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1. Introduction

Adenine OH o

Two photoactive derivatives of ATP, 8-azido-ATP 000~
{1] and azidonitrophenylaminopropionyl—ATP VA © 0
(NAP;—ATP) [2] have been recently used to label OH 0
F,-ATPase by photoaffinity. In the first compound, o
the azido group is located on the adenine ring of ATP. CHe
In the second one, the photosensitive adduct is GHe
attached to the ribose portion of ATP. Wagenvoord (}Hz
et al. [1] have reported that upon photoactivation, NH
8-azido-ATP binds covalently to the g-subunit of N0
F,-ATPase. Russell et al. [1] have shown that NAP;- N

ATP also binds to F,-ATPase, but there were no data
on the nature of the subunit(s) which carry the
binding site(s) and no documentation on possible side
effects due to the presence of an aryl group in the
molecule.

In this paper, we report on the interactions of
N-4-azido-2-nitrophenylaminobutyryl-ADP
(NAP,—ADP) (fig.1) with isolated F;-ATPase and on
the identification of the subunits which bind
NAP, —ADP. For this purpose NAP,—ADP was
synthesized in radioactive form. When irradiated
under visible light in the presence of F;-ATPase,
NAP, —ADP was found to bind covalently to the a-
and S-subunits of F,-ATPase; this binding was
paralleled by a lowering of the hydrolytic activity of
F,-ATPase. Evidence is given, which shows that the
ADP moiety of NAP,—ADP is responsible for the
binding specificity of the whole molecule to F; -
ATPase.

North-Holland Publishing Company — Amsterdam

Fig.1. Structure of N-4-azido-2-nitrophenylaminobutyryl—
ADP (NAP, —ADP).

2. Materials and methods

2.1. Materials

[4-*H] Aminobutyric acid (25 Ci/mmol),
N-[**C)ethylmaleimide (41 Ci/mol) and 4-chloro-
7-nitro-[!* C] benzo-2-oxo-1-3-diazole (109 Ci/mol)
were obtained from the Commissariat 4 ’Energie
Atomique, Saclay, France. They were diluted before
use with the unlabeled compounds to the appropriate
specific radioactivity. [y->P] ATP was prepared
according to Glynn and Chappell [3] and labeled to
about 10° dpm/umol.
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2.2. Synthesis of tritiated N-4-azido-2-nitrophenyl-
aminobutyric acid ([ *H]NAP, ) and tritiated
N-4-azido-2-nitrophenylaminobutyryl— ADP
([ *H]NAP,—ADP)

Synthesis of [PH]NAP, was carried out by the
method of Fleet et al. [4] applied to [4->H]amino-
butyric acid. [*H]NAP;—ADP was synthesized
according to Jeng and Guillory [5]. [4->H] Amino-
butyric acid was used instead of radio-labeled ADP.
This choice was dictated by the finding that heat
treatment of the NAP,—ADP—F, -ATPase complex,
prior to SDS-polyacrylamide gel electrophoresis,
damages the ADP moiety of NAP,—ADP, but not
the NAP,4 portion of the molecule.

2.3. Biological assays
F-ATPase was prepared from beef heart mito-
chondria according to Knowles and Penefsky [6],

and stored at 4°C as an ammonium sulfate precipitate.

Prior to treatment with [*H]NAP,—ADP, the suspen-
sion was centrifuged and the pellet solubilized in

50 mM Tris—HCI, pH 8, 0.1 M NaCl and 2 mM Mg(Cl,
to a concentration of 1—2 mg/ml. The F;-ATPase
solution was dialysed for 3 h at 20°C against two
changes of 200 volumes of the same buffer. The
activity recovery was more than 95%.

ATPase activity was assayed at 30°C either by an
isotopic method using [32P] ATP as substrate or by a
method using a regenerating system. Detailed condi-
tions of incubation are given in Results. In both
methods, the incubation was carried for 15 sec and
1 min, and terminated by addition of cold trichlor-
acetic acid. In the isotopic method inorganic phosphate
was extracted according to Nielsen and Lehninger [7]
and the 3?P radioactivity was measured in the
extracts. In the other method using the regenerating
system, the phosphate released by ATP hydrolysis
was estimated in the trichloracetic acid extracts
according to Fiske and Subbarow [8].

