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SUMMARY

1. The reduction of added DPN by succinaie catalyzed by submitochondrial
particles from beef heart has been studied.

2. The reduction was endergonic and required specifically the addition of ATP.

3. The reaction had a limited specificity for electron acceptors; six DPN analogues
tested were reduced at the same rate or nearly the same rate, as was DPN. TPN was
only reduced at a very slow rate.

4. The rate of reduction was influenced by phosphate and ADP and their effects
became pronounced if added together.

5. The effect of DPNH was marked only if added in a concentration equal to or
cxceeding that of DPN.

6. Respiratory inhibitors acting in the flavin region of the respiratory chain
blocked the reaction.

INTRODUCTION

The reversibility of the oxidative phosphorylation processes was postulated by Davies
AND KRrEBs and by KorRNBERG AND KREBs 2 in 1957. The first experimental evidence
for a reversibility wac presented by CHANCE AND HOLLUNGERS in 1957, who reported
their studies in greater detail? in 1960. These first reports dealt with a reduction of
intramitochondrially bound DPN by succinate via the respiratory chain. Intra-
mitochondrially generated high-energy bonds from the terminal oxidation of suc-
cinate constituted the energy source for this reduction.

Simultaneously and independently KLINGENBERG et al.%:® and AzzONE ¢ al?
had made similar findings. KLINGENBERG ef al.5:% demonstrated a reduction of DPN,
using a-glycerolphosphate or succinate as the electron source. ERNSTER® demonstrated
an Amytal-sensitive reduction of acetoacetate by succinate in 1961.

All three groups have developed various aspects of these processes in further
extensive studies®?21, and a reveisibility over the entire resp:ratory chain has been
demonstrated by the oxidation of reduced cytochrome a by bound DPN in a system
blocked with cyanide?s.

These investigations have either been dependent on a refined spectrophotometric
technique for studies of shifts in the oxidation—reduction state of electron carriers on
the enzyme level, or else more indirect method= have been used such as the reduction
of acetoacetate, utilizing the mitochondrial dehydrogenase to trap the hydrogen from
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intramitochondrially bound DPNH. In this latter case it has been possible io demon-
strate reducticn of DPN in “‘substrate’”” amounts with intramitochondrially generated
high-energy bonds as the energy source and succinate as the electron donor!®-21.

The present paper describes some experiments in which ‘‘substrate” amounts of
added DPN have been reduced by svccinate in submitochondrial particles utilizing
added ATP to drive the reaction.

The aspects covered in the present paper are the specificity of the source of
energy, the specificity of the electron acceptor, the effects of Mg?*+ and Py, the efiects
of inhibitors of electron transport and of oxidative phosphorylation, and also the
stoichiometric relationship between the amount of ATP broken down and the amount
of DPNH formed. A detailed description of the procedure for the preparation of beef-
heart mitochondria as well as for the submitochondrial particles is given.

A preliminary report on these findings has been published earlier?2.

MATERIAL AND METHODS

The method for the preparation of beef-heart mitochondria described here is a slight
varijation of the method of CRANE, GLENN AND GREEN?, modified to suit the local
conditions The separation of heavy and light mitochondria was done according to
HATEFI AND LESTER?® and the preparation of particles, ETPg, by the method of
LINNANE AND ZIEGLER®® with minor modifications.

Preparation of heavy beef-heart mitochondria

The beef hearts, obtained in the slaughter-house immediately after killing, were
cut up radially to remove the blood. They were transported in ice containers to the
laboratory cold room. where connective tissuc, fat and coagulated blood was trimmed
off. The pieces were cut radially and passed through a precooled electric meat grinder.
The ground meat was fed into a beaker containing 0.25 M sucrose and the pH was
continuously adjusted to about 7.5 with 1 M Tris. The suspension was drained on
a double layer of cheese-cloth, and the material was then weighed in ice-cooled beakers
into 500-g aliquots, each of which was resuspended in 1000 ml of a 0.25 M sucrose
solution, 0.015 M with respect to EDTA. The suspensien was stirred and saturated
with nitrogen and the pH was adjusted to 7.4 with 1 M Tris. The material was further
disintegrated by using an Ultra-Turrax™ homogenizer for @ min, the pH being con-
tinuously adjusted. The homogenate was centrifuged at 1550 rev./min for zo min
in 1-1 containers in rotor No. 256 in an International centrifuge model PR-2. The dark
red supernatant was decanted through a double layer of cheese-cloth and then
centrifuged in a Servall model RC 2 centrifuge. This centrifugation was either done by
continuous flow in rotor No. SS-34 at 30000 ~ g, with the system initially filled with
0.25 M sucrose, or alternatively, a rotor No. GSA with 250-ml plastic containers was.
used, centrifuging at 10000 » g for 15 min. The red brown sediment was suspended
in 0.25 M sucrose, 0.01 M with respect to Tris- HCl, at pH 7.4, and homogenized in a
Potter—Elvehjem glass-teflon homogenizer

