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Palmitate rapidly and reversibly inhibits the uncoupled NADH
oxidase activity catalysed by activated complex I in inside-out
bovine heart submitochondrial particles (ICs, extrapolated to zero
enzyme concentration is equal to 9 uM at 25°C, pH 8.0). The
NADH:hexa-ammineruthenium reductase activity of complex I
is insensitive to palmitate. Partial (~50 %) inhibition of the
NADH:external quinone reductase activity is seen at saturating
palmitate concentration and the residual activity is fully sensitive
to piericidin. The uncoupled succinate oxidase activity is con-
siderably less sensitive to palmitate. Only a slight stimulation of
tightly coupled respiration with NADH as the substrate is seen at
optimal palmitate concentrations, whereas complete relief of the
respiratory control is observed with succinate as the substrate.
Palmitate prevents the turnover-induced activation of the de-activ-
ated complex I (ICs, extrapolated to zero enzyme concentration

isequalto3 uM at 25 °C, pH 8.0). The mode of action of palmitate
on the NADH oxidase is qualitatively temperature-dependent.
Rapid and reversible inhibition of the complex I catalytic activity
and its de-active to active state transition are seen at 25°C,
whereas the time-dependent irreversible inactivation of the NADH
oxidase proceeds at 37°C. Palmitate drastically increases the
rate of spontaneous de-activation of complex I in the absence of
NADH. Taken together, these results suggest that free fatty acids
act as specific complex I-directed inhibitors; at a physiologically
relevant temperature (37 °C), their inhibitory effects on mitochon-
drial NADH oxidation is due to perturbation of the pseudo-
reversible active—de-active complex I transition.

Key words: energy transduction, fatty acid, mitochondria,
NADH:ubiquinone oxidoreductase, palmitate, respiratory chain.

INTRODUCTION

Mitochondrial NADH:ubiquinone oxidoreductase (complex I) or
its prokaryotic homologues (NDH-1) catalyse the oxidation of
intramitochondrial or cytoplasmic NADH by ubiquinone coupled
with vectorial translocation of protons across the inner mitochon-
drial (cytoplasmic) membrane. Mammalian complex I is the larg-
est component of the mitochondrial respiratory chain and is
composed of 46 different subunits [ 1] harbouring at least eight dis-
tinct redox components [2]. Bacterial operons encoding NDH-1
contain only 13-14 genes [3-5] and their transcription products
are highly homologous with 14 core subunits of the mammalian
complex I [6]. Since the catalytic properties of the mitochondrial
enzyme and its prokaryotic homologues are very similar [7], it is
safe to assume that only 14 out of 46 subunits of the mammalian
enzyme are required to perform the catalytic capacity of com-
plex 1. The function of the more than 30 accessory subunits re-
mains obscure. The homologous enzymes in lower eukaryotes
(Neurospora crassa) [8] and plants [9] are also very complex,
being composed of more than 30 individual subunits.

An obvious suggestion for the function(s) of the accessory
subunits present in eukaryotic complex [ is that they are somehow
required for its stability and short- and long-term regulation. This
is probably because the enzyme, being the major entry point for
reducing equivalents into the respiratory chain, occupies a key
position in general metabolism. The characteristic feature of the
bovine mitochondrial complex I [10], and that of several other
species [11,12], is the so-called active—de-active state transition
(A — D transition). This phenomenon has been reviewed in [10]

and is only briefly outlined in the present study as follows. Two
catalytically and structurally distinct forms of the enzyme exist:
the A-form, which is capable of full catalytic activity, and the
catalytically inactive D-form. The slow A — D-form transition
occurs when the enzyme resides under conditions where catalytic
turnover is not permitted, i.e. in the absence of NADH and/or
oxidized ubiquinone. The slow D — A-form transition takes
place when the D-form is exposed to permissive conditions that
allow turnover. The A — D-form transition is highly temperature-
dependent, although significantly different activation barriers
have been estimated for the enzyme from different species [11,12].
Thus pronounced de-activation of the mammalian complex I is
seen only at a high temperature (>30°C). The D-form is irre-
versibly modified by a number of SH reagents [13,14], which pre-
vent the turnover-induced activation, whereas the A-form is insen-
sitive to the SH reagents. The remarkable feature of the A — D
transition, strongly suggestive of its physiological relevance, is
that the phenomenon has been demonstrated for preparations
of different complexity such as purified complex I [15], SMP
(submitochondrial particles) [16], intact mitochondria [17], and
most significantly, for mitochondria derived from intact beating
hearts perfused under different oxygenation conditions [18]. The
A — D transition is not found in prokaryotic NDH-1 [7,11],
suggesting the involvement of the accessory subunits in the
eukaryotic complex L.

