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SUCCINATE MODULATION OF H,0, RELEASE AT NADH:UBIQUINONE
OXIDOREDUCTASE (Complex 1) IN BRAIN MITOCHONDRIA
Franco Zoccarato, L ucia Cavallini, Silvia Bortolami, Adolfo Alexandre* *
Dipartimento di Chimica Biologica and the IstitwdibNeuroscienze, Sezione di
Biomembrane (Consiglio Nazionale delle Ricercheiyersita di Padova,Viale G.Colombo
3, 35121 Padova, Italy

*1 To whom correspondence should be addressedile-aalfo.alexandre@unipd.it)

Complex 1 is responsible for most of the mitochaaldH,O, release, both during the
oxidation of NAD-linked substrates and during snaté oxidation. The much faster
succinate-dependent@, production is ascribed to Complex I, being rotemeansitive. We
report high affinity succinate - supported@ generation in the absence as well as in the
presence of glutamate/malate ( G/M) 1 or 2 mM eblchrain mitochondria, their only effect
was to increase from 0.35 to 0.5 or to 0.65 mMsthecinate concentration evoking the semi-
maximal HO, release. G/M are still oxidized in the presenceumitinate, as indicated by the
oxygen consumption rates, which are intermediatevd®n those of G/M and of succinate
alone when all substrates are present togethes. &ffect is removed by rotenone, showing
that it is not due to inhibition of succinate influtMoreover,a-ketoglutarate production from
G/M, a measure of the activity of Complex |, is mesed but not stopped by succinate. It is
concluded that succinate-inducegOd production occurs in conditions of regular downavar
electron flow in Complex I. Succinate concentratappears to modulate the rate g0

release probably by controlling the g8 ratio.

Short title: H,O, release at mitochondrial NADH:ubiquinone oxidoretdse in brain
Keywords : Brain mitochondria, NADH:ubiquinone oxidoredusga(Complex [), KO-

production, Succinate.

Abbreviations used : Complex I, NADH:ubiquinone oxidoreductase; R@&gctive oxygen
species; G/M, glutamate/malatey-KG, a-ketoglutarate; OAA, oxaloacetate; SOD,
superoxide dismutase; HRP, horseradish peroxidd3€A, perchloric acid; AY,
mitochondrial membrane potentiapH, mitochondrial pH gradientAp, mitochondrial

protonmotive force.
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INTRODUCTION

Mitochondria arghe major site of reactive oxygen species (ROS)lycbon in mammalian
cells and superoxide (O appears to be the primary ROS produced as thétref single
electron reduction of

Mitochondrial Complex | is the most complicated &ealst understood electron carrier in the
respiratory chain. Its primary function is to pumpmtons across the inner membrane. A
second property of Complex | is a highly modula@d production. @ from Complex | is
generated on the matrix side of the inner membfahend is transformed into 4@, by
mitochondrial Mn-SOD. The highly permeable,®4 is the measured species in the
extramitochondrial space. The importance of ROSorahfrom the mitochondrial matrix is
demonstrated by the poor survival of Mn-SOD nuiten2] and by the increased life span
of mice expressing mitochondrial catalase [3]. Claxpll also is known to produce ;O
(mainly on the cytosolic space). However this @elease is largely dependent on the
presence of the electron transfer inhibitor antimyx [4].

ROS have been considered important in various pagles [5] and aging [6]. More recently
however it has been recognized that ROS have i@popghysiological roles as signalling
molecules, whose functions are just emerging [dm@lex | is now considered the major
site of Q /H,O, production.

H,0O; is generated during coupled respiration of NADkéid  substrates (the release is
increased by the electron transfer inhibitor rotex)pit is also generated, at a much faster
rate, during coupled succinate respiration (praduacis strongly inhibited by rotenone and
by decreasing membrane potential). These propeatesaken as evidence that succinate-
dependent peroxide generation occurs in Complgshillof the rotenone inhibition site ( i.e.
via energy-dependent reverse electron transfer ftmmplex Il to Complex | [8-13]). We
have shown that the Parkinson disease toxin domsniome (derived from dopamine)
promotes a strong increase of@4 production both with glutamate/malate (G/M) andhe
further presence of succinate [14], and tha®Hs removed by GSH peroxidase [15]. The
succinate-dependent peroxide production is coetloly ApH across the inner membrane
and is depressed when such gradient is abolisheld The physiological importance of
succinate-sustained,8, generation, being linked to a situation of revesletron transfer,
has been considered dubious [9-13,16,17].
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In this study we analysed the production gfOBlin brain mitochondria in the presence of
both the NAD-linked substrates G/M (or pyruvate/at@) which gave the same results) and
succinate, i.e. close tmn vivo conditions. We show that succinate-dependent |m#0oX
production initiates at low physiological concetitas and is only marginally modified by
the presence of G/M. Furthermore, G/M oxidationpm®gressively decreased, but not
abolished by succinate and the two substrates appeampete for electron transfer.

