
cycle can be studied. Second, the isolated CF(F; is
catalytically inactive. Therefore, enzyme species with
well-defined nucleotide occupation patterns can be
prepared, and this distribution does not change sig-
nificantly during the handling of the enzyme. Third,
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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 de-
rivatized and non-derivatized CFyF;. Forth, both
uni-site and multi-site catalysis can easily be mea-
sured.

2. Materials and methods
2.1. Purification of CFyF)

The H'-ATPase from chloroplasts was isolated
and purified as described by Fromme et al. [24], ex-
cept that no nucleotides were present in the sucrose-
density gradient centrifugation. The enzyme was ob-
tained in a solution containing 300 g/l sucrose,
30 mM Tris (tristhydroxymethyl)aminomethane)—
succinate, pH 6.5, 0.5 mM ethylenediaminetetraace-
tic acid (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 col-
umns [25] equilibrated in buffer A (20 mM Na-suc-
cinate, 20 mM Na-Tricine (N-[2-hydroxy-1,1-bis-(hy-
droxymethyl)ethyl]-glycin), pH 8.0, 80 mM NaCl),
the enzyme contains approximately two bound
ATP and one bound ADP per CFyF,. All the incu-
bations described in this work were carried out at
room temperature in buffer A supplemented with
either EDTA or MgCl, and 2-azido-[o->P]JATP.

2.2. Synthesis of 2-azido-[ o>’ P]ATP

The synthesis of 2-azido-[a->’P]JATP was per-
formed as described by Boulay et al. [26] with mod-
ifications introduced by Hartog et al. [27]. The spe-
cific activity after synthesis was 900-1000 dpm/pmol.
The 2-azido-[0->*P]JATP contained maximally 0.5%
2-azido-[a-*’P]ADP.

2.3. Incubation procedures, photoaffinity labeling and
identification of the modified sites

Incubation with 2-azido-[a->’P]ATP, photoaffinity
labeling and identification of the modified binding
site was carried out as described in Possmayer et
al. [16]. The reconstitution of CFyF; into liposomes
was performed as described by Possmayer and Gréa-
ber [28]. The lipid concentration of the proteolipo-
some suspension was 10 mM. The concentration of
CFyF; was 80 nM for measurements under multi-site
conditions, and 800 nM for measurements under uni-
and bi-site conditions. After reconstitution the en-
zyme was reduced by incubation with 50 mM dithio-
threitol for 2 h at room temperature. ATP synthesis
and ATP hydrolysis were measured after a ApH/Ag
jump as described in Possmayer et al. [16].

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 ATPs per CFyF;, the
ADP being bound at a B-subunit and the two ATP
molecules at o-subunits [16]. The experimental pro-
tocol for measuring the effect of covalent derivatiza-
tion was the same as described in detail by Poss-
mayer et al. [16]. In short, the nucleotide binding
sites were specifically occupied with 2-azido-[a-*>P]-
ATP using different incubation procedures. After in-
cubation, free nucleotides were removed by three
consecutive centrifugation columns, and protein con-
centration, bound 2-azido-[o-*?P]nucleotides and en-
dogenous nucleotides were measured. Then, a part of
the enzyme preparation with the bound 2-azido-
[0->’P]ATP was irradiated with UV-light for cova-
lent modification and digested by trypsin. The la-
beled peptides were separated by high pressure liquid
chromatography (HPLC) and the amino acid se-
quences of the labeled peptides were determined. In
parallel, the irradiated and, separately, the non-irra-
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diated enzymes were reconstituted into liposomes.
Again, the endogenous nucleotide- and 2-azido-
[0->’P]ATP content were determined. Finally, the
rates of ATP synthesis and ATP hydrolysis were
measured as a function of the ADP or ATP concen-
tration from uni-site to multi-site conditions. The
same measurements were carried out with the non-
irradiated part of CF(F;, which contained non-cova-
lently bound 2-azido-[o-*?P]JATP. Additionally, the
release of bound 2-azido-[o-*P]JATP was measured
after energization in the presence as well as in the
absence of a catalytic turnover.

As a control, isolated CFyF; without incubation
with 2-azido-[a->’P]JATP 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 ATP in the same way as
with 2-azido-[o-*>P]JATP and then reconstituted into
liposomes. None of these treatments changes the re-
sults of the activity measurements.

3.2. Binding of 2-azido-[a-*> P]ATP to non-catalytic
site 5 or 6

CFyF; containing one bound ADP and two bound
ATP was incubated with 2-azido-[o->’P]ATP. After
covalent derivatization, the enzyme was subjected to
sodium dodecyl sulfate gel electrophoresis. Autora-
diography of the gel revealed exclusive labeling of the
B-subunit in accordance with earlier observations
[29]. The protein was digested by trypsin and the
resulting peptides were separated by HPLC. Amino
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Fig. 1. Binding of 2-azido-[0-*?P]JATP to CFoF; and endogenous nucleotide content. Isolated CFyF; was pretreated in the following
way: the enzyme (5 uM) was incubated with 2 mM EDTA and 100 uM ADP for 1.5 h. Free nucleotides were removed by three con-
secutive passages through centrifugation columns. Thereafter, the enzyme contained about two ADPs and one ATP bound. Left: the
pretreated enzyme was subjected to a second incubation with different concentrations of 2-azido-[o->P]ATP in the presence of 2 mM
MgCl, for 5 min. Right: incubation of the pretreated enzyme with 2 mM MgCl, and 20 pM 2-azido-[o-*P]ATP for different times.
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acid sequence analysis revealed that Tyr362 and
Tyr385 were covalently derivatized, i.e. catalytic
and non-catalytic binding sites were occupied during
incubation. We tried a variety of incubation condi-
tions, however, amino acid sequence analysis always
indicated labeling of both catalytic and non-catalytic
sites. During these extensive surveys, we found that
CFyF; which contained one ATP at a non-catalytic
site and two ADPs at catalytic sites can be specifi-
cally labeled with 2-azido-[o-3*P]JATP. To obtain this
occupation pattern, CFyF; containing one ADP and
two ATPs was incubated with 100 uM ADP in the
presence of 2 mM EDTA for 1.5 h at room temper-
ature. Thereafter, free and loosely bound nucleotides
were removed by three consecutive passages through
Sephadex G-50 centrifugation columns and bound
nucleotides were determined. After this treatment,
CFyF; contains one ATP at a non-catalytic site
and two ADPs at catalytic sites [16]. All the follow-
ing incubations and measurements were carried out
starting with CFyF; with this nucleotide occupation
pattern (‘pretreated enzyme’).

Pretreated CFyF; was incubated for 5 min with
different concentrations of 2-azido-[o-*’P]ATP in
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the presence of 2 mM MgCl, and free and loosely
bound nucleotides were removed by column centri-
fugations. Fig. 1, left, shows the resulting binding of
2-azido-[0-*’P]ATP and the endogenous nucleotide
content with increasing ligand concentration. The
data indicate that one 2-azido-[o->P]JATP per CFyF;
is bound at a 10-20 uM concentration of the ligand,
whereas binding of a second molecule of 2-azido-
[0-2P]ATP requires concentrations above 100 pM.
The endogenous nucleotide content did not change
during these incubations. This treatment of CFyF;
leading to occupation of two sites is shown schemati-
cally in Fig. 2 and is called procedure 6 (procedures
1-5 are used for binding to catalytic sites, Possmayer
et al., [16,17]).