" The next centrifugation was done in plastic tubes in No. SS-34 rotor for 10 min
" An Ultra-Turrax TP 18/2 (Jankc und Kunkel KG., Staufen in Breisgau, West Germany),

is essentially a stainless-steel tube, the end of which is slit radially; a head with two knives rotates
in this end at a speed of 24000 rev./min.
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at 17000 > g. The two upper layers of light mitochondria were discarded and the
lower dark laver of heavy mitochondria was re-homogenized in a glass-teflon homo-
genizer in sucrose—Tris solution and recentrifuged at 17000 x g. If light mitochondria
were still remaining, they were discarded and the heavy mitochondria were finally
homogenized in 0.25 M sucrose. The mitochondrial suspension was adjusted to contain
20 mg protein per ml.

The preparation has usually started with 4 beef hearts which, dependlng on size,
gave 3000—4000 g of minced meat. The vield of heavy mitochondria varied between
1000 and 2300 mg of protein.

Preparation of submitochondrial particles (ET Pyy)

The heavy beef-heart mitochondria suspended in 0.25 M sucrose were stored at
—10° overnight. The suspension was thawed under the cold water tap and given a
final concentration of 0.015 M Mg2+ and 0.00t M ATP. When saturated with nitrogen,
25-ml aliquots were exposed to sonic oscillation for 2 min in a 10 kC Raytheon Sonic
Oscillator cooled with running tap-water (4—-8°). A maximum effect of 1.25 A was used.
The entire treated batch was centrifuged at 15000 > g in the Servall centrifuge, head
No. SS-34, for 6 min. The supernatant fluid was then centrifuged at 100000 x g for
40 min in a Spinco model-L ultracentrifuge. The sediment was resuspended in about
ten times its volume of 0.25 M sucrose made o.01 M with respect to Mg2+, and homo-
genized. This suspension, centrifuged at 100000 < g for 40 min gave a final sediment
of particles which was homogenized and, after proteini determination, adjusted to a
final concentration of 20 mg of protein per ml by adding sucrose—-Mg2+ solution.

The yield of particles was 250-400 mg protein, which corresponded to 17-22 9, of
the protein in the isolated mitochondria.

The uniformity of the particles was controlled by electron microscopy* using two
different techniques: (a), osmium fixation, Epon embedding and sectioning; (b), th«
negative-staining technique according to BRENNER et 2/.25. Both techniques confirmed
the uniformity of the particles. On the sections the particles appeared spherical and
delimited by a single membrane. On the negatively stained preparations the membrane
was visitle as a thin line that on its outer surface was studded by tiny particles each of
about 70 A in diameter) attached by very thin filaments.

Assays

The formation of DPNH was studied by the change of absorbancy at 340 mu ina
Beckman DK-2 spectrophotometer. The cuvette chamber was maintained at 30°.
The reaction mixture contained: 50 mM Tris-HCl at pH 7.5, 6 mM MgCl,, o.2s M
sucrose, 10 mM succinate, 1 mM KCN and 1 mM DPN. Particles were added to a
concentration of 0.15 mg of protein per ml. This mixture was preincubated for about
00 sec in order to obtain a zero-line and the reaction was started by the addition of
ATP, 1 mM, giving a final volume of 3 ml. A homogeneous distribution of the reagents
in the cuvette was attained by bubbling nitrogen through the reaction mixture in a
short period of time.

The succinic oxidasc was measured at 30° for 30 min in Warburg vessels con
taining 1 mM ATP, z mM MgCl,, 12.5 mM P;, o.25 M sucrose, 10 mM succinate, 50 mM

* We arc indebted to Dr. B. AFzeL1us for performing the electron-microscopy.