Protein concentration was estimated according to
Lowry et al. [9] with bovine serum albumin as
standard.

2.4. Photolabeling experiments
About 0.2 mg of F;-ATPase in 0.1-0.2 ml of
50 mM Tris—HCI buffer (pH 8), 0.1 M NaCl and
2 mM MgCl, was introduced with [>H]NAP,—ADP
in a 4 m] tube which was rotated horizontally at
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150 rev./min in a water bath at 20°C and illuminated
with visible light (10 cm from an Osram lamp 250 W
equipped with a filter to cut off radiation below

300 nm).

2.5 Gel electrophoresis

Sodium dodecylsulfate-polyacrylamide gel electro-
phoresis was performed as described by Weber and
Osborn [8] using 10.3% acrylamide gel. Sodium
dodecylsulfate and g-mercaptoethanol were added to
F, -ATPase to a final concentration of 1% each with
traces of Bromophenol Blue as tracking dye; the
solution was heated for 10 min at 100°C. The gel

“tubes had a diameter of 0.6 cm and a length of

12 c¢m. Electrophoresis was carried out at 5 mA per
gel for 16—22 h. Staining with Coommassie Blue

and destaining were performed as described in [10].
The following proteins were used as molecular weight
standards: bovine serum albumin 68 000, ovalbumin
42 000, triose phosphate isomerase 27 500 and
cytochrome ¢ 12 400. After scanning in a Chromo-
scan gel scanner, the gels were sliced in a Gilson
slicer. The radioactivity of each slice (0.5 mm) after
digestion overnight by 1 ml of 10% H,0 at 65°C, was
measured by liquid scintillation counting.

3. Results

3.1. Photoinactivation of F\-ATPase by NAP,—ADP
and NAP,

When F,-ATPase was irradiated in the presence of
NAP,;—ADP, a marked loss in hydrolytic activity was
observed (fig.2A). This loss depended on the concen-
tration of NAP;—ADP. In contrast incubation of
F,-ATPase in the dark with NAP,—ADP resulted in
a moderate inhibition of the ATPase activity (fig.2A).
For example, the rate of ATP hydrolysis was inhibited
by 60% when F,-ATPase was incubated for 30 min
with 50 uM NAP,—ADP in the light and only by 20%
when incubated for the same period of time with the
same concentration of NAP, —ADP in the dark.
NAP,—ADP behaved as a competitive inhibitor with
respect to ATP (fig.3), the K value was of the order
of 0.6 mM. This is to be compared with the K value
for ADP which is about 50 uM (not shown).

To evaluate possible unspecific effects due to the
NAP, moiety of NAP,—ADP, the hydrolytic activity



Volume 80, number 2

&} NAR, -ADP alone [A]8}nar, atone Bl -~
~ [l
] 8}NAP4_ADP4PCP $inar, » pep £
€ =]
5 €
£ 10 400 &
o ¢ ©
[0 Qa
I &
Tend I

E }-DaRK E
5 50 L <50 &
9 2
L3

& 2
& a
-

= J-LGHT -

1 0 1
B 30 0 B0 30
NAR,-ADP (pM) NAP, (uM)

Fig.2. Effect of NAP, ~ADP and NAP, on the hydrolytic
activity of F,-ATPase in the dark and in the light. Interaction
with pentachlorophenol (PCP). NAP, —ADP (fig.2A) and
NAP, (fig.2B) were incubated in the dark or in the light

with F, -ATPase in the presence or absence of pentachloro-
phenol (PCP). When present, PCP was at the final concentra-
tion of 0.3 mM. ATP hydrolysis was induced by addition of
an aliquot fraction of the F, -ATPase solution (10 ug), treated
as described above, in a medium made of 4 mM phosphoenol-
pyruvate, 20 ug pyruvate kinase, 10 mM ATP, 5 mM MgCl,,
40 mM Tris—HCI (pH 8), in a volume of 0.5 ml. Other condi-
tions are given in Materials and methods. The rate of ATP
hydrolysis in the control was 80 umol/min/mg protein.
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Fig.3. Kinetics of inhibition of ATPase activity by NAP,—ADP
incubated with F,-ATPase in the dark. The incubation
medium was made of 50 mM Tris—HC1 (pH 8), 0.1 M NaCl
and 2 mM MgCl, . The substrate, [3?P]ATP, was used at
varied concentrations. Other conditions are given in Materials
and methods. Rates are given in umoles of phosphate released
per min per mg protein.