It has become clear that two basically different mechanisms are
possible for the action of any inhibitor (activator) on eukaryotic
complex I. An effector can either decrease (or increase) the kinetic
parameters of the active enzyme or it can perturb the equilibrium

Abbreviations used: SMP, submitochondrial particles; SMP,, turnover-activated SMP; SMPp, thermally de-activated SMP; Q;, 2,3-dimethoxy-5-methyl-
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between the A- and D-forms as has been exemplified for the
classical complex I inhibitor, rotenone [19].

A great variety of complex I-directed inhibitors have been
described [20,21], with the vast majority of them acting at the
enzyme—ubiquinone-junction site(s) without affecting activity
with artificial electron acceptors such as NADH:ferricyanide [22]
or NADH:hexa-ammineruthenium (III) [23] reductase activities.
The only characteristic feature shared by these inhibitors is that
they are either hydrophobic or amphiphilic and no clear struc-
ture—function correlation of their inhibitory capacity can be in-
ferred from the available results. It has been proposed that a large
hydrophobic cavity exists within the enzyme structure where
the inhibitors can bind, thus preventing electron transfer from
iron—sulphur centre N-2 to bulk ubiquinone [24,25]. The chem-
ically simplest amphiphilic compounds that may serve as physio-
logically relevant inhibitors of complex I are free fatty acids (non-
esterified fatty acids). It has been shown over the years by several
independent groups that free fatty acids inhibit electron transfer
activities and their inhibitory efficiency is substantially higher for
NADH oxidase activity compared with that for respiration with
succinate or for cytochrome c oxidase [26—32]. In pioneering
studies by Rapoport and co-workers [30,33,34], it has been shown
that fatty acids irreversibly inactivate the NADH-ubiquinone seg-
ment of the respiratory chain at a high temperature (37°C). A
selective denaturation of ‘an iron—sulphur protein’ of complex I
induced by fatty acids was originally proposed to explain the
strong temperature dependence of the irreversible inactivation
[30], although no damage of any iron—sulphur cluster was found
after treatment of the enzyme (SMP) with tetradecanoic acid for
2-6h at 37°C [34].

In the light of growing evidence for the involvement of com-
plex I in a number of diseases and pathophysiological states and
the importance of free fatty acids for metabolism under normal
and pathophysiological conditions [35], it seemed worthwhile to
get a closer insight into the nature of the complex [-free fatty acid
interaction. Taking into account the results previously reported
in the literature as briefly summarized above, we hypothesized
that the active—de-active complex I transition plays an important
role in this interaction. In this paper, the results supporting this
hypothesis are presented. The preliminary results of this study
have been published in abstract form [36].

EXPERIMENTAL

Bovine heart SMP and rat heart mitochondria were prepared and
stored as described in [16] and [17] respectively. SMP, (turnover-
activated SMP) was prepared as follows: SMP (5 mg/ml) were
incubated in a mixture containing 0.25 M sucrose, 50 mM Tris/
HCI (pH 8.0), 0.2 mM EDTA, 1 mM malonate (to activate suc-
cinate dehydrogenase) and 0.6 nmol/mg oligomycin (to block
proton leakage) for 30 min at 30 °C. The suspension was diluted
ten times into the same mixture containing 1 mM NADPH (to
activate complex I) but no malonate and oligomycin and was fur-
ther incubated for 45 min at 20 °C with continuous mixing to pro-
vide a free oxygen supply. The suspension was cooled on ice
and centrifuged for 1 h at 0°C at 30000 g. The precipitated par-
ticles were suspended in sucrose/Tris/EDTA mixture (see above)
containing 0.2 mM malonate and kept on ice. SMPy, (thermally
de-activated SMP) were prepared by preincubation of SMP, at
37°C for 15 min.

