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Abstract

Reactive oxygen species (ROS) production by isolated complex I is steeply dependent on the
NADH/NAD? ratio. We used alamethicin-permeabilized mitochondria to study the substrate-
dependence of matrix NADH and ROS production when complex | is inhibited by piericidin or
rotenone. When complex | was inhibited in the presence of malate/glutamate, membrane
permeabilization accelerated O, consumption and ROS production due to a rapid increase in
NADH generation that was not limited by matrix NAD(H) efflux. In the presence of inhibitor, both
malate and glutamate were required to generate a high enough NADH/NAD™ ratio to support ROS
production through the coordinated activity of malate dehydrogenase (MDH) and aspartate
aminotransferase (AST). With malate and glutamate present, the rate of ROS production was
closely related to local NADH generation, whereas in the absence of substrates, ROS production
was accelerated by increase in added [NADH]. With malate alone, oxaloacetate accumulation
limited NADH production by MDH unless glutamate was also added to promote oxaloacetate
removal via AST. a-ketoglutarate (KG) as well as AST inhibition also reversed NADH generation
and inhibited ROS production. If malate and glutamate were provided before rather than after
piericidin or rotenone, ROS generation was markedly reduced due to time-dependent efflux of
CoA. CoA depletion decreased KG oxidation by a-ketoglutarate dehydrogenase (KGDH), such
that the resulting increase in [KG] inhibited oxaloacetate removal by AST and NADH generation
by MDH. These findings were largely obscured in intact mitochondria due to robust H,O,
scavenging and limited ability to control substrate concentrations in the matrix. We conclude that
in mitochondria with inhibited complex I, malate/glutamate-stimulated ROS generation depends
strongly on oxaloacetate removal and on the ability of KGDH to oxidize KG generated by AST.
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Introduction

Isolated mitochondria energized with physiologically relevant NAD*-related substrates
produce very little reactive oxygen species (ROS) as long as the NADH generated by the
tricarboxylic acid (TCA) cycle is rapidly oxidized to maintain a low NADH/NAD™ ratio.
Consensus exists that for electron transport in the forward direction, ROS production by
isolated complex | depends on the degree of flavin mononucleotide (FMN) reduction, the
latter increasing with an elevated NADH/NAD™ ratio, indicating a close relationship
between ROS production and the redox potential of the NADH/NAD* couple [1-3]. Fully
reduced flavin is an electron donor capable reducing O, at its substrate binding site. Indeed,
in the absence of any other electron acceptors except O,, NADH oxidation by purified
complex I results in superoxide production that at [NADH]>1 uM becomes directly
proportional to concentrations of complex I and O,. An increase in [NAD™] that lowers the
NADH/NAD* ratio strongly inhibits ROS production. Because only the nucleotide-free
binding site of reduced flavin is able to react with O,, ROS production also depends on
nucleotide concentrations as well as the NADH/NAD™ ratio. Importantly, ROS production
by isolated complex | does not require addition of ubiquinone pocket inhibitors like
piericidin or rotenone, unless an electron acceptor to stimulate NADH consumption and
generate NAD* is present [2, 4]. Because ubiquinone is extremely hydrophobic, amphiphilic
ubiquinone analogs have been used as electron acceptors for isolated complex I, but they
facilitate unphysiological side reactions that do not occur with endogenous ubiquinone [5].

Although rotenone- or piericidin-induced ROS production by cardiac mitochondria
energized with NAD*-related substrates is known to require high matrix NADH/NAD™ ratio
[6], experiments with intact mitochondria have certain limitations that make it difficult to
study substrate-dependent regulation of NADH and ROS production. These limitations
include rapid ROS scavenging in the matrix, low dicarboxylate carrier activity in cardiac
mitochondria [7], decrease in matrix [KG] and [aspartate] in response to malate and
glutamate addition and dependence of glutamate uptake on membrane potential [8, 9]. Given
these factors, it is not surprising that rotenone addition to cardiac mitochondria energized
with NAD-related substrates typically results in a relatively small increase in NADH
fluorescence and ROS production [10, 11]. It remains still unclear why ROS production by
complex I-inhibited mitochondria energized with NAD™-related substrates is so variable and
relatively low, generally reaching about 5-10% of that induced by succinate-supported
reverse electron transport (for review see [12]). A reasonable assumption could be that low
values and variability in ROS production are connected with substrate-dependent variations
in NADH generation. However, for reasons presented above controlled manipulation of
matrix [substrates] in intact mitochondria is very difficult if not impossible.

One way to study the importance of substrates in the regulation of NADH-supported H,0-
production in mitochondria with inhibited complex I is to use alamethicin-treated
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mitochondria. Inner membrane permeabilization with alamethicin allows the matrix
NADH/NAD? ratio to be rapidly manipulated by exogenous pyridine nucleotides, and has
been previously used to demonstrated a close dependence of cardiac mitochondrial H,O,
production on the NADH/NAD™ ratio [13]. In this study, we used this technique to explore
the substrate-dependence of matrix NADH and ROS production when complex I is inhibited
by piericidin or rotenone. Specifically, we tested the hypothesis that the NADH/NAD™ ratio,
and hence ROS production by mitochondria with inhibited Complex I in the presence of
malate and glutamate, is regulated via the coordinated activity of malate dehydrogenase
(MDH) and aspartate aminotransferase (AST), and that a-ketoglutarate (KG), either added
or generated by AST, adds more complexity to this regulation. These findings may be
relevant to ROS generation under pathophysiological conditions in which Complex | is
inhibited or damaged, such as ischemia/reperfusion.

Material and Methods

Experimental techniques

This study was approved by the UCLA Chancellor's Animal Research Committee (ARC
2003-063-23B) and performed in accordance with the Guide for the Care and Use of
Laboratory Animals published by the United States National Institutes of Health (NIH
Publication No. 85-23, revised 1996) and with UCLA Policy 990 on the Use of Laboratory
Animal Subjects in Research (revised 2010).

All measurements were carried out using customized Fiber Optic Spectrofluorometer
(Ocean Optics) in a partially open continuously stirred cuvette at room temperature (22 to
24°C) [14]. Mitochondria were isolated from rabbit hearts as described previously [15].
Intact mitochondria were added (0.3 to 0.6 mg/ml) to incubation buffer containing 250 mM
sucrose, 10 mM Hepes, pH 7.4 with Tris. Mitochondria were permeabilized with addition of
alamethicin (20 pg/ml). Alamethicin creates pores which allow equilibration of low-
molecular weight components across the inner membrane, while high-molecular weight
proteins are retained in the matrix and intermembrane space [16]. Electron microscopy of
alamethicin-treated mitochondria reveals no major disruption of membranes [16] and a
consensus exists that enzymes, including those involved in ROS production, remain fully
functional and have enhanced access to exogenously-delivered substrates [13, 16-18].
Piericidin was obtained from Cayman Chemical Company (Sapphire Bioscience) and
succinyl phosphonate from MedChem Express (MCE). All other chemicals, including
enzymes, were obtained from Sigma-Aldrich (St. Louis, MO). Mitochondria were pretreated
with 1-chloro-2,4-dintrobenzene (CDNB) exactly as described previously [11].