FEBS LETTERS

August 1977

of F;-ATPase has been tested in the presence of
NAP,, in the dark and in the light (fig.2B). NAP, in
the dark increased the hydrolytic activity of F -
ATPase; a similar effect has been reported for FNAP
[11] and the classical uncouplers 2,4-dinitrophenol
[12,13] and pentachlorophenol [12] although NAP,
at concentrations as high as 10 mM does not uncouple
oxidative phosphorylation. On the other hand upon
photo-irradiation with NAP,, the activity of
F,-ATPase was inhibited as already mentioned for
NAP,—ADP. Although F,-ATPase was photo-
inactivated by NAP,—ADP and NAP,, the extent of
inhibition was greater with NAP,—ADP than with
NAP,. For example, 50 uM NAP,—ADP caused an
inhibition of 60% (fig.2A) and 75 uM NAP, an
inhibition of only 15% (fig.2B). That NAP,—ADP

is more inhibitory than NAP, is probably due to the
specific interaction of the ADP moiety of NAP,—ADP
with the ADP/ATP site(s) of F,-ATPase. This inter-
pretation is substantiated by the finding that penta-
chlorophenol, a molecule structurally related to
NAP,, interferes with the effect of NAP, on
F,-ATPase, but not with that of NAP,—ADP. For
example pentachlorophenol markedly decreased
photoinactivation of F,-ATPase by NAP, (fig.2B),
but did not affect photoinactivation of F, -ATPase
by NAP,—ADP (fig.2A).

3.2. Photolabeling of F,-ATPase by [ > H] NAP,—
ADP and [ * HINAP,

Photoinactivation of F;-ATPase incubated with
NAP, —ADP was accompanied by the covalent
binding of [*H]NAP,—ADP to the enzyme. This is
parallel with the report by Russell et al. [2], who
used NAP; —ATP in their experiments. A further
step to be described here is the identification of the
labeled subunits. After irradiation with [*H]NAP,—
ADP, the F,-ATPase solution was dialysed to remove
the unreacted compound; then it was treated with
sodium dodecylsulfate and -mercaptoethanol as
described in Materials and methods, and subjected to
gel electrophoresis. As shown in fig.4 the radioactivity
was concentrated in a peak corresponding to the
o-B-subunits of F, -ATPase. Subunits v, 8 and e did
not retain any significant radioactivity.

For a more precise assignment of the labeling,
advantage was made of the rather selective binding of
N-ethylmaleimide (NEM) to the a-subunit [14] and
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Fig.4. Gel electrophoresis in presence of sodium dodecyl-
sulfate of F,-ATPase covalently labeled by [*H]NAP,—ADP.
F,-ATPase was incubated in the light at pH 8 with 20 uM
[*H]NAP, - ADP. The figure shows the densitometric tracing
of the stained gel and the corresponding radioactivity pattern.
Details are given in Materials and methods.

of 4-chloro-7-nitrobenzo-2-oxo-1,3 diazole (NBD) to
the B-subunit [15,16]. In a double labeling experi-
ment F,-ATPase was incubated first with [*H]NAP,—
ADP in the light and then with either [*C]NEM or
[**C]NBD. The radioactivity profiles presented in
fig.5 indicate that both the &~ and S-subunits are
labeled by [*H]NAP,—ADP.

Preincubation of F,-ATPase with either ADP,
ATP or adenylimidodiphosphate (AMPPNP) before
addition of [*H]NAP, —ADP and photo-irradiation
resulted in a marked decrease of the bound radio-
activity, which strongly suggests that the same binding
site is recognized by NAP,—ADP, ADP, ATP and
AMPPNP (table 1). Quercetin, an inhibitor which
mimics the effect of the natural ATPase inhibitor
[17,18] inhibited the binding of NAP,—ADP on
both a- and S-subunits of F,-ATPase. When added to
a concentration of 45 uM, quercetin was able to
prevent half of the binding of NAP,—ADP added to
a concentration of 54 uM.