NADH, palmitic acid, EDTA, Tris, BSA, Q, (2,3-dimethoxy-
5-methyl-6-isoprenyl-1,4-benzoquinone), alamethicin, rotenone
and N-ethylmaleimide were from Sigma. Piericidin A was a gift
from Dr A. Kotlyar (Tel Aviv University, Tel Aviv, Israel). The
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stock of 10 mM solution of palmitic acid was prepared by dis-
solving the fatty acid in ethanol.

NADH oxidation was measured photometrically (¢} = 6.22 or
&89 =1.25) in the standard assay mixture comprising 0.25 M
sucrose, 50 mM Tris/HCI (pH 8.0) and 0.2 mM EDTA. When
NADH:Q, reductase was assayed, 1 ug/ml antimycin A and
30 uM Q, were added to the standard reaction mixture. NADH:
hexa-ammineruthenium reductase [23] was assayed in the pre-
sence of 1 pug/ml antimycin A and 0.5 mM hexa-ammineru-
thenium. Succinate oxidase activity was measured photomet-
rically by following fumarate formation (increase of absorption
at 278 nm, &2} =0.3) in the standard assay mixture containing
10 mM potassium succinate. Protein content was determined by
the Biuret assay. The experimental details are indicated in the

legends to the Figures.

RESULTS
Effects of palmitate on the respiratory activities of SMP

A detailed study of structure—function relations such as the depen-
dence of the inhibitory efficiency on the length of the alkyl chain
and its unsaturation was not an immediate aim of this work. It
should be noted, however, that all the effects reported in this paper
for palmitate were also observed for other long-chain fatty acids,
both saturated and unsaturated, and only quantitative differences
in their efficiencies were observed.

Figure 1 demonstrates the effects of palmitate on the respiratory
activities of SMP at ambient temperature (25 °C). Instant inhibi-
tion of the uncoupled NADH oxidase activity by palmitate was
rapidly abolished by BSA (Figure 1A). BSA also prevented the
inhibition when added to the assay mixture before palmitate
(results not shown). Rapidly reversible inhibition of the NADH
oxidase activity was rather specific: no inhibition of succinate oxi-
dase was seen up to the level of 2 umol of palmitate added/mg
of protein (Figure 1B, curve 4) and the NADH:hexa-ammine-
ruthenium reductase activity was completely insensitive to palmit-
ate (Figure 1B, curve 2). The titration pattern as depicted in Fig-
ure 1(B, curves 1, 2 and 4) shows that palmitate within the range
of 0-2 umol/mg of protein is acting as a specific inhibitor of
the complex I-ubiquinone-junction site of the respiratory chain.
When the inhibitory effect of palmitate on NADH oxidase as de-
picted in Figure 1(B, curve 1) was analysed as the 1/fractional
inhibition versus palmitate concentration, a straight line plot was
obtained (results not shown) suggesting a simple hyperbolic satu-
rated inhibition. The NADH:quinone reductase activity measured
with the externally added ubiquinone homologue Q, was also sen-
sitive to palmitate (Figure 1B, curve 3); however, in contrast with
NADH oxidase, this activity was only partially (~ 50 %) sensitive
to the inhibitor. It was conceivable that palmitate competes with
Q, for the specific binding site. However, the kinetic analysis
revealed that palmitate acts on the NADH:Q, reductase activity
as a pure non-competitive (with Q,) inhibitor (results not shown).
Interestingly, the residual activity of complex I in the presence
of saturating palmitate was completely (>90 %) inhibited by
piericidin.