Biockin.. Biophys. Acta, 69 (1963) 361—373



364 H. LOW, I. VALLIN
glycyl—-glycin buffer, 60 mM glucose and 1.5 mg hexokinase (type 3). The amount of
particles added corresponded to 1 mg of protein and the final volume was 1 ml.
The centre wezll contained 0.1 ml of 2 M KOH.

Protein was determined by the method of GORXALL et al.2? and phosphate accord-
ing to Martin and Doty as described by LINDBERG AND ERNSTERZ.

RESULTS

Phosphorvlating submitochondrial particles were capable of reducing added DPN
with succinate as the electron donor. The reduction was endergonic and required the
addition of ATP. In the experiment illustrated in Fig. 1, the particles were incubated
with succinate and DPN in the presence of cvanide. The addition of ATP at zero time
initiated the reduction of DPN.

Fumarate, added in the same concentrations as succinate, and in the presence or
absence of ATP, did not result in any reduction of DPN. This rules out the possibility
of a reduction by means of DPN-coupled dehvdrogenases, and classifies the reduction
as a ‘‘reversal’’ of terminal electron transport. Over the range used in the assays the
rate of DPN-reduction was proportional to enzyme concentration (Fig. 2).
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Fig. 1. Reduction of DPN by succinate on the
addition of ATP. The cuvette contained in a
final volume of 3 ml, 50 mM Tris- HCl buffer
(pH 7.5), 6 mM MgCl,, o.25 M sucrose, 10 mM
sodiumsuccinate, 1t mM DPN and 1 mM KCN.

mg protein / mi

Fig. 2. The effect of varying concentrations of

enzyme particles on the rate of reduction of

DPN. Experimental conditions were the same

asin Fig. 1. Enzyme concentrations as indicated
in the figure.

Enzyme particles were added corresponding to

a protein concentration of 0.15 mg/ml, the baseline was recorded for about 6o sec before the
addition of 1 mM ATP. The figure shows the DPN-reduction upon the addition of ATP recorded as
an increase in absorption at a wavelength of 340 mu. The temperature of the incubation was 30°.

The reduction was completely dependent on the addition of Mg2+. Maximal
stimulation was obtained at about 5-6 mnM of Mg?+, as shown in Table Ia. The addition
of EDTA inhibited the reduction (Table Ib) to an extent greater than csiuid be expected
from the binding of the added Mg?+. This is taken as an indication of the invclvement
of other sites with functional bivalent metal ions than the site depending on ths added
Mga+.
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SUCCINATE-LINKED DPN REDUCTION 365

Specificity for ATP

The reduction was dependent on ATP. No other nucleotide tested was in the
present system capable to supply energy for the reaction (Table 11a). The reduction
obtained upon the addition of ADP was most likely rne to an adenylate kinase

TABLE Ia
THE EFFECT OF Mg?t ON THE REDUCTION OF DPN

Experimental conditions as in Fig. 1. MgCl, concentrations as indicated

in the table.
2
Mg+ Feanc
{mpumolcs
(mM) n’:z:lmg o}"
protein
o o
X 55
3 63
5 79
6 79
9 70
TABLE Ib

THE EFFECT OF EDTA ON THE REDUCTION OF DPN
Experimental conditions as in Fig. 1. EDTA concentration as indicated in the table.

EDTA Inhibition

(mM) (%)
1 34
2.5 49
5 71
7-5 oo

activity in the particle. In the presence of hexokinase and glucose to trap ATP, ADP
was no longer able to drive the reduction. The addition of phosphoenolpyruvate and
pyruvate kinase had no effect on the rate of reduction. This was somewhat unexpected
in view of the finding of PENEFsKY et a/.2%:30 that an increase in the ATPase rate of a
similar preparation occurred when phosphoenolpyruvate and pyruvate kinase were
used s a feed-in system of high-energy phosphate. These authors have also reported a
potent ITPase activity in their purified preparation. The particles used in the present
investigation also possessed an ITPase activity, which was about half of that of the
ATPase.

ADP has little, or no, effect on the reduction of DPN if added together with the
ATP. If added in equimolar concentration no inhibition could be observed, compared

with an inhibition of aboui 159% when the molar ratio of ATP to ADP was 1/5
(Table 1Ia).