No attempt was made to calculate accurately the
binding stoichiometry of NAP,—ADP to F,-ATPase
in the light. However, data in table 1 show that the
amount of covalently-bound [*H]|NAP,—-ADP
increases with the concentration of the added ligand.
When [*H]NAP,—ADP was added at a final concen-
tration of 108 uM, a saturation level was approached;
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Fig.5. Gel electrophoresis in presence of sodium dodecyl-
sulfate of F, -ATPase after double covalent labeling by
[*H]NAP,—ADP and by either [**C|NEM or ['*C]NBD.

() Labeling by [PH]NAP,—ADP and {**C]NEM (left hand
side). F,-ATPase was incubated in the light for 30 min at
pH 8 with 24 uM [*H]NAP, — ADP as described in Materials
and methods. Then the pH was adjusted to 6.5 by addition
to 0.1 N HCl, and ['*C]NEM was added to a final concen-
tration of 5 mM and left to react in the dark at 25°C for 2 h.
(b) Labeling by [*H]NAP,—~ADP and [**C]NBD (right hand
side). After photo-irradiation of F, -ATPase with [*H]NAP, —
ADP as described above, the pH was adjusted to 7, and
[**C]NBD was added to the final concentration of 0.25 mM
and left to react for 2 h in the dark at 25°C. Then the pH
was brought to 9 by addition of 0.1 N NaOH and the sample
was incubated in the dark for a further 2 h period.

at this concentration the amount of covalently bound
[*H]NAP, —ADP was 0.95 mol/mol of F,-ATPase
(table 1) and 80% of the ATPase activity was lost
(fig.2A). It must be noted that loss in ATPase activity
following light irradiation may not be entirely due

to photo-activated NAP,—ADP since ATPase activity
is already partially inhibited by NAP—ADP in the

dark (see fig.1). Therefore the above value of cova-
lently-bound NAP,—ADP (0.95 mol/mol of F,-ATPase)
may correspond to less than 80% photo-inactivation.

3.3. Effect of pentachlorophenol on photolabeling of
F1-ATPase with [ *H|NAP,~ADP and [*H] NAP,
As shown in table 2, pentachlorophenol did not
interfere with the photocovalent labeling of F;-ATPase
by [*H]NAP,—ADP, but it markedly decreased the
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Photo-dependent covalent binding of [*H|NAP, --ADP to I, -ATPase.
Dependence on the concentration of [*H]NAP, ~ADP. Effect of

added adenine-nucleotides

Additions

Bound [?H]NAP, —ADP
nmol/nmol I,

{*H]NAP,—-ADP (15 uM)

[*HINAP, ~ADP (15 uM) + ADP (45 uM)
[*H]NAP, -ADP (15 uM) + ADP (125 uM)
{*HINAP, ~ADP (15 uM) + ADP (1 mM)
[*H]NAP, ~ADP (15 uM) + ADP (5 mM)
[*HINAP, ~ADP (15 uM) + ATP (2 mM)

[*HINAP,~ADP (54 uM)
[*H]NAP, ~ADP (54 uM) + AMPPNP (2 uM)
[*H|NAP, —~ADP (54 uM) + AMPPNP (45 uM)
[*H|NAP, —ADP (54 uM) + AMPPNP (160 uM)

[*HINAP,—-ADP (108 uM)

0.61

0.40
0.17
0.05
0.01
0.01

0.75

0.35
0.20
0.06

0.95

Experimental conditions for photo-labeling were as described in Materials and
methods. ADP, ATP and AMPPNP were added together with [*H]NAP, —ADP
prior to photo-irradiation. Following photo-irradion, I, -ATPase was submitted to
sodium dodecylsulfate acrylamide gel electrophoresis. Bound [*H]NAP, —ADP
was calculated from the radioactivity present in the a—g-peaks of I', -ATPase

Table 2
Effect of pentachlorophenol (PCP) on the photo-dependent
covalent binding of [*H]NAP, —ADP and of [*H]NAP,

