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Investigations on nucleotide binding sites of isolated chloroplast ATPase
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Addition of NBD-Cl to 1solated and nucleotide-depleted CF, at pH 7 5 leads to binding of 2 NBD molecules on tyrosines of CF;, one 1n one

of the 3 a-subunits and one 1n one of the 3 f-subunits MgADP reduces the amount of bound NBD 1n §, but not in « Modification as a function

of time 1s biphasic, showing an mitial rapid and a slow kmetic component MgATP represses the imtial rapid phase of binding Incubation of

O-Tyr-NBD-CF, at pH 9 causes a time-dependent shift of the NBD-molecule from tyrosine to lysine The O-Tyr-NBD-formation 1s an obligatory
intermediate for specific N-Lys-NBD-formation ADP reduces the formation of the lysine-bound NBD drastically
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1. INTRODUCTION

Chloroplast H*-ATPase has a molecular mass of
400000 [1] and a subunit stoichiometry of a3&3yde. CF;
is reported to contain 4 distinct nucleotide binding sites
[2], a value which often is extrapolated to 6 for the
maintenance of symmetry (3 pairs of @/8). Three of the
binding sites are well characterized by Bruist and Ham-
mes [3]. The first site (site 1) contains tightly bound
ADP which is readily exchangeable with medium nu-
cleotides, the second one (site 2) 1s a tight Mg-ATP-
binding site and site 3 binds nucleotides reversibly un-
der different conditions. Catalytic sites as well as ‘tight’
binding sites are found to be located at the #-subunits or
at interfaces of the a- and #-polypeptide chains [2].

The actual substrate used by the ATPase in the hy-
drolysis direction is the 8,7-A-Mg-ATP chelate complex
[4]. ATP and ADP have at least 3 points of attachment
to the protein. The first one by ionic interaction of the
chelated Mg?* to a negatively charged carboxyl group
of the protein. The second bond is maintained by ionic
interaction of the negatively charged P, of the nu-
cleotide molecule [4] to a positively charged amino
group of the enzyme. This group most probably is con-
tributed by an e-amino group of a lysine [5]. The third
point of interaction 1s an H-bridge formed by the
hydroxyl residue of tyrosine to the base N! may exist

[6].
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The H*-ATPases from a variety of sources are inac-
tivated by the tyrosyl group-directed reagent NBD-CI
which forms a Meisenheimer complex on C* with the
tyrosyl oxygen atom [7]. Modification of a single
tyrosine residue per chloroplast F, is sufficient to inac-
tivate the enzyme completely [8,9].

In 1975 it was reported that almost exclusively the G-
subunits of CF; were labeled by NBD-Cl [10]. Our work
shows that under tyrosine-modifying conditions two
NBD molecules are bound per CF;, the first in one of
the three a-subunits and the second in one of the three
G-subunits. Furthermore we investigated the transfer of
NBD from tyrosine to lysine on chloroplast F;. This
transfer has been reported in detail by Ferguson et al.
[11] for mitochondrial ATPase. The results are discuss-
ed in context with different types of nucleotide binding
sites on isolated CF;.

2. MATERIALS AND METHODS

Chloroplast F, was 1solated and stored as described by Schumann
et al [12] Before use, CF, was collected by centrifugation, dissolved
in a mmmum amount of Tris/EDTA-buffer (50 mM/2 mM), pH
7 5, and passed through a Penefsky column [13]

Preparation of tyrosine-bound NBD (O-Tyr-NBD-CF;)

Reactions with unlabeled NBD-Cl were immtiated by addition of
NBD-CI (in ethanol, final concentration 200 zM if not otherwise indi-
cated) to 1 5-3 4M CF; in Tris/EDTA-buffer, pH 7 5 Binding of
NBD was followed spectrophotometrically The amount of bound
NBD was calculated using the extinction coefficient of
11600 M~! c¢m~! (385 nm) [11] Absorbance at 385 nm was usually
measured against a reference cuvette containing an equal concentra-
tion of NBD-Cl 1n buffer (in the absence of protein) The absorbance
of an equal concentration of CF; (in the absence of NBD-CI) was sub-
tracted The reaction with NBD-Cl was terminated by precipitation of
the enzyme with ammonium sulphate After 10 min on 1ce, the precip-
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iate was collected by centrifugation, redissolved m 100zl of
Tris/EDTA, pH 7 5, and passed through a Penefsky column

Ca-ATPase activity of the modified enzyme was measured after
trypsin-activation as described by Vambutas and Racker [14] mn a
medium contaiung 20 mM Trnis, pH 8, 5 mM CaCly, 5 mM ¥2p-
labeled ATP and 10 xg modified CF, (final volume 0 5 ml)

32p.Labeled ATP was prepared by a method of Avron [15]