In order to occupy only one binding site, pre-
treated CF F; was incubated for different times
with 20 uM 2-azido-[0-*>P]JATP in the presence of
2 mM MgCl,. The result is shown in Fig. 1, right,
and indicates that, at incubation times longer than
2 min, one 2-azido-[o-**P]JATP is bound per CF,F;.
This result does not change with increasing incuba-
tion time. Endogenous nucleotides, as before, did
not change during these conditions. This treatment
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Fig. 2. Scheme of the procedures for specific labeling of the different non-catalytic sites. For didactic reasons the resulting nucleotide
occupation patterns are already shown in this scheme, although the arguments for this assignment are given in Section 4.



Table 1

Characterization of the isolated CFyF; and of CFyF; reconstituted into liposomes and analysis of the covalently bound nucleotides after UV-irradiation

Incubation condi-
tions

Isolated CFyF,

CF(F, reconstituted into liposomes

Analysis of irradiated CFyF;

ATPpound ADPpound ADPpee  2-N3- ATPpound ADPpound ADPpee  2-N3- covalently AXP labeled labeled Tyr
[0-2P]JAXP [0-¥PJAXP  labeled peptide (%)
CF,F

Buffer A, 30 min  1.75 1.3 0.015 0 0.70 1.45 0.45 0 - - —

Pretreatment 1.1 2.0 0.01 0 nd nd nd nd

Procedure 6 1.1 1.9 0.05 2.0 1.0 1.5 0.5 2.0 1.0 -ADP < 15% Y-385
-ATP  85% Y-385

Procedure 7 1.0 1.9 0.03 1.0 0.9 1.6 0.4 0.9 0.5 -ADP < 20% Y-385
-ATP > 80% Y-385

Procedure 8 1.9 2.0 0.07 1.1 1.2 1.9 0.6 1.1 0.5 -ADP < 10% Y-385
-ATP >90% Y-385

Procedure 9

EDTA treatment 0 1.9 0 0

2-N;3-[0-2P]ATP  0.02 0.3 0 2.1

treatment

ADP treatment 0.03 1.0 0.02 1.0 0 1.0 0.03 1.0 0.5 -ADP  30% Y-362
-ATP 70% Y-385

Data are given in mol nucleotide per mol CFF;. No free ATP was detected under each condition. The % of AXP labeled peptides was given as percent of radioac-
tivity of the sample applied on the ion exchange column. Incubations were carried out at room temperature. After each incubation free nucleotides were removed by
three consecutive passages of the CFyF; solution through centrifugation columns. The data represent averages from three experiments (initial condition (buffer A)

average of 12 preparations). The standard deviation was less than 10% for all data shown. nd, not determined.
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leads to the occupation of a binding site with a half
maximal occupation at approximately 2 uM. It is
shown schematically in Fig. 2 and is called procedure
7.

To occupy only the site with the higher dissocia-
tion constant with 2-azido-[o-*P]JATP, the pre-
treated enzyme was first incubated with 20 uM
ATP in the presence of 2 mM MgCl,, resulting in
the additional binding of 1 mol ATP per mol of
enzyme. This preparation, containing four bound nu-
cleotides (two ADPs and two ATPs), was then incu-
bated for 15 min with 100 pM 2-azido-[o-3*P]JATP in
the presence of 2 mM MgCl,. After removal of free
and loosely bound nucleotides by three consecutive
passages through centrifugation columns, the enzyme
contained four adenine nucleotides and one 2-azido-
[0->2P]ATP. This treatment is shown schematically in
Fig. 2 as procedure 8.

The CFyF; treated according to procedure 7 con-
tained 1.0 bound 2-azido-[a->*P]JATP and three resid-
ual endogenous nucleotides (see Table 1 and Fig. 1).
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-azido-[a->’P]AXP was measured (Fig. 3, top). The
data indicate that maximally 50% of the bound
2-azido-[a-*’P]ATP 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 (Fig. 3, center). In order to distinguish
the effect of covalent modification of the binding
sites from the potential harmful effect of UV-irradi-
ation, the enzyme was treated according to procedure
7, but the 2-azido-[o->’P]JATP was substituted by
ATP. 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 40 s irradiation (Fig. 3, cen-
ter). Fig. 3, bottom, shows the rate of ATP synthesis
at different levels of covalently bound 2-azido-
[0-3*P]JATP. Extrapolation of the curve indicates
complete inhibition, when one 2-azido-[o-*’>P]ATP
per CFyF; is covalently bound.

CFyF; treated according to procedure 8 contained

1.0 bound 2-azido-[a-*’P]ATP and four residual en-
dogenous nucleotides (see Table 1 and Fig. 1). This
enzyme was treated in the same way as described
above and the corresponding measurements are
shown in Fig. 3, right panels. The data indicate
that again maximally 50% of the bound 2-azido-
[0-32P]ATP is covalently bound leading to a 50%
inhibition of ATP synthesis. Extrapolation of ATP
synthesis as a function of the covalently bound
2-azido-[a-*’P]ATP indicates complete inhibition
when one azido-nucleotide per CF(F; is bound.

3.3. Localization of the bound 2-nitreno-ATP

In order to identify the site where the 2-azido-
[0->2P]ATP is bound, the enzyme was irradiated by
UV-light, treated by trypsin and the resulting pep-
tides were separated by HPLC. Fig. 4 shows the
results of these separations. The bars represent the
radioactivity of the collected fractions. The solid
lines indicate the concentration of eluent B. The
left panels show the results obtained with CFyF;
treated according to procedure 7, right panels those
obtained with procedure 8. For the ion exchange
chromatography, the expected regions for nitreno-
AMP, nitreno-ADP and nitreno-ATP containing
peptides are indicated (top panels). The labeled pep-
tides eluted mainly as ATP peptides in the fractions
around 45 min for both treatments. ADP-labeled
peptides represent less than 15% of the total radio-
activity. No AMP-labeled peptides were observed
and, presumably, this indicates that also the nitre-
no-ADP is bound at a non-catalytic site. The amino
acid sequence analysis of this peptide confirms this
assumption.

The nitreno-ATP labeled peptides (fraction 45
from ion exchange chromatography) were further an-
alyzed by reversed phase HPLC. The results are
shown in Fig. 4, bottom. The fractions eluting at
18 min (left, procedure 7) and 17 min (right, proce-
dure 8) were used for amino acid sequencing. For
both procedures, the sequence was identified as
3PIVGEEH-EIAQR3%, being part of the B-subunit.
The empty position is that of Tyr385, this being the
modified amino acid. According to Xue et al. [6] this
peptide is part of the non-catalytic binding site. The
site with the lowest affinity for ATP occupied by
procedure 8 is called site 6, that occupied by proce-
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Fig. 3. Effect of UV-irradiation on the extent of covalent derivatization of CFyF; with 2-azido-[o->P]JATP and on the rate of ATP
synthesis. CFoF; (5 uM) was treated according to procedure 7 (left panels) or procedure 8 (right panels). The enzyme was then irradi-
ated by UV-light for different times. Top panels: CFyF; was denatured and the amount of covalently bound 2-azido-[o->P]JAXP was
determined as a function of irradiation time. Center panels: after irradiation, the enzyme was reconstituted into liposomes and the
rate of ATP synthesis was measured after a ApH/A¢ jump as a function of irradiation time (filled squares). As a control, the rates are
shown for irradiated CFoF; treated with ATP instead of 2-azido-[a->P]ATP in the same way (open squares). The solid triangles indi-
cate the rates corrected for the UV-effect on CFyF;. Bottom panels: the rate of ATP synthesis is shown as a function of covalently
bound 2-azido-[o-*>PJAXP (data are from top and center panels). The filled squares are the measured data, the open squares are data

corrected for the UV-effect on CFF.

dure 7 is called site 5. Schematically, the different
occupation patterns are depicted already in Fig. 2,
although the reasons for this assignment are first
given in Section 4.