Additions Bound [*H]NAP, or
[*H]NAP, — ADP
nmol/nmol F, -
ATPase

{*H]NAP,-ADP 0.65
[*H]NAP, —ADP + 150 uM PCP 0.62
[*H]NAP, —ADP + 800 uM PCP 0.53

[*H]NAP, 0.10
[*H]NAP, + 110 uM PCP 0.04
[*H]NAP, + 550 uM PCP 0.02

Conditions are as described in table 1. [*H]NAP,—ADP and
[SH]NAP4 were present at a final concentration of 15 uM
and 40 uM respectively. PCP was added together with
[*H]NAP, or [*H]NAP, —ADP prior to photo-irradiation

amount of covalently bound [PH]NAP,. These results
are in agreement with the data of fig.1, in which it
was shown that pentachlorophenol did not affect
photo-inactivation of F,-ATPase by NAP,—ADP, and
in contrast prevented photo-inactivation of F,-ATPase

4. Discussion

This paper describes the preparation and use of
tritiated NAP;—ADP as a photo-affinity reagent for
isolated F,-ATPase, and the identification of the two
labeled subunits from the ATPase—NAP,—ADP
complex after photo-irradiation. The fact that photo-
activation of NAP,—ADP can be achieved under
visible light could be regarded as an advantageous
feature of the NAP, —ADP molecule because visible
light, in contrast to UV irradiation, does not damage
proteins. However, the hydrolytic activity of F;-
ATPase is readily sensitive to UV irradiation only
below 280 nm (unpublished data).

A problem inherent to the use of NAP,—ADP
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in photo-labeling experiments is that the aryl group
may bind to uncoupler binding sites on the ATPase
as suggested by the following data obtained with
2-azido-4-nitrophenol (NPA) and 4-fluoro-3-nitro-
phenylazide (FNAP). NPA, which is an uncoupler of
oxidative phosphorylation, binds covalently upon
photo-activation to two subunits of the ATPase
complex; one of these subunits appears to be the
a-subunit of F;-ATPase, the other one is an uncoupler
binding protein [19]. FNAP is also able to bind upon
photoactivation at a site which is shared by the
uncoupler 2-4-dinitrophenol although FNAP per se
does not uncouple the mitochondrial oxidative
phosphorylation [11]. NAP,—ADP, like FNAP and
NAP,, does not uncouple oxidative phosphorylation.
Its binding specificity mainly depends on the nucleo-
tide moiety of the NAP,—ADP molecule, as indicated
by the following observations: (1) when F,-ATPase
was pre-incubated in the dark with ADP, ATP or
AMPPNP together with [*H]NAP,—ADP prior to
photo-irradiation, the photo-labeling of ¢~ and §-sub-
units was strongly decreased; (2) when incubated in
the light with F,-ATPase, [)H]NAP, was incorporated
to a much smaller degree (five to ten times less) than
[*H]NAP, —ADP; (3) the uncoupler pentachloro-
phenol competed efficiently with [*’H]NAP, but not
with [*H]NAP, —ADP for binding to F,-ATPase.
Wagenvoord et al [1] have shown that only the
B-subunit of F,-ATPase is photo-labeled by
[8-H]azido-ATP. We have found that [°H]NAP,—
ADP binds covalently upon photo-irradiation to both
the a- and B-subunits of F,-ATPase. The apparent
contradiction between these two results may be
explained by the respective geometry of the two
photo-affinity reagents. Because of the proximity of
the azido group and ATP in 8-azido-ATP, the nitrene
which is photogenerated from 8-azido-ATP is expected
to bind covalently to F{-ATPase just at the site to
which the ATP moiety of the molecule is attached,
i.e. on the B-subunit. In the case of NAP, —-ADP, the
arylazido group is separated from the ribose portion
of ADP by a bridge of four carbon groups. Assuming
that the ADP moiety of NAP,—ADP binds to the
B-subunit of F-ATPase like the ATP moiety of
8-azido-ATP, it is inferred that the arylnitrene group
of NAP,—ADP, because of the length of the carbon
bridge, interacts with and binds covalently not only
with the S-subunit, but also with the a-subunit of
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F,-ATPase. This would require that the ADP binding
site on the $-subunit is close to the a-subunit. This
postulate agrees with the results of cross linking
experiments {20] which have shown that a-~ and
B-subunits in isolated ATPase are close to each other.
Photo-labeling experiments are presently extended to
NAP,—ADP derivatives where the number n of
carbon units between the ribose and the NAP group
is varied in the hope of further delineating the
topology of adenine nucleotide sites in F-ATPase.
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