H»0, release from mitochondria was measured using 5 UM Amplex Red and 0.2 U Horse
Radish Peroxidase (HRP) in the buffer (excitation/emission, 540/590 nm). The increase in
resorufin fluorescence was calibrated by adding H,O, in known concentrations.

Mitochondrial O, consumption was measured continuously by monitoring buffer O, content
using a fiber optic oxygen sensor FOXY-AL300 (Ocean Optics) [14]
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NADH fluorescence was recorded at 366/460 nm excitation/emission wavelengths and
signal calibrated by adding NADH in known concentrations. In experiments where NAD™* or
NADH were added to permeabilized mitochondria to enhance the fluorescence signal or
stimulate H,O» production, NAD(H) concentration was chosen based on reports that H,O,
production by rotenone-inhibited permeabilized cardiac mitochondria exhibits a non-
hyperbolic dependency on [NADH], with production close to maximum at about 100 uM,
and decreasing at >200 pM [13].

Statistical analysis

Results

For each data set, the mean and accompanying 95% confidence intervals (Cls) are reported.
The conventional percentile bootstrap-resampling approach with 10,000 replications was
used for estimating 95% CI as well as examining the significant difference between groups
(effect size statistics) [19-21]. A Pvalue <0.05 was considered statistically significant. All
analyses were performed by subroutines for bootstrapping developed in the Python
programming language [21].

NADH production/oxidation by the coupled MDH and AST reactions regulates ROS
production when complex | is inhibited

When mitochondria are exposed to piericidin or rotenone, ROS production by inhibited
complex I or matrix dehydrogenases depends on the ability of the mitochondria to elevate
the NADH/NAD" ratio [6]. Because the level of endogenous NAD(H) was too low to give a
robust fluorescence signal, we added exogenous NAD™ to Complex I-inhibited mitochondria
to assess NADH generation after substrates were added. Using piericidin to inhibit complex
I in alamethicin-permeabilized mitochondria, 5 mM malate caused only a small increase in
NADH (Fig. 1A, blue trace), consistent with rapid inhibition of the MDH reaction due to
oxaloacetate accumulation (Fig. 1D). Addition of 5 mM glutamate to remove oxaloacetate
via the forward AST reaction led to a rapid and sustained increase in NADH, which was
then rapidly oxidized by adding KG and aspartate to reverse the directions of the coupled
AST and MDH reactions as indicated in Fig. 1D. Fig. 1B shows that H,O, production under
these conditions paralleled NADH production. Malate alone failed to significantly increase
H,0, production until glutamate was also added (blue trace). Moreover, when oxaloacetate
removal by AST was inhibited by the AST inhibitor aminooxyacetate (AOA), glutamate no
longer accelerated NADH generation or ROS production in the presence of malate (Fig. 1A
and B, red traces). Under these conditions, however, ROS production could be increased
significantly by addition of coenzyme A (CoA) and KG to facilitate NADH production by
KGDH (see Fig. 1D).

Similar to malate alone, glutamate by itself also failed to significantly increase H,0,
production (Fig. 1B, green trace), which can be attributed to the relatively low glutamate
dehydrogenase activity in cardiac mitochondria [22, 23]. Addition of malate, however,
increased H,0, robustly through the coupled activity of MDH and AST. The failure of
malate alone to induce significant NADH production under our experimental conditions can
be attributed to the lack of exogenously-supplied Mn2* or Mg?* in the buffer (see
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supplemental information, Fig. S1), which is required by NAD*-dependent malic enzyme to
reduce NAD* [24] (see Discussion).

CoA, a key cofactor for KG oxidation by a-ketoglutarate dehydrogenase (KGDH), is
expected to become depleted through alamethicin pores in permeabilized mitochondria.
Addition of exogenous CoA during malate/glutamate-stimulated H,O, generation had no
significant effect (Fig. 1B, blue trace), indicating that the KGDH reaction (Fig. 1D) was not
a major source of ROS under these conditions. However, in AST-inhibited mitochondria
ROS production could be increased significantly by addition of CoA and KG to facilitate
NADH production by KGDH (see Fig. 1D). This is illustrated in Fig. 1A (red trace), in
which NADH generation by malate and glutamate was inhibited by AOA in piericidin-
inhibited mitochondria, but rapidly and significantly activated after addition of both CoA
and KG. Similarly, AOA addition was required to activate NADH generation after reversal
of the AST reaction with KG and Asp to induce NADH oxidation. In the absence of AOA,
addition of CoA and KG had no major effect on NADH production due to ability of the
coupled MDH/AST reactions to maintain a low [NADH], as demonstrated by rapid increase
in NAD* reduction after AOA addition (Fig. 1A, blue trace). These changes in NADH
production also explain activation of H,O, production after CoA and KG addition in AOA-
inhibited mitochondria (Fig.1B, red trace). Fig. 1E summarizes H,O» production by
piericidin-inhibited mitochondria depending on glutamate and malate addition alone or
together in the absence or presence of AOA (AST inhibitor), CoA and KG.

These findings demonstrate that the MDH and AST reactions are both readily reversible and
can promote either NAD(H) reduction or oxidation depending on the concentration of
substrates available to permeabilized mitochondria. The same properties were observed
using purified MDH and AST (Fig. 1C). When malate was added to a suspension of NAD,
MDH and AST, NADH fluorescence increased rapidly but modestly and quickly plateaued
(blue trace), indicating that the MDH reaction had achieved equilibrium between forward
and reverse directions due to accumulation of oxaloacetate and NADH. Addition of
glutamate led to a robust further increase in NADH fluorescence reflecting the contribution
of the AST reaction to NADH production (blue trace). However, if KG and Asp, the end-
products of the AST reaction were added, NADH fluorescence returned to its baseline prior
to addition of malate, indicating complete NADH conversion to NAD* by the combined
MDH and AST reactions in the reverse direction. Alternatively, if AOA was added to the
suspension to inhibit AST, malate caused the same initial increase in NADH fluorescence,
but subsequent addition of glutamate caused no further increase (red trace).