3.4. Effect of covalent modification of non-catalytic
site 5 or 6 on enzyme activity

When the enzymes with one non-catalytic site
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Fig. 4. HPLC elution profiles of photolabeled CF(F,; after trypsin treatment. CFoF; (5 uM) was incubated as described in procedure
7 (left panels) or procedure 8 (right panels). After UV-irradiation photolabeled CF¢F; was treated with trypsin and the resultant la-
beled peptides were separated by HPLC. The radioactivity of the collected fractions is represented by bars. The elution gradients in
percent of eluent B are superimposed (right hand scale). The upper panels show the separation into the labeled nitreno-AMP, nitreno-
ADP and nitreno-ATP peptides with the ion exchange (IE) column. The bottom panels represent the result of the separation of nitre-
no-ATP-modified peptides (fractions 45 from the ion exchange chromatography) by reversed phase chromatography. Amino acid se-
quence analysis was carried out with the fractions 18 of both nitreno-ATP-modified enzymes.

occupied by 2-azido-[o->’P]JATP (either treated with
procedure 7 or with procedure 8) were irradiated
with UV-light for up to 45 s, covalent binding of
about 0.5 mol nitreno-[o-*>P]JATP per mol CF,F,
was measured in both cases. The efficiency of cova-
lent linkage, then, is similar to that found for cata-
lytic site 3 but significantly lower than that for the
catalytic sites 1 and 2 [16,17]. In order to characterize
these occupied binding sites, we investigated the ef-
fect of their covalent derivatization on the catalytic
properties of the enzyme. CFyF; treated according to
procedure 7 or procedure 8 was irradiated for 60 s to
achieve maximal derivatization. The irradiated en-
zyme and, as a control, the non-irradiated enzyme
were reconstituted into liposomes. ATP synthesis
was measured after a ApH/A¢ jump with ADP con-
centrations ranging from 10 nM to 100 uM. The

initial rates of ATP synthesis as a function of ADP
concentration are depicted in Fig. 5. The left panels
show results when site 5 is occupied (procedure 7).
The right panels show the results when site 6 is oc-
cupied (procedure 8). At low ADP concentrations
(uni-site conditions, top panels), no inhibition is ob-
served. At medium APD concentrations (center pan-
els) and high ADP concentrations (multi-site condi-
tions, bottom panels) the rate of ATP synthesis is
inhibited by covalent derivatization. Approximately
50% of the initially bound 2-azido-[o->P]ATP is co-
valently bound after irradiation in both cases and, in
parallel, the rate of ATP synthesis decreased by 50%
at high ADP concentrations.

In addition, the rate of ATP hydrolysis was mea-
sured with the irradiated and non-irradiated CFF;.
First, the reconstituted enzyme was activated by a
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Fig. 5. Rate of ATP synthesis of CFyF; with covalently bound and non-covalently bound 2-azido-[a->>P]JATP at different ADP con-
centrations. CFoF; (5 uM) was treated according to procedure 7 (left panels) or procedure 8 (right panels) and irradiated for 60 s
with UV-light. After irradiation, CFyF; contained covalently bound 0.5 mol 2-nitreno-[0-**P]JATP per mol CF,F, at site 5 (procedure
7) or 0.5 mol 2-nitreno-[0-*?P]JATP per mol CF(F; at site 6 (procedure 8). CFoF; with covalently bound (filled triangles) or non-cova-
lently bound 2-azido-[0-**P]JATP (open triangles) was reconstituted into liposomes and the rate of ATP synthesis was measured after
a ApH/A¢ jump as a function of the ADP concentration. Top panels show the data under uni-site conditions (up to 200 nM ADP).
Bottom panels show the data under multi-site conditions (up to 100 uM ADP). Center panels show the intermediate range. Open tri-
angles represent data with non-covalently bound 2-azido-[a->>PJATP, filled triangles represent data with covalently bound 2-azido-

[0-2P]ATP.

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 [16]. Fig. 6 shows the initial rates of ATP
hydrolysis at low (uni-site conditions, top panels)
and medium concentrations (bottom panels). At
high ATP concentrations (I mM, multi-site condi-
tions), the rate was measured with [y->’P]JATP [30].

With the non-covalently labeled enzyme, the rate was
16 s~!, with the covalently derivatized enzyme 8 s™!
(data not shown in Fig. 6). At low ATP concentra-
tions (uni-site conditions), the rate of ATP hydrolysis
was not inhibited, at medium and high concen-
trations, the rate decreased by approximately 50%
after covalent derivatization. Correspondingly, 50%
of the initially bound 2-azido-[a-*’P]ATP was cova-
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Fig. 6. Rate of ATP hydrolysis of CFyF; with covalently bound and non-covalently bound 2-azido-[o-3*P]JATP at different ATP con-
centrations. CFoF; (5 uM) was treated according to procedure 7 (left panels) or procedure 8 (right panels) and irradiated for 60 s
with UV-light. After irradiation, CF¢F; contained covalently bound 0.5 mol 2-nitreno-[oc-32P]ATP per mol CFyF, at site 5 (procedure
7) or 0.5 mol 2-nitreno-[o->P]JATP per mol CFyF; at site 6 (procedure 8). CFoF; was reconstituted into liposomes and the rate of
ATP hydrolysis was measured after activation of the enzyme by a ApH/A¢ jump from uni-site (upper panels) to multi-site (lower pan-
els) conditions. Open triangles represent data with non-covalently bound 2-azido-[0->*P]ATP, filled triangles represent data with cova-

lently bound 2-nitreno-[o-*?P]JATP.

lently bound after irradiation, i.e. at high concentra-
tions the inhibition of the rate is proportional to the
fraction of covalently derivatized enzyme. These data
indicate that covalent labeling of non-catalytic sites 5
or 6 inhibits both multi-site ATP synthesis and ATP
hydrolysis proportionally to the degree of derivatiza-
tion. Uni-site ATP synthesis and ATP hydrolysis is,
however, not inhibited.

3.5. Binding of 2-azido-[ o> P]ATP to sites 5 and 6
together and to site 4

CFyF; treated with procedure 7 or procedure 8
contains one bound 2-azido-[a->*P]JATP at site 5 or
site 6, respectively. In the next step, we investigated
the effect of covalent derivatization when both sites
are occupied by 2-azido-[o->PJATP. In order to oc-

cupy both non-catalytic sites, pretreated CFoF; con-
taining one bound ATP and two bound ADP was
incubated with 100 uM 2-azido-[a-**P]JATP in the
presence of 2 mM MgCl, for 10 min at room temper-
ature and then free and loosely bound nucleotides
were removed by three consecutive passages through
centrifugation columns. This is called procedure 6
and the nucleotide occupation pattern is schemati-
cally shown in Fig. 2.

The CFyF, treated according to procedure 6 con-
tained 2.0 bound 2-azido-[o-*’P]JATP, one bound
ATP and two bound ADP (see Fig. 1 and Table
1). This enzyme was then irradiated with UV-
light for up to 45 s. After each irradiation time,
the protein was denatured and the amount of cova-
lently bound 2-azido-[a-*>PJAXP was measured
(Fig. 7, top). The data indicate that one 2-nitreno-
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Fig. 7. Effect of UV-irradiation on the extent of covalent derivatization of CFyF; with 2-azido-[o-*>P]JATP and on the rate of ATP
synthesis. CFoF; (5 uM) was treated according to procedure 6 (left panels) or procedure 9 (right panels). The enzyme was then irradi-
ated by UV-light for different times. Top panels: CFyF; was denatured and the amount of covalently bound 2-azido-[o->P]JAXP was
determined as a function of irradiation time. Center panels: after irradiation, the enzyme was reconstituted into liposomes and the
rate of ATP synthesis was measured after a ApH/A¢ jump as a function of irradiation time (filled squares). As a control, the rates are
shown for irradiated CFyF; treated with ATP instead of 2-azido-[a-*’P]JATP in the same way (open squares). The solid triangles indi-
cate the rates corrected for the UV-effect on CF¢F;. Bottom panels: the rate of ATP synthesis is shown as a function of covalently
bound 2-nitreno-[a->>P]JAXP (data are from top and center panels). The filled squares are the measured data, the open squares are

data corrected for the UV-effect on CFyF;.