It can be concluded that uncoupled NADH oxidase activity is
much more sensitive to palmitate compared with succinate oxi-
dase activity. Since NADH is the major substrate of mitochon-
drial respiration, and free fatty acids are considered as natural
uncouplers, we decided to compare the uncoupling efficiency of
palmitate with NADH and succinate as the respiratory substrates
using tightly coupled SMP as the model system for physiological
state 4 or state 3 respiration. The results presented in Figures 1(C)
and 1(D) show that, due to its inhibitory effect on complex I,
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Figure 1  Effect of palmitate on the catalytic activities of SMP
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(A) Actual tracing of the NADH oxidase activity catalysed by pre-activated SMP (SMP,, 10 eg/ml) at 25 °C. Gramicidin D (0.05 g/ml) was present in the standard assay mixture containing 0.5 mM
NADH. Palmitate (15 M) and BSA (2 mg/ml) were added where indicated. (B) Inhibition of the NADH oxidase (curve 1, @), NADH:hexa-ammineruthenium reductase (curve 2, ), NADH:Q;
reductase (curve 3, O) and succinate oxidase (curve 4, (1) activities by palmitate. Gramicidin (0.05 ng/ml) was present in all the assays. Specific activity of 100 % corresponds to 1.0, 1.1, 0.33 and
0.65 wmol of the substrate oxidized - min—" - (mg of protein)~* for NADH oxidase, NADH:hexa-ammineruthenium reductase, NADH:Q4 reductase and succinate oxidase respectively. The residual,
palmitate-insensitive NADH:Q; reductase activity [0.16 mol - min~—" - (mg of protein)~'] was decreased down to <5 % by piericidin (10 nmol/mg of protein). Coupled (@) and uncoupled (O,
0.05 eg/ml gramicidin was present) NADH (C) and succinate oxidase activities (D) were measured.

palmitate only slightly stimulates coupled NADH oxidase. The
respiratory activity with NADH as the substrate in the presence
of ‘optimal’ palmitate reached only approx. 30 % of the fully un-
coupled NADH oxidase activity, whereas almost 100 % of the
succinate oxidase capacity was revealed at the same ‘optimal’
palmitate concentration.

Effect of palmitate on D — A transition

It has been demonstrated that a de-activated enzyme shows a
prominent lag in the onset of the NADH oxidase reaction [16]. The
first-order rate constant for the turnover-dependent D — A-form
transition is 1.2 min™! at 25°C, pH 8.0 [13], and the lag-phase is
clearly seen when NADH oxidation is followed at relatively high
time-sensitivity resolution, as it is shown in Figure 2(A, curve 1).
The effect of palmitate on the NADH oxidase activity of SMP
pretreated to convert complex [ into its D-form as it is seen at lower
time-sensitivity resolution is depicted in Figure 2(B). Under these
assay conditions, the turnover-dependent D — A transition was
seen as a short lag-phase (curve 1), which was significantly pro-

longed in the presence of palmitate (curve 2). To quantify the in-
hibitory effect of palmitate on the D — A-form transition, the rate
of activation was measured as a function of palmitate concen-
tration assuming that the time course of the transition obeys first-
order kinetics. Strong co-operativity with respect to the concen-
tration of added palmitate was evident (Figure 3).

The solubility of long-chain fatty acids in the aqueous phase is
very low [37,38] and it is thus expected that a complex equilibrium
exists between the inhibitor bound to the lipid phase and palmitate
that is present as a monomer and its associates in solution. Since
the lipid/water partition coefficient for long-chain fatty acids is
of the order of 10*, any inhibitory (or activating) effect of palmitate
on the membrane-bound enzymes should be quantitatively treated
in terms of ‘tight binding’ inhibition (activation) in spite of the fact
that the total concentration of palmitate is much higher compared
with that of the enzyme (see [7] and references cited therein).
Indeed, the apparent half-maximal concentrations of palmitate
necessary to inhibit either the catalytic centre activity of the A-
form or to prevent the D — A-form transition were linearly depen-
dent on the concentration of SMP in the assay system (Figure 4).
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Figure 2 Effect of palmitate on the de-activated NADH oxidase at 25°C

(A) Time course of NADH oxidation catalysed by de-activated and activated particles [SMPp
(curve 1) and SMPy (curve 2) respectively]. The reaction was started by the addition of SMP
(10 eg/ml) to the standard mixture containing 0.1 mM NADH and gramicidin D (0.05 .g/ml).
BSA did not influence the lag-phase in NADH oxidation catalysed by SMPp (results not shown).
(B) Effect of palmitate on time course of NADH oxidation catalysed by de-activated particles. The
experimental conditions were the same as in (A) except for a different time-sensitivity resolution.
Palmitate (15 M) was present (curves 2 and 3) and BSA (2 mg/ml) was added (curve 3) where
indicated.

At any given concentration of SMP, the efficiency of palmitate
in the inhibition of the D — A-form transition was considerably
higher than that for the inhibition of the catalytic capacity of the
active enzyme.