We propose that the sharp dependence of i generation rate on succinate concentration

is an important modulator in the overall celluld@®® production.

MATERIALSAND METHODS

Reagents

Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine) wimem Molecular Probes, Inc.
Horseradish peroxidase (HRP) (grade | ; EC 1.1).]1.Gatalase from bovine liver (EC
1.11.1.6) anda-ketoglutarate d-KG) dehydrogenase from pig heart (EC 1.2.4.2) were
supplied from Sigma. All other reagents were dlptical grade.

Preparation of Rat Brain Mitochondria

Brain mitochondria were isolated from cerebral iced of 6-7 weeks old rats as described
[15].

Standard Incubation Method

Mitochondria (0.4 — 0.6 mg/ml) were incubated at’@0in 125 mM KCI, 1.2 mM KHPQ,,

1.2 mM MgC}, 500ug/ml defatted bovine serum albumin, 20 mM MOPS, 8 (adjusted
with KOH), and 10QuM EGTA. Further additions were as specified infigare legends.
Hydrogen Per oxide M easur ements

Hydrogen peroxide was measured witluM Amplex Red and 1%g/ml HRP (3.75 Units)
included in the incubations.,B, was detected by the formation of the fluorescemiphex
Red oxidation product resorufin using excitatior amission wavelengths of 563 and 587
nm, respectively, on a Shimadzu RL-5000 spectrofioeter in a stirred cuvette [14],6,
release was linear for at least 6 — 8 minutes. H¥@®, calibration scale is linear in the 0-5
MM range, and at the end of each assay, tracescaébeated by the addition of 8, (500
pmol).

Assay of a-Ketoglutarate

The a-KG assay was performed as in [18,19]. In briefitoohondria (4 mg/ml) were

incubated in the standard incubation medium undgtateon for 10 minutes with the
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indicated amount of substrates. During incubatiabstgrate concentrations of glutamate,
malate and succinate were maintened constant byiaddf 0,3 mM glutamate and malate
and 0,5 mM succinate at 5 minutes. Reactions stemped by addition of cold PCA (12 %)
and samples left in ice 20 minutes before cemgafion. Enzymatic fluorimetric titration of
NADH formed bya-KG oxidation was carried out in 10@ aliquots of the supernatant
neutralized with KOH in 20@l (final volume) of medium containing 100 mM Na-@pbhate
(pH 7.3), CaGl 5 mM, MgCh 1 mM, EGTA 5 mM, NAD 1 mM , and 0.2 mg/ml (160 mU)
of a-KG dehydrogenase in a plate reader Fluoroskébat460 nm ex/em. The reaction
was started by addition of 10V CoASH. a-KG concentrations were calculated from the
titration curve of the rates obtained with knowemparable amounts of standareKG.
Values are reported as n moles /min/mg protein.il&imesults were obtained by spinning
down mitochondria at the end of incubation and meag a-KG in the PCA-treated
supernatant. Also, including catalase |(§/ml) in the incubation medium was without
significant effect ora-KG accumulation.

Other assays

Mitochondrial Membrane potentiéhy) was measured using fluorescence quenching of the
cationic dye safranine (M) at 495 nm (excitation) and 586 nm (emission)iras[15].
NAD(P) reduction was monitored fluorimetrically 848 nm (excitation) and 464 nm
(emission) as in [15]. Mitochondrial Respiratiovas monitored in the presence of HRP and
Amplex Red with a Clark-type oxygen electrode ih.@ ml closed chamber with continuous

stirring.

RESULTS AND DISCUSSION

Complex | dependent H,O, release with succinate and G/M

Fig.1A shows the fast #, production rate in brain mitochondria oxidizingceunate (trace
a) and the much slower peroxide generation with G#1the substrates (trace b). The
production of HO, as a function of succinate concentration, in th&eace and presence of
G/M, is reported in Fig.1B. The maximab®, release (with 3 mM succinate) was unaffected
by G/M. The half maximal peroxide production withcsinate alone was at approximately
0.35 mM. With G/M (1 mM each), a concentration whiproduced maximahp, the BHO,
release at zero succinate was about 0.15 nmol/mgémid the further addition of succinate
promoted a sharp increase of peroxide productigith a half maximal stimulation at about
0.5 mM. A similar behaviour was obtained at higfemM) G/M. In this situation the half
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maximal stimulation of peroxide release by suc@naas increased to 0.6 - 0.65 mM. The
rotenone-inhibited kD, production rates with succinate are also repoitedig. 1B. It is
likely that this residual bD, release also originated from Complex I, since sate
promoted a large NAD(P) reduction in the presenéeratenone, likely via malate
dehydrogenase. Similar results were obtained wighigidin (not shown). Anyway, in the
hypothesis that the peroxide generation with suteirmand rotenone was not originating at
Complex I, these rates were subtracted from theisaie and succinate-G/M values of
Fig.1B. The results are reported in Fig.1C. Thegresent certainly Complex I-dependent
H.O- releases with succinate and G/M.

