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1. Introduction

Hitherto it was unknown how the multiple nucleo-
tide binding sites on coupling factors F1 are related
to each other in the process of oxidative phosphoryla-
tion [1—5]. Especially the problem of mutual interac-
tion of nucleotide binding sites during subsequent
cycles of ADP-phosphorylation, as proposed in the
‘alternating site’ model [6,7], is unsolved. According
to this model the catalytic center comprises two sites
which are basically identical, but are functionally
interdependent. Although this view would allow a
cooperative mechanism, observed kinetics of oxida-
tive phosphorylation normally are of the simple
Michaelis-Menten type (ADP = variable substrate),
except for one case: this is in presence of certain
ADP-analogs, which have been reported from our
laboratory to induce sigmoidal » versus [S] plots with
ny 1.5-1.7 [8].

This study shows that oxidative phosphorylation
in submitochondrial particles (SMP) reveals a signifi-
cant lag-phase in presence of the inhibitory analog
3'-O-(naphthoyl,1)-ADP. Moreover, the response of
the system depends on the sequence of addition of
the analog and of ADP, suggesting an equilibrium
between two functional states of the enzyme which
may be differently stabilized, depending on the ligand
present.

2. Methods

Methods for preparation of submitochondrial
particles (SMPs), protein determination, synthesis
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of 3"-analogs of AD(T)P and measurement of oxida-
tive phosphorylation have been detailed [9,10]. Here,
P incorporation into ATP was used only in a few
cases as a parallel control of the luciferase method,
which was routinely used to monitor ATP-synthesis
directly [11,12]. Submitochondrial particies (10—27
pg/ml) were immersed in a buffer containing 220 mM
sucrose, 10 mM Tris, 2.5 mM MgCl;, 4.0 mM P},

1.0 mM EDTA (pH 7.4); all measurements were per-
formed at 22°C; 40 mM ethanol, 133 uM NADH and
120 units/ml alcoholdebydrogenase (Boehringer
411523) were present as NADH-regenerating system.
The mixture was supplemented with 0.005 ug lucifer-
ase (Boehringer 102217, 107 units/mg) and 410 uM
(—)D-luciferin; total volume was 860 ul. Light output
was determined in a LKBluminometer equipped with
a rapid injection device, a Hewlett-Packard digital
Voltmeter (3480/82A) and fast analog recorder. In
direct recordings light output is given as instrumenta-
tion response on a mV scale. Phosphorylation was
initiated by injection of small ADP-aliquots to sub-
mitochondrial particles respiring with NADH, added

1 min ahead of ADP; 12 uM diadenosinepentaphos-
phate (APsA) were present as inhibitor of myokinase.
For quantitative determination of rates calibration
by internal standard was used; under the applied con-
ditions light output is proportional to ATP concentra-
tion only during the initial phase of the recording.
Exact analytical data were obtained from batch incu-
bations (1 0-times the volume); 500 ul samples were
taken at the indicated times; the samples were
quenched with 50 gl 3 M trichloroacetic acid, neutral-
ized with KOH--Tris, and after high-speed centrifuga-
tion 30 ul aliquots were used for ATP analysis with
Juciferase under conditions where light output is
strictly proportional to ATP [13]; internal standard
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was applied with each individual measurement; the
test buffer contained 55 mM Tris -acetate (pH 7.75);
EDTA 1.5mM; 10 mM Mg-acetate; 35 uM D-luciferin,
0.075% BSA; 0.01-0.05 uM luciferase.

3. Results

As shown in former studies, 3"-naphthoyl-ADP is
not a substrate of phosphorylation but inhibits with
K; <1077 M; this reflects firm binding to a specific
site, and stimulated us to investigate its influence on
initial phosphorylation kinetigs. To resolve initial
events during oxidative phosphorylation on a narrow
time scale with high sensitivity, ATP synthesis by
SMPs was directly monitored by luciferin/luciferase
light emission. The respiratory substrate was NADH.
Evaluation of initial slopes of ATP-formation vs initial
ADP concentration gave linear Lineweaver-Burk plots
and an app. K, [ADP] of 15—15 uM in good agree-
ment with other determinations [8,9]. However,
added ADP was never campletely phosphorylated.
Independent of the initial ADP concentration the sys-
tem reached a steady state of [ATP] al an average
phosphorylation potential of AGp ~ 10.7 keal. This
is in contrast to experiments applying an ADP-regen-
erating hexokinase-trap where Alsp is maintained
near zero,

Whereas in absence of the inhibitory analog ATP-
formation starts immediately (time resolution 1 s)
after ADP addition, 1 min preincubation of SMPs
with extremely low concentrations of 3’ -naphthoyl-
ADP produces a pronounced delay before a steady
rate of ATP-synthesis is established (fig.1). Extrapola-
tion of the linear part of the trace to the abscissa
yields an intcreept, defined as lag-time 7. Duration
of the lag-phase depends on the concentration of the
inhibitor (table 1, top).