Effect of palmitate on NADH oxidation as a function of temperature

The A — D-form transition is extremely temperature-dependent
[16]. Since palmitate was shown to inhibit the activity of complex
I (Figure 1) and to prevent the D — A transition, we decided to
see how the overall effect of palmitate on NADH oxidase activ-
ity depends on temperature. The results depicted in Figure 5
show qualitative difference as seen for different temperatures.
In contrast with what has been observed at 25 °C (Figure 1A), an
instant partial inhibition of NADH oxidase activity by palmitate
at 37 °C was followed by a further slow decrease of activity, down
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Figure 3 Effect of palmitate on the turnover-dependent activation of NADH
oxidase

The time course of NADH oxidation catalysed by de-activated particles was followed as shown
in Figure 2 in the presence of different palmitate concentrations. The apparent first-order rate
constants for the time-dependent increase of the catalytic activity traced at better time resolution
were calculated from the linear 10g[Vi_ oo/(Vi— oo — V;)] — t dependence, where v; and vi_, o
are the reaction rates measured at time ¢ and those measured for SMP, in the presence of a
given palmitate concentration respectively.
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Figure 4 Relative inhibitory efficiency of palmitate on the catalytic activity
(line 1) and on the activation rate (line 2) of NADH oxidase at 25°C

Line 1, half-maximal inhibitory concentrations of palmitate on the rate of NADH oxidation were
determined as depicted in Figure 1(B, curve 1) at different protein concentrations in the assay
mixture. Line 2, the concentrations of palmitate required to decrease the rate constant k, by
50 % as described in Figure 2 were determined at different protein concentrations. The values of
ICsp extrapolated to zero enzyme concentration were 9 and 3 .M for lines 1 and 2 respectively.

to almost zero levels. NADH oxidase activity was completely
re-activated by BSA at the early phase of the palmitate-induced
time-dependent inhibition and only partial re-activation was seen
at a later time. The time-dependent inhibition by palmitate was
extremely temperature-dependent as it is shown in Figure 5(B),
very similar to what has been shown for the spontaneous de-
activation of complex I [16].

The final level of palmitate-induced inhibition of NADH oxi-
dase at 37°C was both concentration- and time-dependent, and it
was very difficult, if not impossible, to obtain reliable equilibrium
titration results, as it has been performed at 25°C (Figure 1B).
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Figure 5 Time-dependent inactivation of NADH oxidase by palmitate at
different temperatures

(A) Actual tracing of NADH oxidation at 37 °C. The reaction was initiated by the addition of
NADH (0.5 mM) and gramicidin D (0.05 wg/ml) to SMP (10 ng/ml) in the standard reaction
mixture. Palmitate (15 M) and BSA (2 mg/ml) were added at the time indicated by arrows.
(B) Time course of the palmitate-induced inhibition at different temperatures measured as shown
in (A). The activity at zero time (~ 45 % of that measured in the absence of palmitate) corresponds
to instant inhibition caused by the addition of fatty acid. No albumin was present in the assay
mixture.

However, the inhibitory effect of palmitate as it occurred at 37 °C
was also specific for complex I: 2 min incubation of SMP in the
presence of palmitate (2 umol/mg of protein) resulted in more
than 90 % inhibition of NADH oxidase, whereas the succinate
oxidase activity was decreased by not more than 20 %.

Although the results shown in Figure 5 strongly suggest that the
A — D transition of complex I is involved in the inhibitory effect
of palmitate, another interpretation seemed possible. It could
be envisaged that the slow temperature-dependent inhibition of
complex I is due to a slow flip-flopping of palmitate across the
membrane and to its tight binding to an inhibitory site located on
(or exposed to) the cytoplasmic side of the inner mitochondrial
membrane. This possibility was ruled out in experiments with
right-side intact mitochondria permeabilized by alamethicin [39]
to make complex I accessible to externally added NADH (Fig-
ure 6). Only instant inhibition of the NADH oxidase activity in
both the mitochondria and inside-out SMP by palmitate was seen
at 25°C.