[0-3>P]JATP per CFoF;, i.e. maximally 50% of the
bound 2-azido-[a->’P]JATP, 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 (Fig. 7, center). In order to distinguish

the effect of covalent modification of the binding
sites from the potential harmful effect of UV-irradi-
ation, the enzyme was treated according to procedure
6, but the 2-azido-[o->’P]JATP was substituted by
ATP. 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 45 s, the rate remains almost constant (Fig. 7,
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center). Fig. 7, bottom, shows the rate of ATP syn-
thesis at different levels of covalently bound 2-azido-
[0->2P]ATP. Extrapolation of the linear part of the
curve indicates complete inhibition, when about two
nucleotides per CFyF; are covalently bound.
During all the treatments described up to now, one
ATP remains tightly bound at the enzyme. This
ATP, obviously, is most difficult to remove from
the enzyme, i.e. its binding site has the lowest disso-
ciation constant for ATP. Therefore, this non-cata-
lytic binding site is called site 4. We tried to remove
this ATP by a multitude of different treatments,
however, either the ATP was not removed or the
enzyme was denatured, i.e. it was found to be inac-
tive in ATP synthesis after reconstitution into lipo-
somes. During these surveys, we noticed that after
storage of the isolated enzyme in buffer A for 48 h
at room temperature one ATP was lost (presumably
from site 5) and one ATP (on site 4) was slowly
hydrolyzed to bound ADP. Based on this observa-
tion, the following treatment was developed which
allows substitution of the bound ATP by 2-azido-
[0-3?P]ATP. It is shown schematically as procedure
9 in Fig. 2. The isolated enzyme was incubated for 24
h at room temperature with 2 mM EDTA in the
presence of 150 mg BioBeads per mg CFyF,. After
removal of free and loosely bound nucleotides by
three consecutive passages through centrifugation
columns, the resulting enzyme contains usually two,
sometimes less, bound ADP per CFyF,. It was then
further incubated for 1 h with 100 uM 2-azido-
[0-*P]JATP and 2 mM EDTA. Again free and
loosely bound nucleotides were removed by three
consecutive passages through centrifugation col-
umns. Thereafter, the enzyme contained two bound
2-azido-[0-*?P]AXP (see Table 1). After UV-irradia-
tion and trypsin treatment the covalently derivatized
peptides were analyzed by HPLC. Ion exchange
chromatography revealed that approximately 50%
eluted as nitreno-ATP peptide and 50% as nitreno-
ADP peptide. Reversed phase HPLC analysis of the
-ATP labeled peptides indicated that a non-catalytic
site was derivatized, whereas the corresponding anal-
ysis of the ADP labeled peptides showed derivatiza-
tion of a catalytic site. This observation indicates
that the 2-nitreno-[a->’P]ATP is located at a non-
catalytic site, the 2-nitreno-[oi->*P]JADP on a catalytic
site, the occupation pattern being shown in Fig. 2.

To label only the non-catalytic site, the enzyme was
then subjected to a third incubation for 1 h with
2 mM EDTA and 100 uM ADP, and free and
loosely bound nucleotides were removed by three
consecutive passages through centrifugation col-
umns. Finally, the enzyme contained one 2-azido-
[0-3*P]JATP and one ADP (see procedure in Fig. 2
and Table 1).

CFyF, treated according to procedure 9 was then
irradiated by UV-light and the amount of covalently
bound 2-nitreno-ATP was measured (Fig. 7, right).
The top panel shows that maximally 0.5 mol 2-nitre-
no-[o-*?P]JATP is bound per mol CFoFy, i.e. 50% of
the non-covalently bound 2-azido-[o-*>PJATP can be
covalently bound. After each irradiation time the en-
zyme was reconstituted into liposomes and the rate
of ATP synthesis was measured with 100 uM ADP.
To correct enzyme inactivation by UV-irradiation in
parallel experiments, the enzyme was treated accord-
ing to procedure 9 but 2-azido-[o->P]JATP was sub-
stituted by ATP. These data are shown in Fig. 7,
right, center panel. UV-irradiation leads to a signifi-
cant decrease of the rate and the data obtained with
2-azido-[a->?P]ATP were corrected correspondingly.
The reason for the different sensitivities of CFyF;
prepared by procedure 6 or 9 is not known. Fig. 7,
bottom, right, shows the rate of ATP synthesis as a
function of covalently bound 2-azido-[o->’P]ATP.
Extrapolation of the linear part of the curve indicates
complete inhibition, when one nucleotide per CFyF,
is bound.

3.6. Localization of the bound 2-nitreno-ATP

In order to identify the site where the 2-azido-
[0-3?P]JATP is bound, the enzyme was irradiated by
UV-light, treated by trypsin and the resulting pep-
tides were separated by HPLC. Fig. 8 shows the
results of these separations. The bars represent the
radioactivity of the collected fractions. The solid
lines indicate the concentration of eluent B. The
left panels show the results obtained with CFyF,
treated according to procedure 6, right panels those
obtained with procedure 9. For the ion exchange
chromatography, the expected regions for nitreno-
AMP, nitreno-ADP and nitreno-ATP containing
peptides are indicated (top panels). After procedure
6, the labeled peptides eluted mainly as ATP peptides



F.E. Possmayer et al. | Biochimica et Biophysica Acta 1510 (2001) 378-400 391

Procedure 6

IE -AMP  -ADP  -ATP

32P |abeled peptides (cpm*103)

RP
6 | fr330E {0
4t 1 40
2t 20
0 - . . . — 0

0 10 20 30 40 50 60

time (min)

Procedure 9

IE -AMP  -ADP -ATP

g juan|a Jo 9,

RP
fr.311E

1 60

1 40

20

0 10 20 30 40 50 60

time (min)

Fig. 8. HPLC elution profiles of photolabeled CF(F; after trypsin treatment. CFoF; (5 uM) was treated according to procedure 6
(left panels) or procedure 9 (right panels). After UV-irradiation, the photolabeled CFyF; was trypsinized and the resultant labeled
peptides were separated by HPLC. The radioactivity of the collected fractions is represented by bars. The elution gradients in percent
of eluent B are superimposed (right hand scale). The upper panels show the separation of the labeled peptides with the ion exchange
(IE) column into AMP, ADP and ATP peptides. Center panels represent the result of the separation of ATP-modified peptides (frac-
tions 45 from IE) by reversed phase chromatography. Amino acid sequence analysis was carried out with the pooled fractions 18 and
19 of the reversed phase chromatography. Bottom panels represent the result of the separation of the ADP-modified peptides (fraction
33, left and fraction 30, right from IE) by reversed phase chromatography. Amino acid sequence analysis was carried out with frac-
tions 17, left and fraction 30, right of the reversed phase chromatography.

in the fractions around 45 min. ADP-labeled pep-
tides represent less than 15% of the total radioactiv-
ity. No AMP-labeled peptides were observed. The
nitreno-ATP labeled peptides (fraction 45 from ion
exchange chromatography) were further analyzed by
reversed phase HPLC. The results are shown in Fig.
8, center. The fractions eluting at 18 and 19 min were
pooled and used for amino acid sequencing. The se-
quence was identified as 3’IVGEEH-EIAQR*?,
being part of the B-subunit. The empty position is
that of Tyr385, this being the modified amino acid.
According to Xue et al. [6], this peptide is part of the
non-catalytic binding site. Also the nitreno-ADP la-
beled peptides (fractions 33 from ion exchange chro-

matography) were analyzed by reversed phase HPLC
(Fig. 8, bottom). Amino acid sequence analysis of
fraction 17 resulted in *’IVGEEH-EIAQR’”, i..
the nitreno-ADP is also located at a non-catalytic
site.