To exclude the possibility of artifacts which may
result from effects of the inhibitor on luciferase,
several cfforls have been taken to verify this surpris-
ing result. Fig.2 shows a trace of ATP-synthesis
abtained by direct monitoring, overlayed with the
resuits of ATP-analysis from two independent batch-
incubations run in parallel. Samples have been taken
at the indicated times and were processed as in sec-
tion 2, This result confirms the occurance of a lag-
phase which could be further confirmed by *P incor-
poration from *P; inte ATP. In addition, ATP syn-
thesis from phosphoenol—pyruvate and ADP in
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Fig.1. Direct recording of light output as a measure of ATP-
synthesis in submitochondrial particles. Left: control; phos-
phorylation initiated by injection of 14 uM ADP; conditions
as in section 2. Right: 0.09 uM 3™-naphthoyl-ADP were added
I min prior to ADP.

Table 1

Rel. v [ox. phos.] 7 [s] Conditions

100 0 Control = 79 nmol/mg . min
14.6 uM ADDP

45 16 21 + NA-ADP (.07 uM (2)
30 40-49  +NA-ADP 0.15 uM (a)
16-21 53-66 + NA-ADP 0.2 uM{a)

100 0] + NA-ATP 0.2 pM (a)
98 102 0 + NA-ATP 0.45 M (a}
45 0 + NA-ATP 22.0 uM (a)
42 0 + NA-ADPF (.06 uM (b)
35 0 + NA-ADP 0.13 uM (b)
17 0 + NA-ADP 0.22 uM (b)

Effect of 3"-naphthoyl-ADP (NA-ADP) and 3'-naphthoyl-FATP
(NA-A'TP) on lag time of oxidative phosphorylation: {a) inhib-
itors were added 1 min before addition of ADP to respiring
SMPs; (b) the inhibitor was added 2030 s after ADP. All
data were obtained with the same preparation of SMPs, giving
a rate of 79 nmol ATP/min . mg at 14.6 uM ADP in the non-
inhibited state; relative rates of the inhibited system refer to the
the linear phase following the lag time (cf. fig.1)
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Fig.2. Overlay of direct monitoring of ATP synthesis by luciferase with results from individual sampling of 2 independent batch-
incubations as in section 2. Preincubation for 1 min with 0.2 uM 3'-naphthoyl-ADP; start of phosphorylation by 14.5 uM ADP.

presence of pyruvate kinase has been used as a model

system, monitoring [ATP] by luciferase. When

3'-naphthoyl-ADP was applied to the latter system
+ 3 =MA=ADP under corresponding conditions, no lag-phase could
0.22 pM be detected, also indicating that the lag is a specific
effect of the inhibitor on the dynamics of F;-ATPase,
but not an effect on the coupled assay system,

Regarding properties and possible origin of the

observed lag-phase of phosphorylation the following
results become important: As shown in fig.3, the
lag-phase 7 was significantly shorter or almost absent
when ADP and the inhibitory analog were added
simultaneously to SMPs instead of preincubation with
the inhibitor. The lag-phase was also absent when
3"-naphthoyl-ADP was added to the running system,
i.e,,after ADP, when some ATP had accumulated
already (table 1, bottom).

control
mV (15 um ADP]

[aTH

light output from luciferase

a) simuitaneous with ADP

2001 6) 1 Min. prior to ADP

Fig.3. Influence of the sequence of addition of ADP and the
inhibiting analog on occurance of the lag-phase. Conditions as
v v in fig.1, except that the inhibitor was added simultaneously
80 120 180 [se¢) with (z) or 1 min after ADP (b).

(=%
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Fig.4. Time course of ADP phosphorylation after 1 min preincubation with 0.2 @M 3'-naphthoyl-ADP; data from batch-incuba-
tion (cf. section 2); total protein was 30 ug. The insert gives a plot of {ATP| s ¢.