The importance of functional coupling between MDH and AST for ROS production can be
demonstrated also in intact cardiac mitochondria. Fig. 2 shows that malate addition to
piericidin-inhibited intact mitochondria had little effect on H,O, production that modestly
increased after glutamate addition. Note that permeabilization resulted in a further
significant increase in H,O, production (Fig. 2, blue trace). In AOA-inhibited mitochondria,
on the other hand, glutamate only slightly increased H,O, production and alamethicin
addition had no further significant effect (Fig. 2, red trace). The bar graph shows average
rates for malate- and glutamate-stimulated ROS production in the absence or presence of
AOQA, recorded before and after inner membrane permeabilization. In general, these results
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suggest that H,O, production can be down-regulated by AST inhibition, but the effect of this
inhibition is better expressed in permeabilized mitochondria.

The reversibility of the coupled MDH and AST reactions in regulating NADH and H,0,
production when complex | is inhibited is further illustrated in Fig. 3A. When permeabilized
mitochondria were exposed to piericidin, H,O, production induced by 1 mM malate and
glutamate was suppressed by adding 0.1 mM KG and Asp to promote reversal of the
coupled MDH/AST reactions, either before (red trace) or after (blue trace) addition of
malate and glutamate. Further increasing the malate and glutamate concentrations (to 6 mM
each) to promote the MDH reaction in the forward direction then increased ROS production.
Bar graph in Fig. 3A shows average rates for malate/glutamate induced H,O, production,
KG/Asp-induced inhibition and reactivation of H,O, production by higher malate/glutamate
concentration.

The effects of KG and Asp in Fig. 3A deserve further comment. In intact mitochondria, KG
would normally be metabolized by KGDH, which is also capable of generating ROS in the
presence of a high NADH/NAD™ ratio [25, 26]. However, the observation that KG
suppressed, rather than increased ROS production in permeabilized mitochondria in Fig. 3A
indicates that any contribution of KGDH to increased ROS production was offset by KG’s
reversal of the AST and MDH reactions promoting NADH oxidation under those conditions.
As indicated in Fig. 1D, the ability of KGDH to oxidize KG depends on the availability of
CoA as a required co-factor. In permeabilized mitochondria, however, CoA is depleted
through alamethicin pores, which consequently limits KG oxidation. Fig. 3B shows that
when permeabilized mitochondria (in the absence of complex | inhibitors and NAD™ as an
electron acceptor) were provided with KG as their sole substrate, addition of CoA to
facilitate KG oxidation by KGDH increased ROS production, albeit to a significantly lesser
extent (3.7 times) than addition of malate and glutamate in piericidin-inhibited mitochondria
(Fig. 1B and 3A). Addition of the KGDH inhibitor succinyl phosphonate (SP,2 mM; Fig.
3B) under these conditions suppressed ROS production, confirming their origin from
KGDH. SP is a KG analog that targets the KG binding component of KGDH to inhibit
activity [27].

Inner membrane permeabilization significantly accelerates malate/glutamate oxidation and
piericidin-dependent ROS production

Fig. 3C shows that O, consumption by malate/glutamate energized mitochondria is
significantly increased after alamethicin addition, which dissipates membrane potential and
also enhances substrate access to matrix enzymes. On average membrane permeabilization
increased O, consumption three-fold (Fig. 3C, bar graph) and a higher rate was maintained
for at least 4-5 min suggesting that NAD(H) efflux is a relatively slow process (see suppl.
Fig. S2). However, in the experiment shown in Fig. 3C, NAD* was added to ensure that
NAD(H) efflux did not limit electron transport and thereby modify the effect of KG on O,
consumption. Under these conditions, KG addition rapidly inhibited O, consumption, most
likely due to a decreased supply of NADH to complex | as a result of inhibition of NADH
production by MDH (see Fig. 1D). Because complex | activity maintained a low
NADH/NAD* ratio, CoA addition enhanced KG oxidation by KGDH (Fig. 3C). However,
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note that an increase in [NADH], which inhibits KG oxidation by KGDH and favors reversal
of MDH especially at high [KG], also inhibits the effect of CoA on HyO5 production by
KGDH (Fig. 1B&3D). The increase in O, consumption after CoA addition was inhibited
with SP suggesting that NADH was mainly generated by KGDH. The average increase in Oy
consumption after adding alamethicin to malate/glutamate-energized mitochondria and
inhibition with KG is summarized in the bar graph of Fig. 3C.

In Fig. 3D, piericidin was added to intact mitochondria followed by malate and glutamate,
which increased H,0, production. The relatively low rate of ROS production by intact
mitochondria was rapidly and drastically increased by alamethicin and decreased by KG
addition. Subsequent addition of CoA had little effect, but inhibition of AST increased H,0,
production. These results are consistent with those in Fig.1 and indicate that KG can drive
AST in reverse direction, resulting in oxaloacetate accumulation and NADH oxidation by
MDH that explains inhibition of ROS production with KG addition. Under those conditions
inhibition of NADH oxidation by MDH, secondary to inhibition of AST, allows NADH
generation by KGDH to increase (after addition of KG and CoA) to the level required for
ROS production by KGDH and any other flavin-dependent enzymes known to produce ROS
at high NADH/NAD™ ratios. The average H,O, production by piericidin-inhibited intact
mitochondria after malate/glutamate addition, acceleration of H,O, production after
alamethicin, inhibition by KG and acceleration after CoA and AOA addition is shown in the
bar graph of Fig. 3D.

Note that alamethicin addition to malate/pyruvate-energized mitochondria failed to increase
O, consumption and stimulate H,O» production relative to piericidin-inhibited intact
mitochondria (see suppl. Fig. S2). A simple explanation is that generation of Acetyl-CoA,
required for oxaloacetate removal under those conditions, depends on CoA availability and
CoA efflux starts limiting Acetyl-CoA/NADH production by pyruvate dehydrogenase
(PDH) despite presence of pyruvate. These results also suggest that CoA efflux via
alamethicin pores is much faster compared to NAD(H) efflux.

The importance of NADH generation versus the concentration of added NADH

Like CoA, pyridine nucleotides are small enough to diffuse through alamethicin pores.
However, prior evidence indicates that a significant NAD(H) fraction remains bound to
matrix proteins [28, 29] which is only very slowly depleted below the level required for
reduction of proteins responsible for ROS production. To determine how the total available
pool of NAD(H) influences ROS production, we added graduated doses of NADH to
piericidin-inhibited permeabilized mitochondria in the absence of malate and glutamate (Fig.
4). NADH addition stimulated H,O5 production in a dose-dependent manner that gradually
slowed as NADH was oxidized. However, in each case, addition of malate and glutamate
boosted H,0, production to nearly identical rates, despite large differences in the total added
NADH pools (from 0 to 100 uM). The inset in Fig. 4 (upper left corner) shows that after
adding NADH to piericidin-inhibited permeabilized mitochondria, NADH fluorescence
slowly declined, but addition of malate and glutamate reversed this decline. Thus, loss of
endogenous matrix NAD(H) through the alamethicin pores had little effect of H,O»
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production rates over the time course studied as long as the NADH/NAD? ratio in the
vicinity of ROS producing site(s) could be maintained at a high level.