After procedure 9, the labeled peptides eluted in
the ion exchange chromatography as nitreno-ATP
and nitreno-ADP peptides (Fig. 8, right). Both pep-
tides were analyzed by reversed phase HPLC. The
result for the nitreno-ATP peptide is shown in Fig.
8 right, center panel. Amino acid sequence analysis
of the pooled fractions 18 and 19 gives the result
SPIVGEEH-EIAQR™” indicating labeling of a non-
catalytic site. In the bottom panel, the result for
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the nitreno-ADP peptide is shown. Amino acid se-
quence analysis of fraction 30 resulted in 3¢°GI-
PAVDPLDSTDT?73. According to Xue et al. [6],
this peptide is part of a catalytic site. We conclude
from these results that with procedure 9, mainly a
non-catalytic site is occupied (70%), however, some
label (30%) is found at a catalytic site and not
exchanged with ADP in the last step of procedure 9.
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3.7. Effect of covalent modification of two
non-catalytic sites (5 and 6) and non-catalytic
site 9 on enzyme activity

When the enzyme with two non-catalytic sites
occupied by 2-azido-[o-3*P]JATP was irradiated with
UV-light for up to 45 s, covalent binding of about
1 mol nitreno-[o->*P]JATP per mol CFyF; was

Procedure 9

0.9
0.25
1.2

5

S0

25

0 1 1 1 1

25 50 75 100

ADP concentration (uM)

Fig. 9. Rate of ATP synthesis of CFoF; with covalently bound and non-covalently bound 2-azido-[o-*’P]ATP at different ADP con-
centrations. CFoF; (5§ uM) was treated according to procedure 6 (left panels) or procedure 9 (right panels) and irradiated for 60 s
with UV-light. After irradiation, CFyF; contained covalently bound 1.0 mol 2-nitreno-[0-*>P]JATP per mol CF,F, at the sites 5 and 6
(procedure 6) or 0.5 mol 2-nitreno-[a->*PJATP per mol CFyF; at site 4 (procedure 9). CFyF; with covalently bound (filled triangles)
or non-covalently bound 2-azido-[a->*PJATP (open triangles) was reconstituted into liposomes and the rate of ATP synthesis was mea-
sured after a ApH/A¢ jump as a function of the ADP concentration. Top panels show the data under uni-site conditions (up to
200 nM ADP). Bottom panels show the data under multi-site conditions (up to 100 mM ADP). Center panels show the intermediate
range. Open triangles represent data with non-covalently bound 2-azido-[o->*PJATP, filled triangles represent data with covalently

bound 2-nitreno-[o->>P]JATP.
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measured. The enzyme treated with procedure 9 con-
tained one 2-azido-[o-*>P]JATP and covalent binding
of about 0.5 mol nitreno-[o-*>PJATP per mol CFyF;
is observed, i.e. the efficiency of covalent linkage is
similar for all non-catalytic sites.

In order to analyze the involvement of the occu-
pied binding sites in the catalytic behavior of the
enzyme, we investigated the catalytic properties after
covalent labeling. CFyF; treated according to proce-
dure 6 or procedure 9 was irradiated for 60 s to
achieve maximal derivatization. The irradiated en-
zyme and, as a control, the non-irradiated enzyme
were reconstituted into liposomes. ATP synthesis
was measured after a ApH/A¢ jump with ADP con-
centrations ranging from 10 nM to 100 uM. The
initial rates of ATP synthesis as a function of ADP
concentration are depicted in Fig. 9. Open triangles
refer to non-irradiated enzymes, closed triangles to
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irradiated ones. The left panels show results when
sites 5 and 6 are occupied (procedure 6). The right
panels show the results when site 4 is occupied (pro-
cedure 9). For both occupation patterns at low ADP
concentrations (uni-site conditions, top panels) no
inhibition is observed. At medium ADP concentra-
tions (center panels) and high ADP concentrations
(multi-site conditions, bottom panels) the rate of
ATP synthesis is inhibited by covalent derivatization.
Approximately 50% of the initially bound 2-azido-
[0->’P]ATP is covalently bound after irradiation in
both cases and, in parallel, the rate of ATP synthesis
decreased by 50% at high ADP concentrations.

In addition, the rate of ATP hydrolysis was mea-
sured 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
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Fig. 10. Rate of ATP hydrolysis of CFyF; with covalently bound and non-covalently bound 2-azido-[a-**P]JATP at different ATP con-
centrations. CFoF; (5 uM) was treated according to procedure 6 (left panels) or procedure 9 (right panels) and irradiated for 30 s
with UV-light. After irradiation, CFyF; contained covalently bound 1.0 mol 2-nitreno-[0-*?P]JATP per mol CF,F, at the sites 5 and 6
(procedure 6) or 0.5 mol 2-nitreno-[0->*P]JATP per mol CFF; at site 4 (procedure 9). CFoF; was reconstituted into liposomes and
the rate of ATP hydrolysis was measured after activation of the enzyme by a ApH/A¢ jump from uni-site (upper panels) to multi-site
(lower panels) conditions. Open triangles represent data with non-covalently bound 2-azido-[o-3?P]ATP, filled triangles represent data

with covalently bound 2-nitreno-[o->P]ATP.
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luciferin/luciferase assay and different ATP concen-
trations [16]. Fig. 10 shows the initial rates of ATP
hydrolysis at low (uni-site conditions, top panels)
and medium concentrations (bottom panels). Left
panels show the results when sites 5 and 6 are occu-
pied (procedure 6), right panels when site 4 is occu-
pied (procedure 9). At high ATP concentrations (1
mM, multi-site conditions), the rate was measured
with [y->*P]JATP [30]. With the non-covalently labeled
enzyme, the rate was 16 s~ !, with the covalently de-
rivatized enzyme 8 s~! (data not shown in Fig. 10).
For both occupation patterns at low ATP concentra-
tions (uni-site conditions), the rate of ATP hydrolysis
is not inhibited, at medium and high concentrations,
the rate decreases by approximately 50% after cova-
lent derivatization. Correspondingly, 50% of the ini-
tially bound 2-azido-[o-3*P]JATP is covalently bound
after irradiation, i.e. at high ATP concentrations the
inhibition of the rate of ATP hydrolysis is propor-
tional to the fraction of covalently derivatized en-
zyme. These data indicate that covalent labeling of
non-catalytic sites 5 and 6 together and of site 4
inhibits both multi-site ATP synthesis and ATP hy-
drolysis proportionally to the degree of derivatiza-
tion. Uni-site ATP synthesis and ATP hydrolysis
are, however, not inhibited.