Succinate does not prevent electron flow from G/M in Complex |

The generally accepted view is that succinate ptembbO, release by pushing electrons
back into Complex I, in a reverse mode of electransfer. With NAD-linked substrates and
in the absence of succinate;(d release is slow and can be increased in a nonglbgeal
situation, i.e. in the presence of rotenone-typetebn transfer inhibitors and higtpH [17].
Alternatively peroxide release was reported to bergdased in cytochrome c depleted
mitochondria [20]. The findings reported in theegent study show that low succinate
promotes HO, release also in the presence of high NAD-linkethstnates. It can be
guestioned if succinate in these conditions opsrataeverse” mode of electron flux, i.e. if
the oxidation of G/M is prevented. To solve thisblem first of all we analysed the rates of
O, consumption with G/M (1 mM each), succinate and thixture. Typical results are
reported in Table 1 showing the experiment with B8l succinate (a concentration that
promotes a large D, release). The oxidation rate was higher with swatei than with G/M,
likely reflecting the lower number of protons pusdpby succinate, which does not feed
electrons to Complex I. However, the €@nsumption rate with the mixture was intermediate
between that of the two constituents alone, a ptesgidication that both succinate and G/M
were contributing to @consumption when they were present together. énptiesence of
rotenone, the ©@consumption rate with succinate was not signifigaaffected by G/M,
showing that there was no limitation to succinatailability. The overall titration of @
consumption with increasing succinate, in the absemd presence of constant (1 mM) G/M
is reported in Fig. 2. Above 0.2 mM the succinat@lation rate was faster than that of G/M
and the addition of G/M induced a decrease pt@hsumption to intermediate values. Only
above about 1.5 mM succinate, G/M became incafgabldecrease the succinate oxidation
rate. These results confirm that a fraction ofdkierall oxidation rate was indeed dependent

on G/M when both G/M and succinate were supplieshitochondria.
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Although the results just presented are a strondeace in favour of the hypothesis that
electrons actually flow downward in Complex | aldoring the succinate-promoted®
release in the presence of G/M, they are not a&didemonstration that this really occurs. As
a second approach to prove this point we measteddneration afi-KG with G/M, in the
absence and presence of succinate. The accumutHtimKG is directly connected to the
oxidation of G/M, via glutamate dehydrogenase, @ glutamate-oxaloacetete (OAA)
transaminase, where OAA originates from malate atioth. As shown in Fig. 3g-KG was
accumulated during the oxidation of G/M, but notidg succinate oxidation. With G/M, the
further presence of succinate progressively deeckdsut did not abolisty-KG production.

At 1 mM succinateq-KG production was still 30% of the control withaauccinate. These
results are in agreement with the data on respirgtiesented above.

These experiments demonstrate conclusively thattreles keep flowing down from
Complex | in the presence of succinate and duiiregprocess of succinate-supportesD
production.

H,O, releaseis controlled by ApH

The succinate-induced ,B, release is dependent dp across the inner mitochondrial
membrane. Howevefp is the sum of two components, the differencel@atdcal potential
Ay and the difference in pHApH). It has been shown recently tiAqiH is a major controller
of succinate-dependent peroxide production [16].fdot, the inclusion of the ¥H”
ionophore nigericin (in a high 'K medium) allows K equilibration and hence *H
equilibration ApH = zero): this results in a corresponding eqentlincrease oAy to
maintain Ap constant (ref 16, and results not shown). Inehesnditions, the succinate
promoted HO, release is at its lowest. The succinate titratbdrperoxide release in the
presence of nigericin and G/M (Fig. 4) shows that dverall production rate was depressed
relative to Fig. 1B (dotted line) but that the patt was unchanged. On the contrary,
increasing\pH by omitting phosphate (whose influx via th&HP symporter decreasépH),
promoted a higher succinate-dependepOHrelease [16], without changing the general
behaviour in the presence of G/M (Fig.4).

Conclusions

The results presented show that the succinate lstiim of mitochondrial HO, release
occurs at low concentrations and that the presendd/M modifies only marginally the
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succinate promotion of peroxide release. Furtheem@/M oxidation is decreased but not
prevented by succinate.