Effect of phosphate

Phosphate had a limited inhibitory effect on the reaction when added alone.
It started {o inhibit in concentrations above 10 mM (Table IIb), However, if ADP was
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present, the P, effect was more pronounced. The inhibition by phosphate reported
earlier?? might have been due to the presence of a higher unspecific ATPase activity,
which brought up the ADP level. The earlier experiments reported by LOw et «l.%*
showed a linear reduction during a shorter time interval and a lower efficiency as
expressed by the ratio of DPN-reduced to ATP added.

TABLE lla
THE EFFECT OF VARIOUS NUCLEOTIDES ON THE REDUCT.ON OF DPN

Experimental conditions as in Fig. 1. ATP is substituted by other nucicotides where indicated.
Hexokinase and pyruvate kinase where indicated, were added in great excess.

. DPN reduced
Nucleotide addition Concentration (mpmoles/min/

{mM) my of protein)

Expt. 1 ATP

Lo 46
ATP 2.0 51
cTP .0 o
GTP 1.0 o
ITP 1.0 o
AMP 1.0 o
ADP 1.0 23
ADP + hexokinase Lo o
Expt. 2 ATP 0.07 14
’ ATP o.10 23
ATP o.17 2
ATP I.o 7o
ATP + phosphoenol
pyruvate + pvru-

vate kinase 1.0 + 1.0 63
Expt. 3 ATD 1.0 69
ATP + ADP 1.0 + L.0 07
ATP 0.2 46
AT + ADP 0.2 + 1.0 39

ADP 1.0 2

TABLE IIb

THE EFFECT OF INORGANIC PHOSPHATE ON THE REDUCTION OF DPN

Experimental conditions as in Fig. 1. Where indicated, ADP was added togetherwith the ATPtoa
final concentration of 1 mM. P; concentrations as indicated in the table.

DPN reduced

Py + ADbP
fmM) { les|] (mumoles]
minjmg of minfmg of

protein) protein

Expt. 1 — 79 8o
0.33 79 76

1.66 69 39

3.33 72 25

Expt. 2 e 68 —
I 73 -—

2 79 —_

5 79 —_

10 51 —_
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‘Whe sffeafioity of the electron acceptor

Thse sppeeifivity for DPN as an electron acceptor is relatively small (Table Illa).
Hix DIPN analbgues were tested. Four of the analogues were substituted in different
wapys iin il 3rposition of the pyridine ring, one had the adenine moiety converted to
iinedine, and! two were altered both in the adenine moiety and in the 3-position of the
jpemitiine oingg:. They were all less good electron acceptors than DPN, but in no case
weas tiive nate: oft reduction lower than about 60 %, of that of DPN.

TBAN,. oni the other hand, was only reduced with a rate of about 15 % of that of
PN, andliffpresent together with DPN, caused a lower rate of reduction as measured
by the imurease in absorption at 340 mu (Table IIIb). Under the present conditions
whiis indhiBitiom was not greatly influenced by change of the DPN/TPN ratio.

‘DHse adPition: of DPNH together with DPN did not drastically influence the rate
«off methurttiien. At equimolar concentrations of DPNH and DPN the rate of reduction
waas amlly 222%, lower than in the control (Table IIIb).

TABLE 1Ila
REDUCTION OF DPN AND sOME DPN ANALOGUES BY SUCCINATE

Eyporimuntal conditions as in Fig. 1, with substitution of DPN by the various analogues tested.
The aandigmes- were purchased from Pabst Laboratories, Milwaukee, Wis., and the spectral
properties of the analogues were quoted from their circular OR-18.

‘1 g_:::_g : i::' Extinction Acceptor reduced
wavelength coefficient used Eapt. 1 ) Expt.a
() {mAf) ( mpmoles{min| (mymous[mgni
mg of protein) mg of protein)
{IFBN 340 6.2 69 65
FRempardine-DPN 363 g.1 61 61
gHumilrealiiehiyde-DPN 358 9.3 41 37
Mionikstinmmide-DPN 3935 1.3 36 57
{Deamnu-{DEN 338 6.2 54 53
g-Y\emtpywmdine-deamino-DPN 361 g.0 43 44
giRwtiliinalitelivde-deamino-DPN 356 9.4 42 43

TABLE I11b
tHE EFFECT oF DPNH anp TPN oON THE REDUCTION OF DPN

Conditions as in Fig. 1.