Effects of the order of substrate-inhibitor addition on piericidin- or rotenone-stimulated
ROS production in permeabilized mitochondria

An interesting phenomenon occurred when piericidin or rotenone were added to
permeabilized mitochondria after, rather than before, malate and glutamate. When piericidin
was added to permeabilized mitochondria before malate and glutamate, the increase in H,O,
production was rapid and robust (Fig. 5A, red trace). Surprisingly, however, if piericidin was
added after substrates (traces b-e), ROS production rate progressively decreased as the time
delay increased. Similar results were obtained with rotenone in place of piericidin (Fig. 5B).
Fig. 5C and D summarize the results for piericidin or rotenone correspondingly, added either
before or 2 min after malate/glutamate and antimycin or AAS5 plus antimycin effects on
H202 production in 4-6 mitochondrial preparations.

Fig. 6 shows NADH generation under the same experimental conditions as in Fig.5. To
boost the NADH fluorescence signal, we added exogenous NAD™ to piericidin or rotenone-
inhibited mitochondria to assess NADH generation. Similar to the robust stimulation of ROS
production when piericidin or rotenone were added before substrates (red traces in Fig. 5A
and B), NADH production was also robust (red traces in Fig. 6A and B). However, when
malate and glutamate were added before piericidin or rotenone, NADH production
decreased progressively as the time delay increased (traces b-e in Fig. 6A and B). Note that
addition of [KG] and [Asp] at the end of traces rapidly decreased NADH fluorescence by
reversing the direction of MDH reaction towards NADH oxidation.

The relationship between NADH generation and H,O» production from the data in Figs. 5
and 6 is plotted in Fig. 7. The steep relationship between NADH generation and H,0,
production by complex I-inhibited permeabilized mitochondria agrees with the experimental
findings that ROS production by purified complex | or KGDH requires a high NADH/NAD*
ratio [1, 2, 25, 26].

Why does the order of substrate/inhibitor addition have such a strong influence on NADH
generation and H,O, production? As shown above (Fig. 3C), KG oxidation by KGDH is
inhibited due to CoA loss from the matrix in permeabilized mitochondria. In the absence of
AOA and complex I inhibitors and in the presence of malate and glutamate, NADH and
oxaloacetate generated by MDH are rapidly consumed by complex | and AST, resulting in
KG and aspartate production. If, under these conditions, matrix CoA depletion decreases KG
oxidation by KGDH, causing [KG] to increase and inhibit NADH generation by MDH (see
Fig. 1D), this could explain why the subsequent addition of piericidin or rotenone to inhibit
complex | resulted in reduced H,O» production, compared to the case when the inhibitors
were added before malate and glutamate (Fig. 5) and substrate accumulation. In this case,
adding exogenous CoA to facilitate KG oxidation should accelerate H,O, production. Fig. 8
shows that this is the case. Compared to robust H,O, production when piericidin was added
before malate and glutamate (blue trace), the slow rate of H,O, production when malate and
glutamate were added before piericidin accelerated after addition of CoA (purple trace), but
did not reach the level in the blue trace. Apparently sufficiently high [KG] that is close to or

Free Radic Biol Med. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Korge et al.

Page 9

higher than the K, of KGDH for KG (which in cardiac mitochondria is about 0.2 mM [30])
was generated by AST in a ternary complex to enhance KG oxidation and NADH
production by KGDH. However, when AST was inhibited from the start of the incubation
and therefore very little KG and NADH were present at the time of CoA addition, KG
addition was required to increase H,O, production, irrespective whether piericidin was
added before or after substrates (green and red traces). The almost equal increase in H,0,
production also indicates that NAD(H) available for KGDH under those two conditions was
not significantly different. Note that in the absence of CoA, H,0, generation associated with
the rapid increase in [NADH] in piericidin-inhibited mitochondria was effectively inhibited
by KG (blue trace). Average rates of CoA/KG-induced H,O, production relative to that
stimulated with piericidin and malate/glutamate addition are shown in Fig. 8B.

Finally, although ROS production was markedly decreased as the time delay between the
addition of substrates and piericidin or rotenone increased, antimycin was capable of rapidly
accelerating ROS production under these conditions (Fig. 5A and B, green and orange
traces). This increase involved ubiquinone reduction in complex Il because atpenin A5
(AADB), a specific inhibitor of ubiquinone reduction, completely prevented the antimycin-
induced ROS increase (Fig. 5A and B, orange and green traces), as did malonate (5 mM)
added at the start of incubation (not shown). These results imply that at the time of
antimycin addition, the matrix contained sufficient succinate to be oxidized for ubiquinol
generation and ROS production by complex I11. Succinate could either be generated via
reversal of succinate dehydrogenase reaction (complex Il) or from succinyl-CoA generated
by KGDH. However, since inner membrane permeabilization is expected to increase CoA
efflux and therefore inhibit KG oxidation and succinyl-CoA generation by KGDH [3, 25],
the latter route seems unlikely under these conditions. This was confirmed by adding
succinyl phosphonate (SP) to inhibit KGDH [3, 27], which had no suppressive effect on
antimycin-induced ROS production (Fig. 5B, purple trace), indicating that succinate was
either already present or mainly generated via reversal of the succinate dehydrogenase
reaction before antimycin addition.

Factors masking ROS production by piericidin-inhibited intact mitochondria in the
presence of malate/glutamate

In intact mitochondria, rotenone or piericidin have been shown to induce only modest ROS
production in the presence of NAD*-related substrates [31-38], as we confirmed in Fig.
2&3D. The effects that we have observed in permeabilized mitochondria are likely to be
masked in intact mitochondria for several reasons. First, intact mitochondria have much
greater matrix H,O, scavenging capacity than permeabilized mitochondria, since in the
latter case key antioxidants such as glutathione are depleted through alamethicin pores. In
addition membrane potential dissipation eliminates also transhydrogenase activity that links
substrate oxidation to H,O, removal. This is illustrated in Fig. 9 in which intact (solid lines)
versus permeabilized mitochondria (dashed lines) were exposed to piericidin, malate and
glutamate to stimulate H,O, production for a period of four minutes before Amplex
Red/HRP was added to detect the accumulated H,0, (indicated by the initial jump in
fluorescence when Amplex Red/HRP was added). In permeabilized mitochondria, the
piericidin-induced H,0, accumulation was significant, especially when piericidin had been

Free Radic Biol Med. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Korge et al.

