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THE NUMBER OF NUCLEOTIDE BINDING SITES
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The binding of 2'(3")-0-(2,4,6-trinitrophenyl)-adenosine-5'-triphosphate (TNP-ATP),
[35S JATPuS and 8-azido- [7—32P]ATP to isolated cytochrome ¢ oxidase of bovine heart and liver
and to the two-subunit enzyme of Paracoccus denitrificans was studied by measuring the
fluorescence change or bound radioactivity, respectively. With TNP-ATP three binding sites were
determined at cytochrome ¢ oxidase from bovine heart and liver, both with two dissociation
constants Kd of about 0.2 and 0.9 M. Trypsin treatment of the enzyme from bovine heart,
resulted in one binding site with a Kg of 0.3 yM. The two-subunit enzyme of Paracoccus
denitrificans had only onc binding site with a K4 of 3.6 uM.

The binding of [33S]ATPas to cytochrome ¢ oxidase was studied by equilibrium dialysis.
With the enzyme of bovine heart seven and the enzyme of liver six high-affinity binding sites with
apparent Kd's of 7.5 and 12 uM, respectively, were obtaincd. The two-subunit enzyme of
Paracoccus denitrificans had one binding site with a Kq of 20 M. The large number of binding
sites at cytochrome c oxidase from bovine heart, mainly at nuclear coded subunits, was verified by

photoaffinity labelling with 8-azido-[y-32P]ATP. o 1955 acadenic press, inc.

Cytochrome c oxidase (COX), the terminal enzyme of some bacterial and the mitochondnal
respiratory chain, catalyses the reduction of molecular oxygen to water, coupled with the storage
of energy in an electrochemical proton gradient across the membrane. The "proton motive force” is
used by the ATP synthase for the generation of ATP from ADP and phosphate. Recently the X-ray
crystal structure of COX from Paracoccus denitrificans 1] and from bovine heart [2] at 2.8 A
resolution have been published and verified various structural features, previously ascertained by
biochemical methods. These include four protein subunits in COX of Paracoccus [3), and 13
subunits in COX of bovine heart [4]. In eucaryotes subunits -1 are encoded on mitochondrial,
the remaining subunits on nuclear DNA. Isozymes of COX were identified, based in mammals on
tissue-specific expression of two isoforms of subunits Vla, VIla and VIII [5,6].

Nuclear coded subunits were suggested to bind allosteric effectors and to regulate the
activity of COX [7]. The interactions of ATP and ADP with COX have been studied for almost 20
years. Adenine nucleotides result in changed kinetics [8-15], and modified visible spectra [16-19].
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Nucleotides interact with nuclear coded COX subunits, as concluded from opposite effects of
intraliposomal ADP and ATP on the K for cytochrome ¢ of reconstituted COX from bovine heart
but not from Paracoccus [13]. Intraliposomal nucleotides were also shown to act tissue-
specifically with COX from bovine heart, but not from bovine liver [20], and to influence the rate
of respiration as well as efficiency of energy transduction, depending on the intraliposomal
ATP/ADP ratio [21,22]. High intraliposomal ATP/ADP ratios decrease the H* /e--stoichiometry of
reconstituted COX from bovine heart (Frank and Kadenbach, in preparation). With the
photoaffinity reagents 8-azido-[y—32PJATP [23] and [y-32PJATP [15] two subunits (IV and VII)
of isolated COX from bovine heart were labelled. In contrast, labelling of multiple subunits (II,
[V, Vab, Vla, VIbc and Vllabc) was obtained in other studies under the same conditions and
assumed to represent unspecific labelling [13,17]. In contrast, with 2-azido-[ﬁ,y-32P]ATP, only
subunit VIa of COX from bovine heart and kidney was labelled [24].

In the present investigation the binding of TNP-ATP and [33S]ATPaS to isolated COX
from bovine heart and liver and from Paracoccus denitrificans was studied by measuring the
fluorescence change of TNP-ATP or the bound radioactivity after equilibrium dialysis,
respectively. In addition photoaffinity-labelling of isolated COX by 8—azid0-[y—-32P]-ATP is
shown. The results indicate specific labelling of 6 or 7 subunits in the mammalian and only one
subunit in the bacterial enzyme.

Materials and Methods

Materials. [35S]ATPaS (400 Ci/mmol, 10 mCi/ml) was obtained from Amersham,
Braunschweig, 8-azid0—l~{—32P]—ATP from ICN Biochemicals, (40 Ci/mmol). 2'(3)-0-(2.4,6,-
Trinitrophenyl)-ATP (TNP-ATP) was synthesized as described before {25]. The reaction
product was purified on a Sephadex LH-20 column (Pharmacia) and characterised by
infrared and NMR spectra and by paper chromatography.