If the de-activation of complex I is involved in the slow tem-
perature-dependent inhibition of NADH oxidase (Figure 5), the
acceleration of the spontaneous A — D transition by palmitate

A B
NADH NADH
R R
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Palm (10 M) ¢
f |

ABggo=0.04 \
—_—
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Figure 6 Inhibitory effect of palmitate on inside-out SMP and right-side-out
permeabilized mitochondria

(A) Rat heart mitochondria (10 ,g/ml) were added to the standard assay mixture at 25°C
containing alamethicin (20 g/ml) and 1 mM MgCl,. After 1 min preincubation, 2 mM EDTA
was added and the reaction was initiated by the addition of 0.1 mM NADH. (B) SMP, (10 r.g/ml)
were added to the standard assay mixture at 25°C and the reaction was started by the addition
of 0.1 mM NADH and 0.05 gg/ml gramicidin D.
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Figure 7 Effect of palmitate on the spontaneous thermal de-activation of
NADH oxidase

SMPy (100 geg/ml) were incubated at 37°C in 0.25 mM sucrose, 50 mM Tris/HCI (pH 8.0)
and 0.2 mM EDTA in the presence or absence of 65 «.M palmitate (the concentration which
inhibits NADH oxidase activity by 70 % at 25°C at this protein content). The samples were
diluted 10times in the standard assay mixture (25°C) containing BSA (2 mg/ml) to remove
palmitate (see Figure 1A), 1 mM N-gthylmaleimide was added to inhibit the de-activated enzyme
irreversibly [14,17] and after 1 min incubation the residual activity initiated by the addition of
0.1 mM NADH was determined.

could explain why enzyme activity remains constant at 37 °C in
the absence of the inhibitor. The results presented in Figure 7 show
that, indeed, palmitate considerably increased the spontaneous
de-activation of complex I. Taken together, the results shown
in Figures 2, 5 and 7 suggest the following explanation for the
time- and temperature-dependent inactivation of complex I by
palmitate. When NADH is oxidized at 37 °C, the de-activation of
complex I does not significantly contribute to the overall enzyme
activity measured because any relatively slow de-activation act is
immediately compensated for by a relatively rapid turnover-de-
pendent re-activation and the reaction proceeds at a constant rate.
In the presence of palmitate, the de-activation rate is increased,
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and the turnover-dependent re-activation is prevented. These two
effects result in a strong time-dependent inhibition of NADH
oxidase as is seen at 37°C.

DISCUSSION

Besides their metabolic role in the provision of energy, long-chain
free fatty acids exert diverse effects on cellular membranes and
on the catalytic activities of many enzymes. In particular, various
functions of mitochondria are strongly affected by free fatty acids
(see reviews [40—42]). Most of the recent studies on free fatty
acid—mitochondrial interaction are focused on the direct or in-
direct energy dissipation effects caused by their selective proton-
ophoric activity mediated by a number of inner membrane car-
riers such as the adenine nucleotide translocase, uncoupling
proteins and other anion-specific carriers, and on the fatty acid-
induced unselective permeability of the inner mitochondrial mem-
brane [42]. Previously published results [26—34] and results of the
present study (Figure 1) show that free long-chain fatty acids (as
exemplified by palmitate) selectively inhibit the active form of
mitochondrial complex I. It has been proposed that mild un-
coupling of mitochondria may be physiologically advantageous
because it would prevent the Auy*-dependent generation of a
superoxide radical [43] and cause relief of respiratory control,
thus maintaining a favourable intramitochondrial NAD*/NADH
ratio needed for a high rate of ATP production [44,45]. The results
shown in Figure 1(C) hardly support these proposals: only a weak
relief of respiratory control with NADH (the major source of mito-
chondrial respiration under physiological conditions) as the sub-
strate was induced by palmitate. It is also expected that the inhibi-
tion of complex I at the quinone-junction site would increase
rather than decrease the rate of superoxide production. It should
be noted, however, that the nature of the artificially induced res-
piratory control in inside-out SMP may differ from that in intact
isolated mitochondria where the rate of respiration (coupled or
uncoupled) depends, besides the respiratory chain activity, on
co-ordinated operation of the dicarboxylate-, nucleotide- and P;-
translocases and the intramitochondrial-specific NAD"-depen-
dent dehydrogenases.