When both NADH and succinate are present (th&ivo situation) it appears that they
compete for Complex | (or a part of it), the fimshing electrons down and the second
pushing electrons up into the complex. The twaesses appear to occur at the same time,
possibly due to competition between regular quin@tiction from NADH and re-binding
of the reduced species due to its higher condamtrauring the operation of Complex II.
Electron backflow with succinate could mean justding of QH originating from
Complex Il to the quinone binding site on Complexith O,” generation occurring right
there (as speculated in ref.17) instead of elestgwing uphill to a different site of ,O
production. In this view, the fact that G/M atdl ©xidized in the presence of succinate
does not contradict any previously drawn conclusion

The high mitochondrial Q¥Q ratio induced by succinate appears the majarohenant of
H.O, release. Similarly, G/M alone induce highQd release rates in cytochrome c depleted
mitochondria [20]. In the latter situation the @ral of cytochrome c decreases the rate of
electron flow and consequently increases@HA similar effect could occur following NO
inhibition of cytochrome oxidase [21,22].

Succinate concentratiom vivo is controlled by the activity of the other dehygeoases,
which are NAD-dependent. It is significant thatvivo succinate concentration oscillates
between 0.3 and 1 mM, as determined by Sato E3}l.in perfused heart.

Preliminary results appear to indicate a similagamization of HO, release in heart

mitochondria.
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Table 1 O, consumption rate measured in mitochondria oxidizing different respiratory
substrates.

Mitochondria (0.9 mg/1.6 ml) were incubated in si@m mediumsupplemented with amplex i
and HRP and respiration rates were measured. Ghieamalée (1 mM each), succinate (0.5 r
and rotenone (1 uM) were present or added as iredicBata are means = Sm at least sevi

independent experiments.

Rate of Oxygen consumption

Substrate (n atoms x Ainmg?)
Glutamate/malate 105+25

+ succinate 816.2.0
Succinate 28.0+ 3.0

+ glutamate/malate 175+£1.2
Rotenone/glutamate/malate/succinate 27.5%+2.0
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FIGURE LEGENDS

Fig. 1. Titration of succinate-promoted H,O, generation. A) Different rates of KO,
production are elicited by G/M and succinate. Suaig (trace a) and glutamate plus malate
(trace b) were 1 mM. Mitochondria (0.75 mg/1.6 mBre incubated in standard incubation
medium containing HRP. Amplex Red was added atatinew. B) HO, production was
measured in the absend®) (and presence of G/M, 1 mM\() or 2 mM each 4). Where
present, rotenone was 28V (®) without G/M. C) Net HO, releases calculated by
subtracting the rotenone rates from the no rotemates in B. Traces in A are representative
of duplicate traces from at least seven indepenebgnériments. Data in B are meanSD
from at least five independent experiments.

Fig. 2. Succinate does not prevent G/M oxidation. Mitochondria (0.9 mg/1.6 ml) were
incubated as in Table 1 with variable succinate emstant G/M (1mM each). Succinate
alone QO) and in the presence of G/Mi), Data are means SD from at least five
independent experiments.

Fig. 3. a-KG is produced during coupled oxidation of G/M and succinate. Mitochondria
(4 mg/ml) were incubated 10 min with 1 mM G/M andanate as indicated. Extra G/M (0.3
mM each) and succinate (0.5 mM) were added at 5 e values are meansSD from
duplicate incubations from five preparations.

Fig. 4. The H,O, release rates are controlled by ApH. Conditions as in Fig. 1 with 1 mM

G/M. The titration was performed in the presencd@d nM nigericin 1) or in the absence
of phosphate@). The dotted line represent values from Fig. XtrBce in the presence of
G/M 1 mM). Data are meansSD from at least four independent experiments.

' 2007 The Authors Journal compilation ' 2007 Biochemical Society



Biochemical Journal Immediate Publication. Published on 3 May 2007 as manuscript BJ20070215

13

A) B)
2000 T
a
5 1500
1S
x
£
H20; £
(350 p moles) ® 1000
2
120s a
L =
Q, 500 |
b I
O + T T T T T
T 0 0,5 1 15 2 2,5
[Succinate] (mM)
Fig.1
=)
S
x
£
S
n
IS
o
IS
£
c
(]
(@]
>
x
@)
5 ,
0 C” T T
0 0,5 1 15

[succinate] (mM)

Fig. 2

' 2007 The Authors Journal compilation ' 2007 Biochemical Society

C)

H,O, (p moles / min x mg)

1500}

1000+

5001

T T —

0 1 2 3

[Succinate] (mM)



Biochemical Journal Immediate Publication. Published on 3 May 2007 as manuscript BJ20070215

14

18

12 -

a-ketoglutarate (n moles / min x mg)

S1mM GM1 GM/S GM/S1
mM 05mM mM

Fig.3

' 2007 The Authors Journal compilation ' 2007 Biochemical Society



Biochemical Journal Immediate Publication. Published on 3 May 2007 as manuscript BJ20070215

15

3000 7

H,O, (p moles / min x mg)

0 \ T 1
0 1 2 3

[succinate] (mM)

Fig.4

' 2007 The Authors Journal compilation ' 2007 Biochemical Society