Isolation of COX. COX was prepared from isolated mitochondria of bovine liver and
heart as described before [26]. The two-subunit COX of Paracoccus denitrificans was isolated
with Triton X-100 {27]. The final pellet was stored frozen at -80° C.

Fluorescence measurements. The binding of TNP-ATP to COX was measured by its
fluorescence change at 535 nm on a Perkin Elmer 650-40 fluorescence spectrophotometer. The
samples were excited at 408 nm (slit width of 8 nm), and the emission spectra were recorded
between 450 and 650 nm (slit width of 5 nm) [24]. The sample cuvette contained 0.5 uM COX
dissolved in 10 mM K-Hepes, pH 7.4, 0.005 % dodecylmaltoside. The reference cuvette
contained the same constitutents without COX. The titration was performed by addition of
increasing amounts of TNP-ATP to both cuvettes, and the fluorescence difference at 535 nm was
determined.

Equilibrium dialysis with [35S]1ATPaS. The equilibrium dialysis was performed in
a plexiglas apparatus, produced in the workshop of the institute, containing two halfspheres of
100 ul volume, separated by a dialysis membrane. Each chamber contained in 90 xl 10 mM K-
Hepes, pH 7.4, 100 mM KCl, 1 % Tween 20. One chamber contained 5 yM COX; into both was
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added the indicated amount of [33S]ATPasS (2-100 nCi). After dialysis for 72 hours at 4°C with
gentle shaking, 50 ul were taken from each chamber and counted in a scintillation counter.

Photoaffinity-labelling by 8-azido-[y-32PJATP. COX of bovine heart (6 uM),
dissolved in 20 pl 100 mM K-Hepes, pH 7.2, 50 mM KCl, 0.7 % Na-cholate, was incubated in a
small vessel of 10 mm diameter, covered with a glass plate, for 20 min at 0°C with 8-azido-[y-
32pJATP (2x106 dpm) and the indicated additions. [llumination was carried out at 0°C for 30 min
at 350 nm wavelength with a Camag UV lamp, type TL 900, 8 W at 4 cm distance. SDS-PAGE
was performed as described before [17].

Results and Discussion

In previous studies the binding of TNP-ATP to COX of bovine heart was followed by
recording its visible absorbance change at 510 nm. Two binding sites with a K4 of 1.6 uM were
obtained [25]. In the present investigation the fluorescence change of TNP-ATP was measured at
535 nm. As shown in Fig. 1, titration of COX from bovine heart and liver with increasing
concentrations of TNP-ATP revealed almost identical binding curves. In contrast the two-subunit
COX of Paracoccus showed saturation at a lower level. Digestion of COX from bovine heart with
trypsin, which cleaves mainly subunits Vla and VIb, and to a lesser extent subunit IV, VIIa and
VIIb [28], resulted in a binding curve similar to that of COX from Paracoccus. From the Scatchard
plots of Fig. 2, three high-affinity binding sites are obtained for the enzymes of bovine heart and
liver with dissociation constants K4 of 0.2 and 0.9 yM (heart) and 0.25 and 0.9 M (liver),
respectively. The number of binding sites (i.e. mole TNP-ATP per mole COX) were estimated by
extrapolation of the initial part of the titration curves, where it is assumed that all added substrate is
bound, and the saturation phase, as done in previous publications [25,29]. Our results contrast
with those of previous studies, where one [14] or two binding sites were found [25]. In the
former case no titration has been done, while in the latter case COX could have interfered with the
visible spectrum of TNP-ATP. For the bacterial two-subunit enzyme one binding site with a Kq of

Relative fluorescence

uM TNP-ATP

Fig. 1. Binding of TNP-ATP to COX of bovine heart, before and after treatment with trypsin, of
bovine liver, and to the two-subunit COX of Paracoccus denitrificans. The binding was
determined from the fluorescence change of TNP-ATP in the presence of COX. Closed triangles:
bovine heart; closed circles: bovine liver; closed squares: Paracoccus; open triangles: trypsin-
treated COX from bovine heart.
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Fig. 2. Scatchard plots of the binding of TNP-ATP to COX of bovine heart, before and after
trypsin treatment, of bovine liver, and to the two-subunit COX from Paracoccus denitrificans. The
data were taken from Fig. 1. A: bovine heart; B: bovine liver; C: Paracoccus; D: trypsin-treated
COX from bovine heart. Letterning of coordinates: B, bound TNP-ATP (mole per mole COX); F,
free TNP-ATP (uM).

3.6 uM was found. Digestion of COX from bovine heart with trypsin resulted in one binding site
with a Kd of 0.3 pM.