Attempts for kinetic analysis of the lag-phase have
shown that it does not reflect a simple exponential
relaxation phenomenon; it rather follows a power
function as depicted in the insert of fig.4. The data
give the results of a batch-experiment and were
linearized by plotting ATP-formation over the square
of time. This behaviour exhibits strong similarities to
an autocatalytic process, suggesting that the enzyme
is successively activated with progress of time; that
means, however: with increasing accumulation of
ATP as the product of the reaction. Therefore the
influence of ATP on the duration of the lag-phase
has been directly tested. Results from the experiment
of fig.5 illustrate that sub-uM levels of ATP added
together with ADP drastically shorten the apparent
lag phase of SMPs which beforehand have been prein-
cubated with 3"-naphthoyl-ADP.,

With respect to specificity of the effect previous
findings were confirmed that the corresponding ATP-
analog is a much weaker inhibitor of phosphorylation
(table 1) than the ADP-analog [9,10]. Moreover, even
after prolonged preincubation with inhibiting concen-
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Fig.5. Effect of ATP on lagtime of inhibited oxidative phos-
phorylation: {a) control, no inhibitor; 7 = 0 s; (b) + inhibitor:
3'-NA-ADP 0.22 uM; 7 = 52 5; 2 min preincubation; (c} (b) +
0.35 uM ATP together with ADP; 7 = 36 5; (d) (b) + 0.76 uM
ATP together with ADP; r = 16.5 s;in section 2.
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trations of 3"-naphthoyl-ATP a lag-phase could never
be observed; the resulting inhibition occurred imme-
diately and was of a simple competitive type. Thus,
the lag is specifically induced by the ADP-analog.

4. Discussion

Several studies made it obvious thal solubilized
F,-ATPase from various organisms exhibits time-

delayed onset of activity depending on the pattern

of nucleotides present [14—16). This was interpreted
by a transition between different forms of the
enzyme preceding catalytic activity. Non-linear kinet-
ics in the direction of ATP-synthesis by membrane
bound F,-ATPase reported first by our studies,
demonstrating that 3"-naphthoyl-ADP and a similar
a-P-acylated analog induce cooperativity and suggest
the participation of more than one nucleotide binding
site in catalysis of oxidative phosphorylation. This is
strongly supported by the present experiments, reveal-
ing a lag-time of oxidative phosphorylation which
occurs when membrane-bound ATP-synthetase (F,)
has been exposed to the inhibitory analog prior to
addition of ADP. The observed lag periods (12—505s)
are orders of magnitude above relaxation times
expected for regular conformational changes, and are
incompatible also with relaxation times discussed for
the dissociation of the ATPase inhibitor protein from
membrane bound F; [17].

It has alse been excluded in independent experi-
ments that the inhibiting analog is slowly removed
by phosphorylation or metabolic conversion. There-
fore, alternate explanations for the lag-time have te
be sought.

Taking into account, that preceding or simultane-
ous addition of ADP largely prevents occurance of
the lag phase, one has to assume that the inhibitory
analog binds very tightly to a form of the enzyme
accessible only before ADP or ATP were available
as alternate ligands.

This interpretation is tentatively summarized in
fig.6. The upper line represents the normal competi-
tive case, corresponding to the situation when the
inhibitor is added to the running system or together
with ADP. k, signifys the quasi-icreversible step of
oxidative phosphorylation; during continuous input
of energy into the open system it is assumed to be
>>k .

In the lower line another form of the enzyme e is
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Fig.6. Tentative scheme of a mechanism describing the parti-
cipation of two forms E and e of the enzyme (F, ) in ligand
interactions. Dctailed description in the text.

introduced, not capable of catalyzing oxidative phos-
phorylation, but capable of nucleotide binding. This
form is in equilibrium with the active form ¥ as
described by the equilibrium constant K. Interaction
of both forms with the inhibitory ligand X is expressed
by the rate constants k, and &, respectively.

According to the above experiments one may
assume that the inhibitory analog (when added first)
traps the enzyme in state ¢ which would induce a
lag-phase during very slow dissociation of the com-
plex [X - €]. From the diminishing effect of ATP on
the lag time one may further conclude that the inhib-
iting ligand is displaced from e by ATP, rather than
the ADP. That would be in line also with the quasi-
autocatalytic behaviour of the system under the
described conditions.

Besides competition for the catalytic center on the
activated enzyme (£ it may be that a high affinity
site for the analog can be assigned to the activation
step (e — £) which manifests itself by the observed
lag time. The significant characteristic of the above
view, a ligand triggered dynamic equilibrium between
two forms of the enzyme, may be specific for F,
residing on the ‘intact’ membrane. Whether there isa
possible relation to functional or conformational
states of the enzyme as proposed in the ‘alternating
site’ model [6,7] has to be elucidated by further
investigation,
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