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Previous studies!—* have shown that the mitochondrial electron transport sys-
tem can be divided into four enzyme complexes: DPNH-coenzyme Q reductase
(complex I),* succinate-coenzyme Q reductase (complex II), reduced coenzyme
Q-cyt. ¢ reductase (complex ITI), and cyt. ¢ oxidase (complex IV). When mixed
together in the presence of cyt. ¢, these complexes recombined in the sequence and
the approximate ratio of components found in intact mitochondria, and thus re-
constituted a particulate unit with all the apparent catalytic and inhibitor-
response properties of intact electron transfer particles (ETP). On the basis of
these findings, the tentative structure shown in Figure 1 was proposed for the
electron transport system. Subsequently, it was shown* that complex I could be
resolved into three fractions: a DPNH dehydrogenase ferroflavoprotein (FP)
(mol wt ~ 70,000) containing FMN, iron, and labile sulfide in an approximate
ratio of 1:4:4; an iron-sulfur protein (IP) containing equimolar amounts of iron
and labile sulfide but no flavin; and a third protein fraction with properties
similar to the mitochondrial “structural” proteins. Moreover, it was demon-
strated that electron transfer between the resolved components of complex I can
ocecur as shown in reaction (1):

DPNH — FP — IP — Q. 1)

Meanwhile, the laboratories of Singer and Sanadi and recently those of Chance,
Ernster, and their colleagues have published material which fully agrees with our
results, but each has advanced a different interpretation of the structure of the
segment of the respiratory chain represented by complex I. In this communica-
tion, these results will be separately examined, and, in the light of our recent
studies, an explanation encompassing the results obtained by ourselves and the
above investigators will be offered.

Materials and Methods.—Particulate DPNH-cyt. ¢ reductase (the binary I-III com-
plex) was prepared according to the method of Hatefi et al.;¢ cytochrome oxidase accord-
ing to that of Fowler et al.;” complex I according to the procedure of Hatefi et al.;! and
FP and IP according to that of Hatefi and Stempel. Iron was estimated by the pro-
cedure of Doeg and Ziegler,® and labile sulfide according to that of Fogo and Popowsky.?
Piericidin A was a gift from Dr. K. Folkers.

Results and Discussion.—(1) By treatment of mitochondrial particles with
phospholipase, Singer and his colleagues have isolated a segment of the respira-
tory chain which contains FMN, iron, and labile sulfide and catalyzes the reduc-
tion of ferricyanide by DPNH.* Except for the lack of coenzyme Q reductase
activity, the Singer preparation is very similar to complex I (Table 1). Both
preparations have high ferricyanide reductase activity and comparable amounts
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of FMN, iron, and labile sulfide. Both exhibit a substrate-inducible electron
paramagnetic resonance (EPR) signal at ¢ = 1.94,% 1. 12 and their DPNH-
ferricyanide reductase activity is characteristically inhibited at high DPNH
concentrations.* '* However, contrary to our experience with complex I, Singer
and his colleagues maintain that their preparation (mol wt 550,000 according to
ref. 14; 890,000 per mole of flavin according to ref. 11) is a homogeneous protein
and represents the DPNH dehydrogenase of the electron transport system.0 11
Moreover, they regard the small-molecular-weight DPNH dehydrogenases of
mitochondrial origin as a degradation product of their enzyme.!* 11 Since phos-
pholipase treatment destroys the Q reductase activity of complex I without
affecting its ferricyanide reductase activity,! and since the composition and the
ferricyanide reductase activity of the Singer preparation and complex I are very
similar, it is possible that the Singer preparation is not a single protein, but rather
an integrated complex of FP and IP. As will be seen later, substrate reduction
and’oxidation of complex I in the presence and absence of rotenone and Amytal
clearly establish the involvement of two distinct redox species in this system.