A:Seﬂ;r
DPN TPN DPNH reauc
(mAL) (mAf) fmM) (;’:m";‘:}
piotein)
Expt. 1 1.0 — — 51
2.0 — — 51
Lo I.o —_ 42
.0 —_— 7
Expt. 2 0.2 — — 39
0.2 — o.1 54-5
0.2 — 0.2 46
0.2 —_— 0.3 28
o.1 — — 54-3
o.1 —_ 0.1 54-5
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Relation between DPNH formed and ATP added

The reduction of DPN proceeded with a linear rate for about 10-15 min msidertte-
present conditions, at which time it started to level off and nnaliy reached equiitlyiismm
(¢f. Fig. 1). The ATP remaining was determined after the reduction had cometaatiait
2.8 pmoles of the initiallv added 3.0 pmoles of ATP had d.lsappea"ed 2 844@5&:3:»@
phosphate were liberated during the samie experiment. The remaining : 022 pmublc
(0.67 mM) was only able to drive the reduction at a relatively low rate, providedthe
ADP and P; concentrations were low (as in Table 1la). Further addition . of ANTY’
resulted in a further reduction of DPN although at a lower rate and to: a-smilder
extent. Upon a second addition the reaction leveled off well before the ATP swasisssek]
up. The extent of reduction seemed to be greatly influenced by the concentrativms$!

ARzl

inorganic phosphate and ADP (cf. Table I1b). Again the ratio of DPNH to I¥PN-seemaek!
to play a small role.

At equilibrinm in the above experiment 2.8 umoles of ATP correspomideil too
0.6 pmole of DPN reduced, giving an ATP/DPNH quotient of 4.7/1.

The ATP/DPNH quotient was also measured under somewhat different  cma-
ditions. The incubation was stopped by the addition of perchloric acid- durimg the
linear portion of the reaction. As seen in the Table IV the ATP/DPNH guoticmt umider
these conditions varied between 3.2 and 3.5. The ATP which was used up inrthereacioon
was ssumed to be equal to the P, liberated. In the same tabie the P; liberated iamider
the same conditions but when no DPN was added, is also given. In all-three sopers-
ments the presence of DPN increased the amount of P; liberated. If this increase ¢{H?;
caused by DPN is taken as the basis for the calculation of the ATP/DPNH . guoisemnt .
values from 0.7 to 0.3 areobtained. It seems likely that an estimation of the ATPIFFNT
quotient based on the gross break-down of ATP during the reduction of DPN invélvesan
overestimation of the ATP requirement due to the unspecific ATPase activity (Onthlee
other hand, if the increase in the liberation of P; is taken as a basis for the estimaataon.
the quotient is probably underestimated, due to a competition between DPNrredmacidon
and non-specific hydrolytic splitting for the primary high-energy intermediate. Thhas<
the present data can only indicate that the quotient is lower than 3.4 andihgheer
than 0.3.

TABLE IV
DETERMINATION OF THE ATP/DPNH QuOTIENT

Experimental conditions were the same as those in Fig. 1 with the exception that the-rederome-

cuvette contained a complete reaction mixture minus DPN. The P; liberated was determumddbhn

taking out an aliquot for analysis simultaneously from each of the two cuvettes. — DENrvedesitar

the reference cuvette,, + DPN to the sample cuvette. AP; refers to the stimulation of pheghhase.

liberation caused by DPN. P;/DPNH refers to total amout of DPN reduced during the sazreppemedd

AP;/DPNH refers to the increase in phosphate liberation caused by the presence of | DPN idemmagx
the incubation period over the amount of DPN reduced during the same periad.