3.8. Release of non-covalently bound nucleotides by
energization

CFyF, treated with procedure 6 contained after

Table 2

Release of non-covalently bound 2-N3-[0-2P]JAXP in ApH/A¢ jump

reconstitution in liposomes about two, CF(F; treated
with procedures 7, 8 or 9 contained one non-cova-
lently bound 2-azido-[o-**P]JATP per enzyme (Table
1). We investigated the release of the radioactive
2-azido-nucleotide upon energization of the mem-
brane by ApH/A¢ in the presence and in the absence
of substrates. The data are shown in Table 2. In all
cases, approximately 4% of the bound radioactive
nucleotides are released in the absence of substrates
and 6% in the presence of either ADP or ATP. Dur-
ing the time between energization and separation of
the enzyme from the released nucleotides (5 s) CFyF;
carries out at least 500 turnovers in synthesis direc-
tion and about 80 turnovers in hydrolysis direction.
If the radioactive nucleotide is located on a site not
involved in the catalytic reaction cycle, no loss of the
label is expected. Obviously, this was not the case;
4-6% of the enzymes lost their label.

When 2-azido-[o-*?P]JADP was bound at catalytic
sites, approximately 20-25% of the nucleotides were
released upon energization in the presence of sub-
strates [16,17]. For the investigation of the effect of
covalent derivatization on the enzyme kinetics (Figs.
5, 6,9, 10) the enzymes were irradiated by UV-light
immediately after preparation of the different occu-
pation patterns (Fig. 2). Reconstitution was carried
out with the covalently derivatized enzymes, so that
no change of the occupation pattern can occur.
However, when nucleotide release is to be measured,
reconstitution must be carried out with the non-co-
valently bound 2-azido-[o-*’P]ATP and it might be

Incubation Occupied  Labeled Non-covalently 2-N3-[0-P]JAXP  2-N;3-[0->’P]AXP released Calculated release
conditions site peptide from bound 2-N;- released in in ApH/A¢ jump with from catalytic site
catalytic sites [0->2]JAXP after ApH/A¢ jump substrate
after recon-  reconstitution without substrate
stitution (%)
hydrolysis synthesis without  with
1 mM ATP 100 uM ADP substrate substrate
Procedure 6 5+6 25 2.0 0.031 0.042 0.028 0.05 0.1
Procedure 7 5 60 1.05 0.062 0.102 0.093 0.06 0.12
Procedure 8 6 35 1.05 0.042 0.060 0.064 0.035 0.07
Procedure 9 4 50 1.0 0.043 0.062 0.059 0.05 0.1

CFoF; (5 uM) was treated as described in the different procedures and then reconstituted into liposomes without UV-irradiation. En-
ergization of the membrane leads to the release of the non-covalently bound 2-azido-[a->*P]JADP. Free nucleotides were separated by
rapid filtration from the liposomes 5 s after energization. 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 CFF;.
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asked whether the initially prepared occupation pat-
tern changes during reconstitution of the enzyme into
liposomes. Therefore, after reconstitution, the pro-
teoliposomes were irradiated with UV-light, treated
with trypsin and the resulting peptides were analyzed
by reversed phase HPLC. Peptides from the catalytic
site elute in the reversed phase HPLC at 30 min, that
from non-catalytic sites at 18 min (see Fig. 8). The
fraction of labeled peptides from non-catalytic sites
was calculated from the ratio of radioactivity in frac-
tions 14-24 to total radioactivity applied to the col-
umn. For catalytic sites the radioactivity in the frac-
tions 25-35 was used. The radioactivity in the void
volume was assumed to refer to free nitreno-[o-->2P]-
nucleotides. The resulting fractions of labeled pep-
tides from catalytic sites are shown in Table 2.
When only catalytic sites are occupied, energization
of the proteoliposomes resulted in a release of the
bound 2-azido-[o-?>P]ADP to an extent of 10%, in
the absence and 20% in the presence of substrates
[16,17]. Since we know the occupation of catalytic
sites from the fraction of labeled catalytic peptides
after reconstitution we can calculate the expected re-
lease, if it occurred only from catalytic sites.

The experimental data for the release of 2-azido-
nucleotides after energization when CFyF; was
treated with procedures 6-9 are collected in Table
2. In addition, the release was calculated for the dif-
ferently treated enzymes when it occurred only from
catalytic sites. Comparison of the calculated data
with the measured ones shows that the observed re-
lease of the labeled nucleotides can be explained by
an exclusive release from the catalytic sites. We have
to conclude, therefore, that energization of the mem-
brane either in the presence or in the absence of
substrates does not lead to release of bound nucleo-
tides from non-catalytic sites.

4. Discussion

4.1. Occupation of the different nucleotide binding
sites

Catalytic and non-catalytic sites are distinguished
in this work by their different response to covalent
labeling with 2-azido-[a->’P]JAD(T)P: labeling of
B-Tyr362 indicates a catalytic site, labeling of

B-Tyr385 a non-catalytic site [6]. With this approach,
we have recently developed methods for selective oc-
cupation of the three different catalytic sites and in-
vestigated the effect of their covalent derivatization
on ATP synthesis and ATP hydrolysis [16,17]. In this
work we used the labeling of B-Tyr385 by 2-azido-
[0-3*P]JATP as an indication for binding at a non-
catalytic site and developed incubation procedures
for selective occupation of these sites. The following
characteristics of these sites were found: (1) non-co-
valent binding of 2-azido-[o->PJATP to CF,F; does
not lead to inhibition of catalysis. (2) Incubation
with 2-azido-[o-*>PJADP in the presence as well as
in absence of Mg>* does not lead to a labeling of
B-Tyr385, i.e. non-catalytic sites do not bind ADP in
the concentration range used in this work. (3) Incu-
bation of isolated CF,F; with 2-azido-[o->’P]ATP
leads to labeling of B-Tyr362 and B-Tyr385. The co-
valently bound nucleotide at B-Tyr362 was predom-
inantly ADP and some AMP, while the covalently
bound nucleotide at the non-catalytic site (B-Tyr385)
was mainly ATP and some ADP. We conclude from
these results that isolated CFyF; binds 2-azido-ADP
selectively at catalytic sites, 2-azido-ATP binds to
both catalytic and non-catalytic sites. When 2-azi-
do-ATP is bound to non-catalytic sites, it is not hy-
drolyzed. When, however, 2-azido-ATP is bound to a
catalytic site, it is hydrolyzed to 2-azido-ADP, so
that, after covalent derivatization, only nitreno-
ADP-modified B-Tyr362 is found.

The nucleotide binding sites have different proper-
ties. In order to distinguish the different catalytic
sites, we have called them sites 1, 2 and 3 in order
of decreasing affinity for ADP [16]. Correspondingly
in this work, the three non-catalytic sites are called 4,
5 and 6 in order of decreasing affinity for ATP, i.e.
site 4 has the lowest dissociation constant for ATP,
site 6 has the highest and site 5 has an intermediate
dissociation constant. The isolated CFyF; used in
this work contained one ADP bound at a catalytic
site and two ATPs bound at non-catalytic sites per
CFoF,. We assume that the binding properties of
ADP and ATP are similar to those of the corre-
sponding 2-azido-nucleotides described above. Based
on this assumption and the nomenclature of the
binding sites, we conclude that the ADP at the cata-
lytic site is localized on site 1, the site with the lowest
ADP dissociation constant. The ATP at non-cata-
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lytic sites must be localized on sites 4 and 5, since
these have the lowest ATP dissociation constants.
These considerations lead to the distribution of
bound nucleotides in isolated CFyF; depicted in
Fig. 2.