Page 10

added before (blue dashed line) rather than after malate and glutamate (red dashed line). In
intact mitochondria, however, there was no detectable H,O, accumulation under either
condition (blue and red solid lines). Thus, in intact mitochondria, most of the H,O, was
effectively scavenged before it could leave the matrix to accumulate in the buffer.

Although alamethicin permeabilization results in a major decrease in antioxidant activity, the
matrix still retains an active thioredoxin/peroxiredoxin system. To demonstrate that
substrate-dependent activation of this system, possibly via NADPH generation by glutamate
dehydrogenase, is not responsible for lower H,O, production when oxidation of substrates
was allowed before complex | inhibition, we used mitochondria treated with CDNB as
described previously [11]. CDNB is effective inhibitor of thioredoxin reductase that is
essential for the thioredoxin/peroxiredoxin system to operate. The results presented in the
supplement (Fig. S3) show that HoO, production by CDNB-treated mitochondria when
complex | was inhibited before or after adding malate/glutamate was similar to that in Fig.
5A, i.e. when piericidin was added during accelerated malate/glutamate oxidation, it induced
relatively low H,0, production.

These results, together with substrate-dependent reversibility of NADH/H,0, production in
permeabilized mitochondria, suggest that the actual concentration of substrates/products in
the vicinity of reversible matrix enzymes have an important role. Cardiac mitochondria
reportedly exhibit dicarboxylate carrier activity that is six times lower compared with liver
mitochondria [7]. In addition to relatively low carrier activity, glutamate uptake through
glutamate/aspartate antiporter is electrogenic and requires membrane potential [8, 9].
Because complex | inhibition results in membrane potential dissipation, glutamate added
after piericidin or rotenone may have limited access to the matrix to facilitate the coupled
MDH/AST reaction as required for robust NADH and H,O, production. Importantly,
glutamate and malate transport into mitochondria requires aspartate and KG efflux.
Together, these factors make it extremely difficult to adjust matrix substrate concentrations
accurately as required to study the importance of functional coupling between MDH/AST
and the role KG consumption in regulation of NADH and ROS generation using intact
mitochondria.

Discussion

It is well-established that the basic mechanism of ROS production by isolated complex |
involves FMN reduction by NADH and depends on high free NADH/NAD™ ratio as well as
on enzyme and O, concentrations, provided that there are no other electron acceptors
present except O, [1, 2]. Assessing the mechanism of ROS production by complex I in
isolated mitochondria in the presence of NAD™-related substrates, however, is more
complicated and must take into consideration multiple factors. These include the rate of
NADH generation/oxidation in the matrix that is regulated by supply of substrates,
accumulation of products, the degree of inhibition of NADH oxidation by complex I, and the
scavenging of H,O» before it leaves the matrix. In addition several matrix dehydrogenases,
most importantly KGDH, could be involved in ROS production after complex | inhibition

[3].
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In this study we analyzed the importance of functional coupling between MDH and AST in
malate/glutamate-induced NADH generation and ROS production in permeabilized
mitochondria inhibited by piericidin or rotenone. As a model system to gain mechanistic
insight into the role of MDH-AST coupling in NADH production and ROS generation,
permeabilized mitochondria have several advantages: a) the concentration of all low
molecular weight compounds in the matrix can be readily adjusted; b) decrease in
antioxidant system activity in the matrix that allows more H,05 to diffuse out of the matrix
and be detected by Amplex Red/HRP.

Alamethicin-treated mitochondria have been frequently used to study enzymes that are
retained in the matrix after permeabilization [16, 17] and also to allow measurement of
NADH-induced ROS production, depending on NADH/NAD™ ratio, since added nucleotides
and substrates have direct access to the matrix and the matrix antioxidant capacity is reduced
after permeabilization [13]. Although alamethicin-permeabilized mitochondria have been
recommended as a preparation for quantifying the activities of NADH dehydrogenases and
other enzymes under conditions that resemble their native environment [13, 16-18, 39, 40],
we avoided the conventional approach in which mitochondria were first permeabilized with
alamethicin, then alamethicin and the released low molecular weight metabolites were
washed away, mitochondria stored on ice and used within next 3-4 hours. This technique
may cause severe NAD(H) depletion during the incubation. Inner membrane
permeabilization is expected to increase O, consumption as mitochondria work to recover
AY¥ (Fig. 3C & S2A). In the presence of NAD*-related substrates, pyridine nucleotide efflux
through the pores starts limiting O, consumption while oxidation of matrix succinate is still
stimulated. In our experiments, we measured mitochondrial ROS production within minutes
after permeabilization and found that NAD(H) efflux through alamethicin-generated pores
was not significant enough to affect malate/glutamate-induced H,O» production in rotenone-
or piericidin-inhibited mitochondria, at least during duration of experiments in this study.
This is consistent with data from isolated porcine heart mitochondria in which time-resolved
fluorescence spectroscopy revealed that >80% of NADH fluorescence was attributed to
protein-bound NADH [28]. However, in the presence of substrates, NADH binding to
proteins is transient. Assuming that: 1) significant fraction of bound NADH is associated
with MDH [41] and complex | [29]; and 2) MDH binding to complex | favors direct
coupling between NADH production and oxidation ([42—-44] but see also [18]), it is possible
that a high free NADH/NAD? ratio is generated close to flavin NADH binding sites. This
can be accomplished by MDH working in the forward direction and with only limited
amounts of pyridine nucleotides in the vicinity of NADH binding site, since in the absence
of NAD, ROS production from purified complex | becomes independent of [NADH] at
concentrations > 1 pM [2]. These arguments are consistent with the evidence presented in
Fig. 4 showing that H,0, production was closely related to malate/glutamate-stimulated
mitochondrial NADH regeneration, irrespective of total matrix NADH content. In other
words, the rate of ROS production was primarily regulated by the local NADH/NAD™ ratio
in the vicinity of ROS producing sites rather than bulk [NADH] in the matrix.

This study demonstrates that when complex | is inhibited by piericidin or rotenone,
oxaloacetate accumulation due to lack of glutamate or accumulation of KG can limit or or
reverse NADH production by the coupled MDH and AST reaction, thereby lowering the
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NADH/NAD* ratio sufficiently to suppress ROS production in mitochondria with inhibited
complex 1. The unfavorable equilibrium of MDH reaction ([malate]/[oxaloacetate] >10%)
makes rapid removal of oxaloacetate a key requirement to avoid inhibition of NADH
production or reversal of this reaction. It has been proposed that a transfer of oxaloacetate
from MDH to AST is facilitated by structural organization that places these two enzymes in
close proximity [45]. Malate-glutamate oxidation could be further enhanced by AST binding
to KGDH [46]. Key role of KG in the regulation of ROS production under our experimental
conditions seems to be related to KG generation within the ternary (MDH, AST, KGDH)
complex. Direct transfer of substrates within this complex permits significantly higher
reaction rates compared to free ligand diffusion [47]. These higher rates are most likely
connected with higher local concentrations and specifically an increase in [KG] at AST
binding site due to inhibited KG oxidation by KGDH. This could easily result in
oxaloacetate accumulation and reverse MDH reaction under those conditions, especially
when [NADH] is high and [malate] low. Unfortunately, as with many other enzymatic
reactions proposed to sense local microenvironments, experimental evidence comes from
functional studies [48, 49] because changes in global [metabolites] are expected to be small
compared with local changes.