Enzyme DPNH Py likerated P
i N £ > C. 7 7
(‘:Z;:z ({‘m) —_DPN + D".JN. (umoles) Pi{DPNH S IIPRIFE
Expt. 1 0.45 0.24 0.68 0.81 0.13 3.22 carig
Expt. 2 ©.45 0.26 0.66 0.83 o.17 3.22 AR
Expt. 3 0.67 0.27 o.85 0.92 0.07 3.45 o2
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Efect of inhibitors

To elucidate the electron path from succinate to DPN, a series of inhibitors of
clectron transport were tested. As seen in Table V, inhibitors known to act in the
flavin region inhibited the reduction of DPN. 4,4,4-Trifluoro-1-(z-thienyl)-1,3-
butanedione, reported to act as an inhibitor of the succinic-CoQQ reductase? inhibited
the reaction. Amytal, known to act in the diaphorase flavin region®, was a potent
inhibitor of the reduction in concentrations even lower than needed for complete
inhibition of the DPNH oxidase. Rotenone, which like Amytal is reported to inhibit
‘the DPNH oxidase?3. 34 by titrating a site in the flavoenzyme?® alsc proved to be a
powerful inhibitor of the reduction of DPN (Table V).

TABLE V

EFFECTS OF AMYTAL, ROTENONE AND 4,4,4-TRIFLUORO-I-(2-THIENYL)-1,3-BUTANEDIONE
ON THE REDUCTION ofF DPN

Congditior. s were as in Fig. 1. Rotenone and 4,4,4-triflunoro-1-(2-thienyi)-1,3-butanedione were each
added dissolved in 2 ul of ethanol.

" Concentration  Inhibition
Inhibitor (nA) ()
4.4.4-Trifluoro-1-(2-thienyl)-1,3-butanedione 0.027 37
0.054 45
o.11 74
0.22 83
Amytal o.12 i3
0.24 32
0.48 87
0.72 93
(mumolesjmg
of protein}
Rotenone 0.014 31
0.026 45
0.055 68
0.11 87
Q.22 100

For antimycin A% and 2N-nonyl-liydroxyquinoiine-N-oxide¥, inhibitors of
clectron transport acting in the cytochrome region, the picture is more complex.
As demonstrated in Table VI both antimycin A and 2N-nonyl-hydroxyquinoline-N-
oxide, when in high concentration, inhibited the reduction of DPN. In the case of
antimycin A, however, this inhibition occurred at levels which exceeded, by ten- to a
hundred-fold, the level needed to give the same inhibition of the oxidation of succinate
when oxygen was used as an electron acceptor (Table VII). It has been argued that
‘it is not to be expected that the quantitative effect of inhibitors of reversed electron
transfer would be identical with that on forward electron transfer since the rates of
clectron flow differ by about ten-fold"’®. During this investigation the rate of oxidation
of succinate using PPN as the clectron acceptor was between ¢.05 and c.x2 gmele/
min/mg of protein; the same rate using oxygen as the electron acceptor was 0.20-0.30
patom/min/mg of protein. The antimycin A inhibition w~s also tested under con-
ditions where the rate of electron flow was made similar by partially blocking the
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succinic dehydrogenase with malenate:. Thus, when the rate of oxidation of succinate
was brought down to 0.10 gmudlefmim m off protein, the amount of antimycin A
needed to inhibit the reaction wastthe weme asnreeded when the enzvme worked at full
capacity {Table VII). -

TWBILE W

EFFECTS OF ANTIMYCIN A @WND D2NNURVI-HTDROXYQUINOLINE-N-OXIDE OX THE
REDUOIN oF DPN

Conditions were as in Fig. 1. The jdhibttos ware each added dissolved in 2 pl of cthanol.

Concentration P
Inhibitor (ugimgof  THHIHOn
protein) o
Antimycin A t i3
2 18
+ 37
12 03
2 N-Nonyl-hvdroxyvquindline-S-nsidi 0.9 8
1.9 27
2.5 43
3.8 63
5.1 84
7-5 100

Although it might be the “‘Simpllestt” explanation to attribute the inhibition of
antimycin A to its classical effect®, wee woulid! prefer to regard it as a secondary un-
coupling effect resulting in an Al exewinitiv as- described by MYERS AND SLATER®.

2N-Nonyl-hydroxvquinahine-W~oniitk im high concentrations also inhibited the
reduction of DPN. To block the axiflafiiem:offsuccinate with DPN or oxvgen as electron
acceptors respectively, required then times lbss 2.V-nonyl-hyvdroxvquinoline-N-oxide
in the later case. We are inclined e helluwe: that the argument used for the mode of

TWBLE. VI
INHIBITION OF SUCUNNWH ORIDATION BY ANTIMYCIN A AND
2 N-NORMLARDRONEGUINOLINE-N-0XIDE

Experimental conditions are given .in asrmuns, The inhibitors were dissolved in ethanol and
aaded in wiihmes of 2 ui each.