(2) Sanadi and his colleagues have isolated a DPNH dehydrogenase from
;sonicated mitochondria by treatment of the particles with 11 per cent ethanol at
45° and pH 5.3.%5: ¢ Earlier preparations of DPNH dehydrogenase by applica-
tion of heat-acid-ethanol are those of Mahler et al.,’” deBernard,!® and Mackler.?
These preparations, especially the Sanadi enzyme, resemble FP both in composi-
tion-and catalytic activity, but the fact that among its diaphorase-like activities
(ferric chelates and quinones can serve as electron acceptors) DPNH dehydro-
genase can reduce coenzymes Q and that this reaction is partially inhibited by
rotenone has led Sanadi et al. to equate their enzyme with the DPNH-Q re-
ductase system of intact mitochondria and to assign an ectopic position to the
iron-protein of complex 1.20 However, similar to its other reductase activities
(eyt. ¢,! indophenol, menadione), the Q reductase activity of the dehydrogenase

TaBLE 1. Similarities in the properties of complex I and the Singer dehydrogenase.

Singer
] Property Complex I dehydrogenase
FMN (mumoles/mg) 1.4-1.5 1.12*
FMN': Fe:labile sulfide 1:26:26 1:17.5:27.8*
DPNH-induced EPR signal at ¢ = 1.94 + +
Turnover no., ferricyanide 6.5 X 10%* 8-15 X 10°*
Inhibition of ferricyanide reduction at high
[DPNH] + +

* Data of T, P. Singer.11
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TaBLE 2. Differences tn the reductase properties of complex I and FP.

Conditions Complex I FP
Q: reduction
Amytal (3 mM) Inhibition 859, Inhibition 109,
Demerol (0.5 mM) Inhibition 95%, No inhibition
Rotenone (1 uM) Inhibition 1009, Inhibition 209,
Piericidin A (1 uM) Inhibition 95%, Inhibition 15%,
Guanidine (50 mM) Inhibition 709, Actiation 759,
Ferricyanide reduction T,
DPNH (2 mM) Inhibition 809, No inhibition
Mersalyl (0.1 mM) No inhibition Inhibition 1009,
K. (M DPNH) 7 X 10°® 6 X 103
Moles DPNH oxidized per mole of flavin 75 X 102 14 X 103

is a property which is absent in mitochondria or ETP.!: ¢ These reductase prop-
erties, along with certain other modifications suggestive of conformational change,
appear as the enzyme is detached from particles.?? Table 2 shows a comparison
of the Q-reductase and the ferricyanide-reductase properties of FP and complex I.
It is seen that concentrations of Amytal, Demerol, rotenone, and Piericidin A,
which produce 85-100 per cent inhibition of Q reductase activity with complex I,
cause little or no inhibition with FP. Moreover, 50 mM guanidine, which in-
hibits the Q reductase activity of complex I by 70 per cent, actually activates FP
by 75 percent. The ferricyanide reductase activities of the two preparations also
show marked differences. Thus, the complex I activity is sharply inhibited at
DPNH concentrations above 0.1 mM, whereas the FP activity is not. An active
sulfhydryl group, which is unavailable (or uninvolved) in the segment of complex
I concerned with ferricyanide reduction, becomes inhibitable by mercurials in
FP. The K,, of the reaction for DPNH increases severalfold, and the activity
per mole of flavin diminishes to a similar degree. Although not shown in Table 2,
the Q-reductase and ferricyanide-reductase properties of ETP parallel those of
complex I and differ from those of FP. Therefore, it appears that, similar to FP,
the comparable preparation of Sanadi et al. is only a component of the rotenone-,
Amytal-sensitive DPNH-Q reductase system of mitochondria (for other flavopro-
teins capable of reducing cyt. ¢ and quinones, including coenzymes Q, see refs. 3
and 23).