Binding of *C-labeled NBD-Cl was accomplished 1n the same way
as described for unlabeled NBD [**CJNBD was purchased from
CEA, France (sp act 4 81 GBg/mmol). After removing excess label
by centrifugation according to Penefsky [13], the NBD-O-tyrosyl
group had to be stabilized before transferring the proten to the gel
This was achieved by conversion of the mtro group of the NBD into
an amno group by chemical reduction with sodium dithiorute (17}
The subunit distribution of the label was studied in SDS-polyacryl-
amide gels (gradient gel, 17 5-22 5% polyacrylamide), after stamng
with Coomassie blue The subunit bands of CF; were cut out, solved
1n 30% alkalme H,0; [18] and measured by liquid scintillation coun-
ting

Preparation of lysine-bound NBD (N-Lys-NBD-CFi)

N-Lys-NBD-CF; was prepared from O-Tyr-NBD-CF,; (which was
cleaned from free NBD) by adding a sufficient amount of Tris-buffer
(2 M), pH 9, to increase the pH to 9 as described by Ferguson et al
[11] The transfer of the NBD group could be followed by observing
the shift in absorbance spectrum The amount of bound NBD 1n this
case was calculated using the absorption coefficient for N-NBD
chromophores of 26000 M~ c¢m™' (475 nm) In other cases (f indi-
cated) desalted CF; was redissolved m Tris/EDTA, free NBD-Cl was
added and the reaction was followed spectrophotometrically at
475 nm

3. RESULTS AND DISCUSSION

Addition of NBD-Cl to isolated CF; at pH 7.5 leads
to inactivation of CF; which is accompanied by forma-
tion of an O-Tyr-NBD chromophore with an absor-
bance maximum at 385 nm. Since phenolic hydroxyl
groups react with NBD-C] to give a derivative with an
absorbance peak at 385 nm [11] we can conclude that
NBD-Cl at pH 7.5 reacts predominantly with the
hydroxyl group of a tyrosyl residue in CF,. In fig.1, in-
hibition of Ca-ATPase activity of isolated CF; by addi-
tion of NBD-CI at pH 7.5 is shown. In this experiment
we observed 85% inhibition within 30 min. As reported
earlier for F, from E. coli [19] and BF; [20], inhibition
of ATPase activity is completely reversible by addition
of DTT. As lysine-bound NBD is not affected by thiol
reagents like DTT, this reaction can be taken as a
measure for the amount of bound O-Tyr-NBD. Using
the extinction coefficient given by Ferguson et al. (see
section 2} and a molecular mass of 400000 for CF;, we
have calculated a CF;/bound NBD ratio of 1 (pH 7.5)
under conditions where the enzyme has been completely
inhibited.

When O-Tyr-NBD-CF, was incubated at pH 9.0, a
time-dependent shift in the absorbance maximum from
385 to 475 nm was observed. Under the employed con-
ditions {(nucleotide-depleted CF,), the shift was com-
plete after 80 min (fig.2). Precipitation with am-
monium sulphate and centrifugation-elution of the pro-
tein/NBD solution (Penefsky [13]) showed that the
NBD completely remained on the enzyme. In contrast
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Fig.1 Inhibition of Ca-ATPase activity by modification of CF; with

NBD-Cl at pH 75 2 4M CF,; was mcubated with 80 xM NBD-Cl

Other conditions, see section 2 100% activity = 150 gmol P,/mg pro-
tein per h

to the O-Tyr-NBD-form, the N-Lys-NBD-CF; is stable
and can be stored as an ammonium sulphate precipitate
for more than one month.

The formation of primary amine products occurs at
slightly alkaline pH (pH>7.5). The time-course as a
function of pH is shown in fig.3. At pH 7.5, 0.2 mol
NBD/mol enzyme were bound in the amine-form after
60 min, at pH 8, 1.2 mol/mol, whereas at pH 9 after
the same time 2.8 NBD/CF, can be calculated. If
tyrosine residues should be modified, a pH of 7.5 or less
should be strongly kept.

The slopes in fig.3 exhibit a lag-phase which disap-
pears after preincubation of the enzyme with NBD-Cl
at pH 7.5 (fig.4, control), showing that O-Tyr-NBD
formation on CF; is an obligatory intermediate for
specific N-Lys-NBD formation. A similar result has
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Fig.2. Transfer of the NBD group from a tyrosyl oxygen to a lysyl

nitrogen of solated CF;, followed by observing the shift in absor-

bance spectrum 7 5 zM of desalted O-Tyr-NBD-CF, was dissolved 1n

40 mM Tris/2 mM EDTA, pH 7 5 Spectra were taken before and 0,
10, 30, 50, 70, and 80 min after transfer to pH 9
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Fig 3. Binding of NBD-ClI to lysine residues of CF,, measured by the
ncrease in absorbance at 475 nm at 3 different pH values Condi-
tions, see section 2

been reported for modification of lysozyme with NBD-
C1[16]. The lysine where NBD is transferred to, belongs
to a reversible nucleotide binding site, which is pro-
tected against modification by ADP. Addition of excess
ADP (in the presence of Mg?* and P,) to a preparation
of O-Tyr-NBD before the pH value of the medium is
shifted to pH 9, leads to depression of formation of N-
Lys-NBD, as shown in fig.4. After 30 min, not more
than 0.16 mol NBD were bound to lysine per mol of
CF,; in presence of ADP, whereas 1.2 mol/mol CF,
were bound in the control.