Inhkib Gomcentration Inhibition
thitar ( 1e8img of —
prrotein) i) + mgfj‘;mg

Antimycin A .05 o0 )
a.1 34.6 8
0.1 45.3 35
o.13 82.7 s
.15 100 100

2 N-Nonyl-hydroxyquindlme-N-omdi  o.15 ik o
o2 3.2 22
o-3 443 32
ot 07.2 66
0.6 36,9 68
0.65 Q0.2 s3
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SUCCINATE-LINKED DPN REDUCTION 371

action of antimycin A above might also be applied to the acticn of 2N-nonyl-hydroxy-
quincline on the succinate-linked reduction of DPN.

Agents blocking transphosphorylation such as oligomycin, or which uncouple
transphosphorylation from electron transport such as DNP or dicoumarol were potent
inhibitors of the reduction of DPN (Table VIII). Oligomycin®.4 gave a 509 in-
hibition at about 0.07 ug/mg of protein. DNP and dicoumarol gave a 50 % inhibition
at 3-10°8 M and 5-10"7 M respectively, indicating that any interference with the
energv supply had a severe consequence on the reaction.

TABLE VIII
EFFECTS OF DNP, DicouMAROL AND OLIGOMYCIN ON THE REDUCTION oF DPN

Conaitions as in Fig. 1. Oligomycin and dicoumarol were dissolved in ethanol and added in
volumes of 2 ul each.

o Concentration Inhkibition

Inhibitor (18] of protein) (%)
Oligomy-cin 0.043 ) 29
0.063 34
0.08 69
0.13 93

(mM )
DNP g3 17
2- 17078 40
3-1073 51
3+10-8 2
61073 go
Dicoumarol to—4 13
2.5+10"1 22
71071 34
1073 68

DISCUSSION

The results of the present investigation agree with earlier findings of a reversal of
oxidative phosphorylation. The simplicity of the system: the reduction of substrate
amounts of added DPN by succinate made energetically possible by thc addition of
ATP, dismisses soime of the doubts that have been raised*! about the significance of the
involvement of the respiratory chain in the reduction of DPN by succinate.

Substantial oxidation of succinate by DPN has in earlier reports been coupled to
a trapping of hydrogen by e.g. acetoacetate!®?! thus involving a mitochondrial
dehydrogenase. KREBS AND EGGLESTON® have argued that most of the acetoacetate
reduction involves only the mitochondrial dehydrogenases, and that the reduction
via the respiratory chain is of little significance. They point out that the reduction of
DPN via the respiratory chain might be of significance only during short-time in-
cubations (1—2 min) whereas, in their experiments, with an incubation time of 30-60
min, this pathway was of minor importance.

In the present investigation an enzymic preparation has been used which is to a
large extent deficient in mitochondrial dehydrogenases. Thus the addition of fumarate
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does not cause reduction of DPN under any circumstances, showing that, in these
experiments, the only possible pathway for electron transfer is via the respiratory
chrain. The reducticn is linear with time for approx. 15 min and proceeds further in a
non-linear fashion for periods up to 30 min under the conditions used. It is therefore
difficult to see how the objections raised by KREBs axp EGGLEsTON%! against the
imvolvement of the respiratory chain in the reduction of DPN by succinate could apply
umder the present conditions.

The conditions used in this investigations also seem to rule out another objection
which bas been raised in connection with experiments which show only the reduction
of imtramitochondrially bound DPN. It has been argued?? that it is difficult to distin-
guish between the possibilities of whether succinate, as such, is the source of electrons,
or whether succinate activates some internal source of electrons which in turn reduce
DPN. The amount of DPN reduced in the present experiments by far exceeds the
amount of endogenous substrate present.

In one respect the present findings are at variance with those of other workers.
It has been reported by others’®® that when externally added ATP is used to drive
the reaction, added Mg?2+* is found to be inhibitory, and reduction is facilitated by the
addition of EDTA. When the reduction is catalyzed by submitochondrial heart
particies, as in the present case, Mg?+ is a prerequisite for the reduction (Table Ia).
EDTA (Table Ib) strongly inhibits the reaction, even to a greater extent than could be
expected from its binding of the added Mg?*. This may mean that the previously
reported effects of Mg?+ and EDTA are due to an interference of MgZ+ on some transfer
mechanisms® connected with the intact mitochondrial membrane structure which are

mot present in submitochondrial preparations of this type.