Derivatives of ATP may not bind to all nucleotide binding sites. Therefore we studied the
binding of [35S]ATPaS to the isolated enzymes by equilibrium dialysis, as shown in Fig. 3. In
these studies cryptic nucleotide binding sites, which are only slowly exchanged, as shown e.g. for
the uncoupling protein of brown adipose tissue mitochondria [30], were also determined, because
dialysis was performed for 72 hours at 4° C. Again, for all three enzymes saturation curves were

Bound (mole ATP / mole COX)

Free (UM ATP)

Fig. 3. Binding of [35S]ATPuS to COX of bovine heart, bovine liver, and to the two-subunit

COX of Paracoccus denitrificans . The binding was measured by cquilibrium dialysis as described
under Methods.
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obtained at low ATP concentrations. But the curves clearly show differences between the heart and
liver enzyme and in particular between the mammalian and bacterial enzyme. The Scatchard plot of
Fig. 4 revealed almost straight lines with 7 and 6 binding sites and dissociation constants K of
7.5 and 12 uM for the bovine heart and liver enzyme, respectively. These dissociation constants
apparently represent average values, becausc the Scatchard plot does not allow estimation of
individual binding sites if there are more than two. For COX of Paracoccus. only one binding site
with a Kq of 16 UM is calculated. These low K{ values indicate specific binding, and contrast
with previously determined apparent Kg's for ATP of 2-5 mM [15] or 0.2 mM [16] at COX of
bovine heart. The K values are summarized in table 1.

To verify the occurrence of multiple binding sites for ATP in mammalian COX, we labelled
the enzyme of bovine heart with 8-azido—[y—32PJ-ATP. In Fig. 5 is shown the Coomassie blue
staining (A) and autoradiography (B) of COX, photouffinity-labelled with 8-azido-[y-32P]-ATP at
increasing concentrations of unlabelled 8-azido-ATP, after separation by SDS-PAGE. With
increasing concentrations of unlabelled 8-azido-ATP the unspecific labelling of impurities above
subunit I, including the position of subunit I, and between subunits 1V and Va disappears and at
5-10 mM 8-azido-ATP only subunits II, IV, Va (and/or Vb), VIa, VIb or VIc, VIla and VIIb or
Vllc remain labelled (Fig. 5B, lanes 7 and 9). The labelling of these seven subunits corresponds
with the number of seven bindings sites, as measured by equilibrium dialysis.

The function of the seventh ATP binding site in COX of bovine heart, not found in COX
of bovine liver, has been suggested to be located at the N-terminal domain of subunit VIa-H
(heart-type) and to influence tissue-specific energy transduction and rate of electron transport,
depending on the matrix ATP/ADP ratio [20-22]. The remaining six high-affinity binding sites for
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Fig. 4. Scatchard plots of the binding of [33S]ATPusS to COX of bovine heart, bovine liver and to
the two-subunit COX of Paracoccus denitrificans. The data were taken from Fig. 3. A: bovine
heart; B: bovine liver; C: Paracoccus. Lettering of coordinates: B, bound ATP (mole per mole
COX); F, free ATP (uM).
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Table 1. Dissociation constants and number of binding sites for [35S]ATPaS and TNP-ATP at
COX from bovine heart, before and after trypsin treatment, from bovine liver and from the two-
subunit COX of Paracoccus denitrificans. The data were calculated from the Scatchard plots of
figures 2 and 4.

K4 (uM) number of binding sites

TNP-ATP

Bovine heart 0.2 (2x), 0.9 (1x) 3

Bovine heart, trypsin-treated 0.3 1

Bovine liver 0.25 (2x), 0.9 (1x) 3

Paracoccus denitrificans 3.6 1
[33S]ATPaS

Bovine heart 7.5 7

Bovine liver 12 6

Paracoccus denitrificans 16 1

ATP in COX from heart and liver, and only one in bacterial COX (probably at subunit IT) remain
to be investigated. Preliminary data indicate the binding of both ATP and ADP with similar
affinities at these binding sites [22]. The bound nucleotides could thus transmit to the enzyme the
energy state (i.e. the ATP/ADP-ratio) within the cytoplasm and the mitochondrial matrix, since the
nucleotide binding sites are located on both sides of the membrane. This follows from labelling of
only subunits IT, IV and VIIa (or VIIbc) of COX from bovine heart with 8-azido-[y-32P]-ATP

after reconstitution in liposomes [17].

A B
123 45 678910 1234 56789

/o

concentrations of 8-azido-ATP. COX (6 uM) was illuminated as described under Methods with
constant amounts of {abelled but increasing concentrations of cold 8-azido-ATP. Lanes 1 and 2,
0.2 uM; lancs 3-9, 10 M, 100 uM, 400 uM, 750 uM, 5 mM, 1 mM, 10 mM 8-azido-ATP,
respectively, without (lane 1) or with the addition of 10 mM ATP (lanes 2-9).
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