Trying to occupy selectively the different non-cat-
alytic binding sites, we found no possibility to
achieve this when the incubation was started with
the isolated CFyF;. Incubation of isolated CFyF;
with ADP in the presence of EDTA and subsequent
removal of free and loosely bound ADP resulted in
CFoF; where one ATP is bound at the non-catalytic
site 4 and two ADPs are bound at the catalytic sites
1 and 2 [16]. With this pretreated CF(F; it was pos-
sible to occupy selectively at low 2-azido-[o-*P]ATP
concentrations (20 uM, 2 min) one binding site (pro-
cedure 7 in Fig. 2). When the 2-azido-[o-*’P]ATP
concentration is increased (100 uM, 10 min), two
sites are occupied (procedure 6 in Fig. 2). In order
to occupy selectively the binding site which required
the higher 2-azido-[o-*>P]JATP concentration, the
pretreated CFyF; was first incubated with a low
ATP concentration. This leads to binding of one
ATP per CFyF,. A further incubation with 100 uM
2-azido-[a->’P]ATP then resulted in the occupation
of the low-affinity site (procedure 8 in Fig. 2).

HPLC analysis of the tryptic peptides shows that
for procedures 6, 7 and 8§ more than 80% of the
peptides are recovered as nitreno-ATP peptides and
10-20% as nitreno-ADP peptides. Amino acid se-
quence analysis of both ATP and ADP peptides in-
dicates labeling of B-Tyr385. Obviously, with proce-
dures 6, 7 and 8 exclusively non-catalytic sites are
labeled and a small fraction of the bound 2-nitre-
no-[o-*?P]JATP is hydrolyzed. Presumably, this hy-
drolysis does not occur at the native enzyme but
during the trypsin treatment. When the 2-azido-
[0-3?P]ATP used in this work is treated in the same
way as the enzyme during trypsination (i.e. incuba-
tion with trypsin for 18 h at 37°C) we found that
between 10 and 20% of the 2-azido-[a-*’P]ATP is
hydrolyzed to 2-azido-[o-*>P]JADP. Since similar
fractions of nitreno-ADP peptides were found after
derivatization of the different non-catalytic sites, we
assume that nitreno-ATP peptides are partially
hydrolyzed during trypsination.

One ATP per CFyF; remains bound during all

these treatments and, since ATP bound at catalytic
sites is hydrolyzed rapidly to bound ADP, this ATP
must be bound at a non-catalytic site. Obviously, this
ATP is very tightly bound, i.e. it is located at the site
with the lowest dissociation constant. According to
our nomenclature this site is called site 4. The site
with the intermediate dissociation constant which is
occupied with procedure 7 is then site 5 and the site
with the highest dissociation constant, occupied with
procedure 8, is site 6.

To achieve a selective occupation of site 4, the
ATP on this site was converted to ADP by treatment
with EDTA at room temperature in the presence of
BioBeads. This results in an enzyme containing two
ADPs, one at catalytic site 1 and one at non-catalytic
site 4. Incubation of the enzyme with this occupation
pattern with 2-azido-[o->’P]JATP resulted in CFyF;
with one bound 2-azido-[a-*’P]JADP and one bound
2-azido-[a->’P]JATP. Since, at catalytic sites, bound
ATP is always completely hydrolyzed to bound
ADP whereas at a non-catalytic site only ATP is
found [16], the 2-azido-[o-*>PJADP must be located
at a catalytic site and 2-azido-[o-*>P]JATP at a non-
catalytic site. Per definition, the corresponding sites
are site 1 for catalytic sites and site 4 for non-cata-
lytic sites. During the incubation the two bound nu-
cleotides apparently exchange and the exchange at
site 4 can be explained by the fact that ADP is less
tightly bound at this site then ATP. When, finally,
the enzyme was incubated with ADP an exchange of
most of the 2-azido-[o->PJADP at catalytic site 1
occurred whereas the 2-azido-[o->PJATP at site 4
remained bound. UV-irradiation and HPLC analysis
of the tryptic peptides show that about 70% of the
radioactivity is obtained as nitreno-ATP peptide,
about 30% as nitreno-ADP peptide. Amino acid se-
quence analysis indicated that the nitreno-ATP was
located exclusively at Tyr385, i.e. at a non-catalytic
site; the nitreno-ADP at Tyr362, i.e. at a catalytic
site. From these data we conclude that site 4 is
occupied by 2-azido-[o->’P]JATP, and that some
2-azido-[a-*’P]JADP remained on site 1, i.e. in the
last step of procedure 9 a complete exchange of nu-
cleotides at this site was not obtained. These consid-
erations lead to the occupation patterns depicted in
Fig. 2 for the different procedures, the analytical
data are summarized in Table 1.
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4.2. Differences between the non-catalytic nucleotide
binding sites

Our results show clearly that the inactive isolated
CFyF; contains three non-catalytic sites with differ-
ent nucleotide binding affinities. The procedures de-
scribed here for selective occupation of these sites
make use of these different ATP-binding affinities
in non-activated CFoF;. During these treatments,
no catalytic reaction, with a possible interchange of
sites, takes place but, nevertheless, binding of a nu-
cleotide at one site might influence the affinity of the
nucleotide at another site.

The non-catalytic site 6 has the lowest affinity for
ATP, i.e. the highest dissociation constant. Corre-
spondingly, this site is usually not filled in the iso-
lated CFoF;. We have not measured the dissociation
constant exactly, however, the data from Fig. 1 show
that half of this site is filled at a concentration of
approximately 50 uM. Site 5 has a higher affinity
showing half maximal occupation at 2 uM. Site 4
has a very high affinity for ATP. We have not found
a procedure which allows the removal of this ATP
without simultaneous denaturation of the enzyme
although, for isolated CF|, removal of all nucleotides
was reported [31]. The dissociation constant of ATP
from site 4 is very low, we estimate that it is below
the nM range. Similarly, as reported for isolated CF;
[32], it is possible with CFyF; to hydrolyze the ATP
bound at site 4 during a long incubation at room
temperature. The ADP remains bound at this site,
but upon incubation with 2-azido-[o-*?P]JATP it is
replaced with the ATP analogue.

The rate constant for binding of 2-azido-
[0-3>P]JATP to site 5, kon, can be estimated from
the initial rate of binding (see Fig. 1), resulting in
kon =240 M~ s7!. With the dissociation constant
(Kp=2 uM), we obtain for the rate constant for
dissociation ko =510"% s~!. The association rate
constant is similar to that found for ATP binding
to non-catalytic sites of EF; [19].

Our data show that there is no large change in
binding affinity of site 5 by occupation of site 6
with 2-azido-[o-*>P]JATP: occupation of site 6 does
not lead to the release of ATP from site 5 (or 4). The
binding affinities at the non-catalytic sites are influ-
enced by interaction between the o- and [-subunits.
Different occupation of the catalytic sites leads to

changes in the affinities at the non-catalytic sites
and vice versa. For example, in the pretreatment of
CFyF; occupation of catalytic site 2 with ADP facil-
itates the release of ATP from non-catalytic site 5 (in
the presence of EDTA). We have observed earlier
that site 5 has to be empty in order to bind ADP
tightly at the catalytic site 3.

The treatments of CFyF; with procedures 6-9 gen-
erate different occupation patterns of the non-cata-
lytic sites as shown schematically in Fig. 2, i.e. either
all non-catalytic sites are occupied or site 6 is empty
or site 5 and site 6 are empty. Without UV-irradia-
tion, the rates of ATP synthesis and ATP hydrolysis
observed with all four different occupation patterns
are similar (ATP synthesis 60-100 s~!, ATP hydro-
lysis 16-22 s~!). Obviously, the occupation of non-
catalytic binding sites 5 and/or 6 has no influence on
the rate of catalysis. In accordance with this obser-
vation, it has been found that the occupation of the
three non-catalytic sites of EF; has no effect on ATP
hydrolysis, however, the dissociation constants of the
three non-catalytic sites were identical in EF;
(Kp =25 uM) and also ADP binds to the non-cata-
lytic sites [19]. In heat-activated CFj, the three non-
catalytic sites have different affinities for ATP, how-
ever, it was found that occupation of one non-cata-
lytic site (site 6 in our nomenclature) is necessary for
ATP hydrolysis [18].