In contrast with simple hyperbolic-like inhibition of NADH-
oxidase activity by palmitate, only partial inhibition of the
NADH:quinone reductase activity was observed (Figure 1B), and
the residual palmitate-insensitive NADH oxidation was fully sen-
sitive to piericidin. To our knowledge, free fatty acids as exempli-
fied by palmitate are the only complex I-ubiquinone-junction site
inhibitors demonstrating this titration pattern, which is fairly in
line with the presence of two piericidin-binding sites ([7] and re-
ferences cited therein). Whatever be the precise explanation for
the titration pattern shown in Figure 1(B), it deserves further study
aimed to dissect the electron transfer pathway within complex I.

Palmitate not only prevents the turnover-induced activation of
complex I but it also increases the rate of de-activation (Fig-
ure 7), thus resulting in partially irreversible inactivation of com-
plex I at physiological temperature (37 °C). The mechanistic na-
ture of the apparent irreversibility of inactivation remains obscure.
Formally, the inactivation of complex I at a high temperature can
be visualized as the two-step process where the catalytically inact-
ive enzyme—fatty acid complex is formed in a rapidly reversible
temperature-independent (or only slightly dependent) reaction
followed by a highly temperature-dependent transformation into
a very tight enzyme—inhibitor complex. The latter step is accom-
panied by structural rearrangements similar to that taking place
during the spontaneous de-activation process. The ‘catalytic’ ef-
fects of fatty acids such as facilitated dissociation of some tightly
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bound component (subunit, annular phospholipid or metal cation)
also cannot be excluded.

In addition to the inhibitory effect on the active form of com-
plex I, palmitate is shown to prevent the turnover-induced activ-
ation of the D-form of the enzyme (Figure 2). This effect is also
reversible under conditions where the de-activation rate is neg-
ligible (25 °C). The titration pattern is clearly indicative of strong
co-operativity in the inhibition. Both inhibition of the active
enzyme and effect on the activation can be considered if palmitate
acts either at the hydrophobic membranous phase (or at the mem-
brane—aqueous interphase) or at the aqueous phase-exposed part
of the enzyme. An equilibrium between the membrane-bound and
aqueous species is expected at any given concentration of SMP
and added fatty acid due to the strong amphiphilic nature of long-
chain fatty acids and their very high hydrophobic—hydrophilic
phase partition coefficients [37]. The co-operative nature of the
inhibitory effect as depicted in Figure 3 may correspond to a
model where the aqueous phase tail-to-tail dimers is the species
interacting with the enzyme. If correct, this model predicts that
long-chain «,w-dicarboxylic acids should be potent inhibitors of
the D — A-form transition. Following the same arguments, the
hydrogen bond-stabilized membrane-bound protonated—de-pro-
tonated fatty acid dimer can be considered as the actual inhibitor
species.

We have confirmed and extended the pioneering observation
of Rapoport and co-workers [30,31,34] on the strong temperature
dependence of the inhibitory effect of fatty acids (Figure 5). There
is an approx. 10-fold increase in the rate of the palmitate-induced
inactivation when the temperature of the assay was increased
from 30 to 37 °C, closely corresponding to the previously reported
extremely high activation energy for the A — D-form transition
(240 kJ/mol [16]).

A final note concerns the physiological relevance of inhibitory
palmitate (and other free long-chain fatty acids) effects on
complex I. Owing to their extremely low solubility [37,38], the
presence of substantial amounts of free, protein-unbound fatty
acids in the cytosol or mitochondrial matrix seems unlikely under
physiological or pathophysiological conditions. However, sub-
stantial accumulation of free fatty acids in mitochondrial mem-
branes has been detected during ischaemic exposure of the rat liver
[46] or during storage of isolated mitochondria [47]. Interestingly,
progressive damage of complex I during global ischaemia in
Langendorff-perfused rat hearts, a condition where accumulation
of free fatty acids in the mitochondrial membrane is expected,
has been reported in [48]. To relate the phenomena described in
this report to physiologically relevant conditions, an extensive
study on the interaction between mitochondrial membranes and
fatty acids bound to fatty acid carrier proteins [49,50] is evidently
needed. The present study suggests that, under physiological con-
ditions, complex I is the primary target for the deteriorating effects
of long-chain free fatty acids on mitochondria.
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