In connection with regulation of the MDH reaction, it is worth of mentioning that the
isolated enzyme is inhibited in the forward direction by NADH, especially as malate
concentration decreases [50]. An increased NADH/NAD™ ratio also inhibits PDH and
NADH generation by all regulatory enzymes of the TCA cycle. Malate/glutamate addition to
isolated intact mitochondria results in a major increase in NADH fluorescence but almost no
effect on ROS production, whereas subsequent addition of rotenone which induces a 6-10
times smaller increase in [NADH] is fully responsible for ROS production [10, 11].
Compared with rotenone-inhibited forward electron transport, succinate is known to induce
higher matrix [NADH] levels and also much higher ROS production. Assuming that ROS
production by complex I during forward or reverse electron transport has a unified
mechanism that depends on flavin site reduction by NADH set by NADH/NAD™ ratio [4],
the above mentioned differences in ROS production could be explained by the NADH/
NAD™ ratio in the vicinity of flavin sites. It remains to be clarified whether or not the limited
increase in NADH fluorescence induced by complex I inhibition in the presence of malate/
glutamate is at least partially related to product inhibition of NADH production by the
[NADH] increase. Inner membrane permeabilization may decrease product inhibition and
also increase the concentration of reduced sites that are nucleotide free and can react with O,
to form superoxide.

The difficulty in demonstrating how malate/glutamate/KG are involved in NADH/H,0,
production in intact mitochondria have been discussed above. In addition, isolated
mitochondria are known to contain endogenous substrates, including glutamate in millimolar
concentrations [51, 52]. This might explain why malate alone can stimulate H,0,
production after rotenone addition to intact mitochondria, albeit at a low rate [3]. Aspartate
addition inhibited H,O, production [3], probably because rotenone-induced dissipation of
membrane potential is expected to stimulate aspartate uptake in exchange for matrix
glutamate [53]. However, the aspartate effect was potentiated with ATP [3], which may
generate some membrane potential in rotenone-inhibited mitochondria, and thereby enhance
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aspartate efflux in exchange for glutamate. Because no extramitochondrial glutamate was
present in these experiments and aspartate/glutamate exchange (1:1) did not occur, aspartate
may indirectly inhibit KGDH by decreasing concentration of its substrates, KG and CoA as
suggested previously [3].

Besides complex |, several flavin-dependent enzymes in the matrix are capable of producing
ROS. Depending on the substrates present, ROS production by KGDH and PDH can be
significantly higher than by complex I [3]. We have shown that KG and CoA addition to
permeabilized mitochondria increases ROS production (Fig. 2B), although at a lower rate
compared to that after addition of piericidin/malate/glutamate. Similar results have been
published recently with permeabilized skeletal muscle mitochondria [3]. Additional
experiments with intact mitochondria suggested that KGDH produces ROS at high rates
mainly when oxidizing KG, whereas the reverse reaction from NADH seems to have less
importance [3]. ROS is produced from the flavin of E3 component of KGDH that can be
reduced by electrons generated due to KG oxidation in the forward reaction or by electrons
from NADH in the reversed reaction. However, H,O, production during KG oxidation by
isolated KGDH is strongly stimulated by NADH and inhibited by NAD™ addition,
suggesting that NADH/NAD" ratio appears to be an important regulator [26]. In our
experiments with piericidin or rotenone causing a high NADH/NAD ratio, it is difficult to
distinguish between NADH-induced ROS production from flavin sites of complex | and/or
KGDH in the matrix in the absence of an available NADH binding site inhibitor specific for
complex | or KGDH.

Because KG oxidation was most likely inhibited due to CoA efflux in permeabilized
mitochondria, we assume that ROS production under our conditions was predominantly due
to NADH generation and an increased NADH/NAD™ ratio stimulating ROS generation by
inhibited complex I and by possibly several other NAD(H)-linked flavin-containing matrix
enzymes [3].

Different from the high NADH/NAD™ ratio requirement for ROS production by complex |
and other matrix NADH/NAD* isopotential flavoenzymes, maximal ROS production by
complex I11 in the presence of succinate and antimycin requires partially oxidized
ubiquinone pool [54]. The requirement for oxidized ubiquinone may indicate that electrons
are donated to O, by reverse electron transfer from reduced heme By via ubiquinone [54].
This mechanism offers an explanation why a) complex Il inhibition increases ROS
production by antimycin-inhibited complex 11 in the presence of exogenous succinate [55]
and b) stigmatellin-sensitive ROS production by antimycin-inhibited complex 111 has a bell-
shaped response to succinate or malate/glutamate concentration. In this case, ROS
production peaks at about 1 mM and then decreases with further increases in substrate
concentration [56]. It also explains why oxidation of endogenous succinate was capable of
inducing significant ROS production by antimycin-inhibited complex 11 (Fig. 5).