Specific occupation of non-catalytic sites with a
2-azido-nucleotide or another suitable analogue in
the anticonfiguration has been performed with the
medium-affinity non-catalytic site of MF; and in
this case the 2-azido-ADP induced a partial inhibi-
tion, just like ADP. Binding of ATP to the low-af-
finity non-catalytic site was proposed to lower the
affinity of the catalytic sites for ATP [33].

A major issue is the question whether the differ-
ences between the three non-catalytic sites are perma-
nent or whether the sites interchange during cataly-
sis. The results reported in this paper do not
discriminate between these two possibilities. How-
ever, when enzyme with 2-azido-ATP at site 6 is
activated and performs ATP hydrolysis, the analogue
is lost, while preliminary data indicate that this is not
the case when the analogue is bound at site 4, sug-
gesting a permanent asymmetry. Studies with Lucifer
Yellow Vinyl Sulfone reported in the literature indi-
cate the same: during preincubation one specific
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a-subunit binds the ligand and during catalysis no
other subunit acquires this property and after catal-
ysis the original conformation is restored [34,35].
Richter et al. [35] even conclude from FRET mea-
surements that during catalysis only two of the three
catalytic sites randomize, indicating that also the cat-
alytic sites are not equivalent.

4.3. Release of non-covalently bound
2-azido-[ o=’ PJATP during energization

Energization of proteoliposomes containing CFoF;
with non-covalently bound 2-azido-[a->’P]JADP at
any of the catalytic sites leads to a partial release
of these nucleotides [16,17]. In this work, we ob-
served upon energization a release of about 4-6%
of non-covalently bound 2-azido-[o-*?P]JATP when
non-catalytic sites are occupied. This effect was sur-
prising since non-catalytic sites were not expected to
be involved in catalysis. On the other hand, it is
possible that energization leads to a change of the
affinities of non-catalytic sites resulting in a release of
bound nucleotides. For the kinetic experiments re-
ported here, CFyF; with the different occupation
pattern (see Fig. 2) was irradiated immediately after
preparation before it was reconstituted into lipo-
somes and, therefore, the initial occupation pattern
cannot change during reconstitution. The investiga-
tion of the release of the azido-nucleotides after en-
ergization requires that these are not covalently
bound, and it is possible that the nucleotide content
and/or the occupation pattern changes during re-
constitution. UV-irradiation of CFyF; after recon-
stitution and HPLC analysis of the tryptic pep-
tides indicated that in fact the occupation pattern
changes. After reconstitution, a part of the 2-azido-
[0-3*P]JATP is lost from the non-catalytic site and
found as 2-azido-[o-?>P]ADP at a catalytic site. The
extent of this migration depends on the site being
occupied and the duration of the reconstitution.
Since energization leads to a release from catalytic
sites and we know its extent, we can calculate the
expected release, when the fraction of occupied cata-
lytic sites is known. This calculation (see Table 2)
shows that the observed release can be explained
when it occurred only from catalytic sites. We con-
clude from this result that energization of the pro-
teoliposomes does not lead to release of 2-azido-

[0-3*P]JATP from non-catalytic sites. This implies
that energization of the enzyme does not lead to a
significant change of the dissociation constants of
non-catalytic sites.

4.4. Covalent labeling and inhibition of catalysis

Non-covalent binding of 2-azido-[o-**P]ATP to ei-
ther site 4, 5 or 6, before reconstitution, did not
affect the rate of ATP synthesis, whereas covalent
binding of 2-nitreno-[o-*>PJATP inhibited ATP syn-
thesis proportional to the degree of labeling. When
only one site, either 4, 5 or 6, is labeled, extrapo-
lation indicates complete inhibition when one nucleo-
tide is covalently bound per CFyF; (Figs. 3 and 7).
When sites 5 and 6 together are derivatized, extra-
polation reveals that inhibition is complete when two
nucleotides per enzyme are covalently bound (Fig. 7).
The latter result is surprising since bound nitreno-
radical, formed upon illumination, should have the
same probability to react with B-Tyr385 or with
water, independent of what happens at other sites.
The efficiency of the formation of a covalent bond
appears to be about 50% at all non-catalytic sites.
When two sites are occupied simultaneously, this ef-
ficiency remains the same, since 1 mol 2-azido-
[0->P]JATP becomes covalently linked when sites 5
and 6 together are occupied (see Table 1). Since one
covalently bound nucleotide completely blocks multi-
site catalysis at this enzyme and some enzymes con-
tain two bound nucleotides, a non-linear relation be-
tween activity and the amount of covalently bound
nitreno-ATP is expected. This is obviously not ob-
served. The most probable explanation seems to be
that the covalent derivatization at one site induces a
slight conformational change at the second site such
that, upon formation of the nitreno-radical, in al-
most all cases a covalent bond with the tyrosine is
formed. Correspondingly, in the enzyme molecules in
which at the first site the nitreno-ATP has not
reacted with Tyr385 but with water also the nitre-
no-ATP formed at the second site reacts almost ex-
clusively with water. A similar observation was made
when catalytic sites 1 and 2 are simultaneously deriv-
atized [17].

The relation between inhibition and covalent deri-
vatization with 2-nitreno-nucleotides has been exten-
sively studied with the F;-parts from different sour-
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ces. In most cases, one covalently bound nucleotide
was sufficient to inhibit ATP hydrolysis, however, in
some cases two nucleotides were required for com-
plete inhibition and not always simple correlations
have been found. Derivatization of a catalytic site
always induces complete inhibition, either of only
multi-site catalysis or of both uni- and multi-site cat-
alysis (see [17] for discussion). The effect of derivati-
zation of a non-catalytic site seems to be organism-
specific. For heat-activated CF;, Melese et al.[36] re-
port nearly full inhibition when mainly a non-cata-
lytic site was derivatized with 2-nitreno-AXP. Simi-
larly, when in TFgF; one non-catalytic site was
occupied with 2-nitreno-[o->PJADP, the rate of
ATP synthesis as a function of the derivatized en-
zyme extrapolated to full inhibition when one nitre-
no-ADP was bound per TFF; [15]. With the mito-
chondrial enzyme, MF;, however, no inhibition by
covalent modification of a non-catalytic site was re-
ported [21,22,33].

Our data indicate that in CFyF; covalent derivati-
zation of any of the non-catalytic sites inhibits com-
pletely multi-site ATP synthesis and ATP hydrolysis.
Since none of these sites is expected to participate
directly in the catalytic reaction, we have to conclude
that in the chloroplast ATP synthase the cooperative
interactions that accompany multi-site catalysis not
only include amino acids at the interphase between
o- and B-subunits [37] but also the non-catalytic
binding sites, in such a way that a covalent linkage
of nitreno-ATP to B-Tyr385 in the o-site inhibits the
conformational changes required for site—site interac-
tion between the catalytic sites.

On the other hand, the covalent derivatization of
B-Tyr385 at any of the o-sites does not inhibit uni-
site catalysis. This implies first, that the activation of
the enzyme is still possible and second, that the con-
formational changes involved in multi-site catalysis
do not occur during uni-site catalysis, in line with
other reports in the literature [38,39].

The transition between inhibited and non-inhibited
rate occurs at 200 nM ADP for ATP synthesis, in-
dependent of the site that is derivatized. For ATP
hydrolysis this transition occurs at 20 nM when site
4 or 5 is blocked and at 200 nM when site 6 is
blocked. The reason for this difference is not clear.
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