In a previous paper we reported, that 2 mol
NBD/mol CF; could be found on tyrosine residues if
the nucleotide-depleted enzyme was used [9]. Modifica-
tion of CF; at pH 7.5 as a function of time is biphasic,
indicating that at least two different tyrosines per CF,
bind NBD-CI. The first NBD binds with a pseudo-first-
order rate of 0.2 min~!, the second one with
0.06 min~!. Addition of excess ADP suppresses the sec-
ond slow phase of binding and addition of excess Mg-
ATP suppresses the first fast phase of binding, in-
dicating two different sites of NBD-interaction on CF;
[91.

In table 1 Ca-ATPase activity of isolated CF; pre-
treated at pH 7.5 with NBD-CI plus/minus nucleotides
is shown. Presence of Mg-ATP during the incubation
reduces the inhibition only slightly, after 20 min 78%
of inhibition could be observed. Presence of ADP,
however, led to protection of ATPase against inactiva-
tion.

From these results we conclude that the fast reach-
able site to which NBD is bound may be identical to the
tight Mg-ATP-binding site which has no catalytic func-
tion (site 2, Bruist and Hammes [3]). Feierabend and
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Fig.4 Transfer of the NBD group from a tyrosyl to a lysyl group,

followed by the increase in absorbance at 475 nm after a pH shift

from 7 5 to 9, 1n absence (control) or 1n presence of 2 mM ADP and
10 mM P, Preincubation time was 40 min

Schumann [21] found that this site has structural func-
tions only. This would explain why Mg-ATP is not able
to protect the enzyme against loss of activity. The sec-
ond tyrosine which can be protected by ADP against
NBD binding may be localized within or near a
catalytically active site.

Using ["*CINBD-CI we found that the latter (slow)
NBD is bound to a #-subunit of CF; whereas the fast
binding NBD interacts with the a-subunit (table 2). In
table 2 furthermore is shown that Mg-ADP is able to
decrease the label in the #-subunits, but not in & (line 3).
ADP without Mg?* is not able to decrease the amount
of bound NBD (line 2).

Our results lead to the conclusion that the NBD-
binding tyrosine on the #-subunit may belong to site 1,
the one which according to Bruist and Hammes [22] is
a regulatory one but with regard to Wu and Boyer [23]
has catalytic activity. As site 3 binds ADP in absence of
divalent cations too, NBD binding to this site should be
suppressed in the presence of ADP without MgCl,.

Reaction of 1 NBD with a tyrosine on CF; which
prevented binding of nucleotides to the catalytic site
and abolished ATPase activity, was already reported by
Cantley and Hammes in 1975 [8]. The authors deter-
mined 1.6 NBD/CF, (pH 8) using an extinction coeffi-
cient of 10700 M~ !-cm™! at 400 nm. They further
assumed 3 NBD-reactive #-tyrosines according to the
subunit-stoichiometry of &3 [24]. Deters et al. [10] have
reported that *H-labeled NBD was bound exclusively to
the @-subunits of CF,. This difference to our results
may be explainable by the different experimental condi-
tions. The authors used CF; which was not depleted
from nucleotides, and they worked at pH 8 using very
long incubation times. During the preparation of this
work Ceccarelli et al. [25] published results about
modification of isolated CF; with NBD-CI. They found
1.2 mol O-Tyr-NBD/mol CF; bound to #-subunits and
that Tyr-3-328 which is homologous to Tyr-G-311
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Table 1

Ca-ATPase activity of isolated CF, pretreated with NBD-Clat pH 7 5
+ nucleotides

Incubation pmol P,/mg CF, per h

tume (min) - htrol % +ATP % +ADP %
0 4473 100 5242 100 5490 100
2 117 6 26 208 5 40 3555 75
10 56 1 13 169 0 32 3415 57

20 483 11 114 3 22 3530 64

CF, (3 uM) was pretreated with 80 xM NBD-CI at pH 7.5 1n presence
or absence of the indicated nucleotides which were 2 mM Experimen-
tal conditions, see section 2

Table 2

Quantitative evaluation of *C-labeled NBD bound to separated sub-
units of CF,

Conditions mol [*C]NBD/mol CF,
total CF, subunits
a g
control 17 08 09
+2 mM ADP 16 08 08
+2 mM ADP + 5 mM MgCl, 11 08 03

500 g nucleotide-depleted CF, was incubated at pH 7 5 with 400 xM
14C_labeled NBD-Cl for 1 h Experimental conditions are described in
section 2

(MF,) is that residue which reacts with NBD-CI at pH
7.5. This tyrosine is neither the one proposed to belong
to the catalytic site (identified by covalently bound
2-azido-ADP, derived from 2-azido-ATP) nor the one
which contributes to the non-catalytic binding site [26].
Ceccarelli et al. worked with CF; in presence of 1 mM
ATP; this explains that they found ond NBD/CF; (only
the one bound to #-subunit). We are now employing the
positions of the NBD-binding tyrosines under
nucleotide-depleted conditions.
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