Finally we want to underline that we studied the regulation of NADH and ROS production
during complex | inhibition in permeabilized mitochondria in the presence of glutamate and
malate but in the absence of exogenous pyruvate. As we have shown malate/pyruvate-
energized mitochondria respond to alamethicin differently because CoA efflux inhibits
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NADH and Acetyl-CoA generation by PDH (Fig. S2). In intact mitochondria Acetyl-CoA
generation by PDH is expected to decrease the rate of glutamate transamination as Acetyl-
CoA competes for the available oxaloacetate [57]. However, if significant ROS are being
produced, citrate oxidation may be inhibited because aconitase is highly sensitive to
superoxide [58]. After significant inhibition of aconitase by superoxide or H,O5 [59], the
TCA cycle segment from KG to oxaloacetate is still functional and can generate NADH,
provided that KG, CoA and NAD* are available and KGDH is not significantly inhibited by
ROS [59]. KGDH competition with pyruvate dehydrogenase for CoA has led to the
suggestion that TCA operates in two segments: one from Acetyl-CoA to KG and second
from KG to oxaloacetate [60]. In addition, cardiac mitochondria contain NAD*-dependent
malic enzyme that can oxidize malate and reduce NAD*, producing pyruvate and CO, [24].
As shown in supplemental Fig. S1, this mechanism of NADH production was strictly Mg2*-
or Mn2*-dependent and because pyruvate is generated in this reaction, NADH production
was enhanced also by CoA addition to permeabilized mitochondria. CoA alone had no effect
on malate-dependent NAD* reduction, which rapidly accelerated upon addition of MgCl,
and then, was completely inhibited by Mg?* chelation with EDTA. However, NADH
production via MDH could be activated again by glutamate addition in the absence of free
Mg?2* (Fig. S1). MnZ* had similar effects as Mg2*, with malic enzyme activation taking
place at even lower [Mn2*] than [Mg2*]. CoA addition accelerated Mn2*-dependent NADH
production, especially at low concentrations of MnCl,, indicating that CoA dependent
pyruvate decarboxylation was involved. MgATP hydrolysis by F1Fy ATPase in response to
AV dissipation is expected to increase matrix free [Mg?*] because ATP has a higher affinity
for Mg2* than ADP [61], but it is unclear whether or not this increase is enough to enhance
malate-dependent NADH generation by malic enzyme. Whether malic enzyme is activated
by changes in matrix [Mn2*] is also unknown. Therefore, the conditions required for NADH
generation by malate oxidation alone need further clarification. In our experiments with
malate and glutamate, the lack of pyruvate excludes the role of the first segment, and
therefore only the second segment coupled to the malate/aspartate shuttle can be analyzed.
Nevertheless, the results presented in this study suggest that NADH/NAD*-dependent ROS
production by complex I, KGDH and possibly other matrix NAD/NADH consuming
flavoproteins is closely regulated by changes in matrix [KG], underlining critical importance
of KGDH complex activity in regulating the directionality of malate <+ oxaloacetate step
[60]. More generally, our findings highlight the complexity in dissecting the roles of various
electron transport chain complexes and substrate/enzyme interactions in generating ROS
under pathophysiological conditions such as ischemia/reperfusion.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

. We studied malate/glutamate-stimulated ROS production after complex |
inhibition

. Permeabilization revealed substrate/enzyme interactions essential for ROS
production

. ROS generation depends on local NADH production to generate a high
NADH/NAD* ratio

. A high NADH/NAD ratio requires functional coupling between MDH and
AST

. Oxaloacetate removal and CoA-dependent ketoglutarate oxidation play key
roles
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Fig. 1. Malate/glutamate-induced NADH and ROS production depends on functional coupling
between malate dehydrogenase (MDH) and aspartate aminotransaminase (AST)

Additions to all traces are indicated by black arrows; additions to one trace only are
indicated by the same color arrows. A. Mitochondria incubated with NAD* (200 uM) in the
absence (blue trace) or presence of the AST inhibitor AOA (0.5 mM) (red trace) were
permeabilized with alamethicin (Ala) and inhibited with piericidin (Pier, 0.2 uM) before
adding malate (Mal) and then glutamate (Glu) (both 5 mM). In the absence of AOA (blue
trace), NAD(P)H fluorescence (Fnap(p)n) did not increase signficantly with malate alone
until glutamate was also added. Addition of a-ketoglutarate (KG) and aspartate (Asp) (0.25
mM each) to reverse the coupled MDH/AST reactions resulted in rapid oxidation of NADH.
Adding CoA (0.2 mM) and KG (0.5 mM) had no significant effect until AOA was added to
prevent NADH oxidation by MDH and allow NADH generation by a-ketoglutarate
dehydrogenase (KGDH). In contrast, pretreatment with AOA (0.5 mM, red trace) prevented
the malate/glutamate-induced increase in NADH until CoA and KG were added to stimulate
NADH generation by KGDH. B. Corresponding H,O» production by permeabilized
mitochondria under similar conditions used to measure NADH production in A, with either
5 mM malate (blue trace) or 5 mM glutamate (green trace) added before the other substrate.
Malate and glutamate alone had no effect on H,O, production, but the combination
increased H,0, production, which was not further enhanced by CoA (0.2 mM). If
mitochondria were incubated with AOA (0.5 mM) before adding substrates (red trace),
H,0, production by malate/glutamate was suppressed. Under these conditions, addition of
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CoA (0.2 mM) and KG (0.5 mM) to activate ROS production by KGDH increased H,0,
production, but to a lesser extent. At the end of all the traces, catalase (Cat, 2 pM) was added
to show that increase in fluorescence was due to H,O, production. Bar graph shows
average H202 production for 3-5 preparations under those different conditions. C.
Demonstration that AST and glutamate are required to enhance NADH production by MDH.
Purified MDH (22 pg) and AST (15 pg) were incubated with NAD* (100 pM) in the absence
or presence of 0.25 mM AOA. Addition of 2 mM malate caused a rapid but small increase in
NADH fluorescence, consistent with rapid product inhibition by oxaloacetate and NADH
accumulation. In the absence of AOA (blue trace), addition of glutamate (2 mM) rapidly
increased NADH generation, which was reversed by adding KG and aspartate (10 mM
each). In presence of AOA (red trace), the effect of glutamate on NADH generation was
completely prevented. D. Schema of the MDH, AST and KGDH reactions. SP is succinyl
phosphonate, a potent inhibitor of KGDH.
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Fig. 2. Malate/glutamate-induced ROS production in intact, piericidin-inhibited mitochondria
Mitochondria incubated in the presence (red trace) or absence (blue trace) of AOA (1mM) to

inhibit AST were inhibited with piericidin (0.5 pM). Malate and glutamate (5 mM each)
were added as indicated, followed by alamethicin and catalase. Bar graph shows average
H,0, production for 3 preparations under those different conditions

Free Radic Biol Med. Author manuscript; available in PMC 2017 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Korge et al.