The investigation of the actisn of respiratory inhibitors in the present system
gives anm idea about the electron pathway which may be involved. Inhibitors acting
om the flavin level such as Amytal and Rotenone® 23, which block the electron trans-
port through the diaphorase flavin, are inhibitory; this is in agreement with what has
been reported by others. 4,4,4-Trifluoro-1-(2-thienyl)-1,3-butanedione, acting on the
nom-heme ivon constituent of the succinic-CoQ reductase, also inhibits the reduction®!.
Although the specificity of this inhibitor might be questioned, its inhibitory effect
excludes the possibility of a direct transfer of the electrons from the succinic dehydro-
genase flavin to the diaphorase flavin.

The inhibition caused by antimycin A reported in this paper is not attributed to
the classical ability of antimycin A to block the electron transport in the cytochrome
region between cytochrome b and cytochrome ¢, but it is attributed to its capacity at
higher concerntrations to affect the coupling system. The concentration needed for 509,
inhibition of succinate oxidation with DPN as the electron acceptor is about a hundred
times greater than that needed *to give the same inhibition when oxygen is used as
acceptor.

Tke present interpretation conforms with that of KLINGENBERG AND SCHOLL-
»EYER and also with that of ERNSTER ef ¢l.2L, Tt is at variance with the interpretation
of CEANCE AND HOLLUNGER?, who reported a decrease in the rate of reduction of
intramitoechondrially bound DPN with approximately the same concentrations of
_amtimycin A as used here. KLINGENBERG AND ScHOLLMEYER found that, upon the
- addition of antimycin A, the endogenous source of energy could no longer be used for
duvmg the reduction of bound DPN, Thﬂr soarce of eIe‘.trons was glycerol 1-phos-
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phate. Added ATP, however, could be used as the energy source to:duive tihe redinstion:
of DPN in the presence of antimycin A also. ERNSTER ¢f al.2!, ‘who e lheem using
internally generated high-energy intermediates to drive the reduction of mcstsacatate
from succinate, also demonstrated an antimycin A insensitivity in dhdir systenr.
Since they were dependent on the terminal electron-transport system far tihe suppli
of energy, antimycin A alone could not be used to demonstrate whethar tie siifte offim-
hibition of this drug was involved or not. However, by the additien «ff femicgamidt:
together with antimycin A, they were able to bring about the reductioneff modtiacetate
with energy supplied by the antimycin A-insensitive oxidation of femicvamidl tins
demonstrating the antimycin A insensitivity of the pathway from sucainste tm aeetio-
acetate.

It has been suggested that the ATPase activity of structurdlly dismygtted mxito-
chondria is part of the enzymic machinery of oxidative phosphoryilatien®™ THis wiew
is further stressed by the ATP-dependent DPN reduction. The relativedly weadk,, and:
varying, stimulation by DPN of the rate of liberation of Py incidates, & suggested:
earliert, that hydrolysis of the high-energy linkage might occur somewthere dlong: the
line to the point of the functional energy utilization.

From the present data it might be possible to go one step further im dfiming: the-
relation between the oxidative machinery and the nucleoside triphogpihettase actiwiiy..
The finding that ATP is the only nucleoside triphosphate tested wiiidh wes alik to
accomplish the reduction of DPN indicates that only the ATP-gpeciiic mndkeside-
triphosphatase activity might be regarded as a part of the coupling system. Mhiiisin.
accordance with the finding that only ADP may be used as the jhegpimte acueptor
for the electron-coupled phosphorylation in submitochondrial partidies @&s welll as in:
intact mitochondria.

The present system opens possibilities to prove or disprove tthe «esdisttmee off a:
high-energy intermediate of DPNH ~ I or DPN ~ 1 typet®. Althangh tifte present
investigation adds no convincing evidence as to whether the primany hijgh-enengy
bond is connected to the pyridine nucleotide side or to the flavin sifle, e lholk of
specificity both in the substituents of the pyridine ring and in the afenime pantt of
DPN demonstrated here, argues against the concept of the formation «f (e Iijg-emergyw
bond in connection with pyridine nucleotide.
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