Mito Mal/Glu
Ala

Page 23

T

o
N
1

H,O, production
(nmoles/min/mg)
°
(=)
1

0.0 r.-l

Pier + + +
Mal/Glu
amm *Of
KG, Asp SR .
Mal/Glu - 5 min
(5mM)
0.6 =
350 0 Cat
~ & 300 - I S 5054 -
o= ) £ ®
2 5250~ ) S 04+
o g 200+ 8 Eo03-
5 2100+ c';:g T
S 504 T £0.1+
0 0.0 [
Mal/Glu + + Pier + + + +
Ala Mal/Glu + + + +
KG Ala + + +
KG + +
CoA, AOA +

Fig. 3. A. Reversal of MDH/AST reactions with a-ketoglutarate (KG) and aspartate (Asp)
inhibits malate/glutamate-induced HoO» production

Additions to all traces are indicated by black arrows; additions to one trace only are
indicated by the same color arrows. In permeabilized mitochondria inhibited by piericidin
(Pier, 200 nM), H,0, production increased after adding malate (Mal) and glutamate (Glu) (1
mM each) and then was rapidly inhibited by KG and Asp (0.1 mM each) (blue trace).
Addition of KG and Asp before malate/glutamate (1 mM) prevented the increase in H,O»
production (red trace). In both cases, additional malate/glutamate (5 mM each) to change the
MDH/AST equilibrium in favor of NADH production stimulated H,O, production. Bar
graph shows average H202 production for 4 preparations under those different conditions.
B. H,0O, production by KGDH during KG oxidation requires CoA addition in
permeabilized mitochondria. After permeabilization, addition of KG (2 mM) and CoA
(0.3 mM) stimulated H>O5 production (0.1 nmol/min/mg), which was suppressed by adding
the KGDH inhibitor succinyl phosphonate (SP, 2mM). C. Alamethicin addition to malate/
glutamate (5 mM each) energized mitochondria accelerated O, consumption that was
rapidly inhibited with KG (2 mM), further activated with CoA (0.2 mM) and inhibited with
SP (1 mM) addition. Bar graph shows relative change in O2 consumption after alamethicin
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and KG addition. Malate/glutamate stimulate O2 consumption before alamethicin is taken
for 100%. D. Alamethicin addition during malate/glutamate-stimulated ROS
production by piericidin-inhibited (0.2 uM) intact mitochondria significantly accelerated
ROS generation that was inhibited with KG (2 mM) and activated by AOA (0.5 mM) after
CoA addition. Bar graph shows average H202 production for 4-6 preparations under those
different conditions.
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Fig. 4. NADH-induced ROS production in piericidin-inhibited permeabilized mitochondria
depends on the matrix NADH/NAD" ratio rather than total [NADH]

Additions to all traces are indicated by black arrows; additions to one trace only are
indicated by the same color arrows. Piericidin (Pier, 500 nM) was added to permeabilized
mitochondria followed by NADH at the concentrations indicated at the end of the trace.
Addition of malate (Mal) and glutamate (Glu) (5 mM each) accelerated H,O» production to
similar levels in all cases, despite the different amounts of NADH added. Adding a-
ketoglutarate (KG) and aspartate (Asp) (5 mM each), or catalase (Cat), suppressed H,O,
production. Inset in left upper corner shows changes in NADH fluorescence after 100 uM
NADH was added to piericidin-inhibited permeabilized mitochondria. After reaching a peak,
NADH fluorescence declined slowly, but then increased with addition of malate and
glutamate, consistent with the maintained H,O, production in the main panel (purple trace).
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Fig. 5. H,O production by permeabilized mitochondria depends on whether piericidin or

rotenone are added before or after malate/glutamate

Additions to all traces are indicated by black arrows; additions to one trace only are
indicated by the same color arrows. A. H,0, production when piericidin (Pier, 200 nM) was
added before malate (Mal) and glutamate (Glu) (5 mM each) was 0.45 nmol/min/mg and
terminated by catalase (Cat) (red trace a). In the same preparation, H,O, production was
progressively reduced when piericidin was added immediately (blue trace b), 1 min (purple
trace ¢), 2 min (green trace d) or 3 min (orange trace €) after malate /glutamate. In trace ¢ 10
mM glutamate (10 mM) and in traces d and e, antimycin (Ant, 1 uM) was also added. In
trace e, the complex Il inhibitor atpenin A5 (AA5, 250 nM) was added before antimycin. B.
Same as A, but with rotenone (2 puM) in place of piericidin. In trace c, antimycin was added
after inhibition of KG oxidation by KGDH with SP (1.5 mM). In traces d and e, antimycin
was added. In trace d atpenin (AA5 250 nM) was added before antimycin. C,D. Average
H,0, production (nmoles/min/mg) in 4—6 preparations of permeabilized mitochondria
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inhibited with 200 nM piericidin (C) or 2 pM rotenone (D) added before or 2 min after
malate/glutamate (5 mM each). In the latter case, HoO5 production after adding antimycin in
the absence or presence of complex Il inhibitor AA5 is also shown.
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Fig. 6. NADH production by permeabilized mitochondria depends on whether piericidin or
rotenone are added before or after malate/glutamate

Additions to all traces are indicated by black arrows; additions to one trace only are
indicated by the same color arrows. A. NADH production after adding exogenous

NAD™* (200 uM) when piericidin (Pier, 200 nM) was added before malate (Mal) and
glutamate (Glu) (5 mM), followed by a-ketoglutarate (KG) and aspartate (Asp) (0.25 mM
each) (red trace a). Same preparation, but with piericidin added immediately (blue trace b), 1
min (green trace ¢), 2 min (purple trace d) or 3 min (orange trace €) after malate and
glutamate. B. Same as A, but with rotenone (2 uM) in place of piericidin
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Fig. 7.
The relationship between NADH and H,0, production (for the data shown in Figs. 5 and

6).
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Fig. 8. CoA increases H,O, production in permeabilized mitochondria exposed to malate/
glutamate before piericidin

Additions to all traces are indicated by black arrows; additions to one trace only are
indicated by the same color arrows. Compared to when piericidin (Pier, 200 nM) was added
before malate (Mal) and glutamate (Glu) (5 mM each, blue trace), piericidin added to
permeabilized mitochondria 2 min after malate/glutamate had very little effect on H,O,
production (purple trace) as in Fig. 5A. However, addition of CoA (0.2 mM) significantly
accelerated H,O, production. In the presence of AOA (1mM) CoA effect was absent, but
further addition of KG (5 mM) significantly increased H202 production irrespective
whether piericidin was added before (green trace) or after (red trace) substrates. Bar graph
Shows average H202 production for 3—4 preparations under those different conditions.
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Fig. 9. Permeabilization reveals differences in piericidin-induced HoO» production by decreasing
mitochondrial H,O» scavenging power

Additions to all traces are indicated by black arrows; additions to one trace only are
indicated by the same color arrows. Mitochondria were incubated in the absence or presence
of alamethicin (+Ala). Complex | was inhibited by piericidin (Pier, 150 nM) before (blue
trace) or after (red trace) malate (Mal) and glutamate (Glu) (5 mM each) in either intact
(solid lines) or permeabilized mitochondria (dashed lines). Amplex Red/HRP were added
after 4 min incubation, showing that H,O, had accumulated in the buffer in permeabilized
mitochondria but not in intact mitochondria, as indicated by the sudden jump in Amplex
Red/HRP fluorescence. Bar graph shows average increase in [H202] after Amplex
red/HRP addition for 3 preparations of intact or permeabilized mitochondria incubated with
piericidin and malate/glutamate added before or after inhibitor.
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