Another point with respect to the low activity and the low iron-labile sulfide
content of the Mahler-type preparations (see, for example, ref. 24) requires ex-
planation. As pointed out earlier, all these dehydrogenases were extracted from
mitochondrial particles by treatment with acid (pH 4.8-5.3) at temperatures be-
tween 40 and 45°. As seen in Figure 2B and C, incubation of FP at 38° and pH
4.8 results in the loss of enzymatic activity and a comparable loss of labile sulfide,
while at pH 8.0 the enzyme is relatively stable (Fig. 24 and C).

(3) On the basis of absorption (475 minus 510 mu) and fluorescence spectros-
copy of sonicated and whole mitochondria in the presence and absence of rote-
none, Chance, Ernster, and their colleagues® have recently differentiated two
oxidation-reduction components in the region of the electron transport system be-
tween DPNH and Q-cyt. b (equivalent to the region represented by complex I).
They have concluded that these two components are two flavoproteins acting in
sequence: DPN — FPp, — FPp,— (cyt. b, UQ). The site of action of rotenone



736 BIOCHEMISTRY: Y. HATEFI Proc. N.A.S.

Fi16. 2.—Inactivation and release of
labile sulfide from FP by incubation at
pH 4.8 and 38°. (A, B) Loss of
menadione (K;), cyt. ¢, and ferri-
cyanide reductase activities (for assay
conditions, see ref. 4) of FP at pH 8.0
(A) and at pH 4.8 (B). (C) Loss of
labile sulfide at pH 8.0 and pH 4.8.

and Amytal, as well as the first site of energy conservation, has been placed be-
tween FPp, and FPp,. Once again, although we fully agree with these experi-
mental data, we find that their identification of the component immediately on
the oxygen side of the rotenone inhibition site as a second flavoprotein is subject
to a different interpretation. As will be seen below, this absorbing species is in all
probability not a flavoprotein; rather, it appears to' be the IP component of com-
plex I.

It was shown several years ago by Hatefi ef al.? ¢ that in the 460-mu region of
particulate DPNH-cyt. ¢ reductase (the binary I-IIT complex), two different
species could be identified by graded DPNH reduction of the enzyme preparation,
as well as by DPNH reduction of the Amytal-treated particles.® The bleaching
of the enzyme preparation at 460 mu was also considerably greater than that ex-
pected from reduction of its total flavin content. Subsequent preparations of
complex I, FP, and IP further confirmed these early findings. It was found that
in complex I the absorbancy change at 450 mu after DPNH reduction was twice
the change expected from its flavin content (Ao of complex I/umole of flavin/ml
= 24.3),% whereas in I'P this change was exactly equal to its flavin content (see
also Table 2 of ref. 3). The oxidized minus reduced spectrum of IP (maximum
absorbancy change at about 450 mu) plus its reducibility by DPNH-reduced FP*
further indicated that the excess 450-460-mu bleaching of complex I might be due
to reduction of IP.

Direct evidence for the oxido-reduction of I'P and IP in the presence and ab-
sence of inhibitors has now been obtained by the use of the double-beam spectro-
photometer. These results confirm our earlier findings and establish IP as a
component of complex I immediately on the oxygen side of the rotenone inhibition
site. Figure 3 shows the absorbancy change at 460 minus 510 mu in particulate
DPNH-cyt. ¢ reductase (the binary I-III complex). It is seen that in the pres-
ence of rotenone or Demerol only about 50 per cent of the total reduction induced
by DPNH has occurred. In agreement with our earlier findings® and the recent
data of Chance et al.,? these results indicate a reduction of FP and an inhibition of
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plex by DPNH in the presence and absence of - _ n N
rotenone, Demerol, and Amytal at 460 minus t L 1 ATeI%
510 mu. The binary I-ITI complex (0.828 mg/- . H =
ml) was suspended in a solution containing 0.65 € £ 3 T
M sucrose, 1 mM histidine, and 30 mM potas- é i . 45'&,.
sium phosphate, pH 8.0. The temperature of
the reaction mixture was 3-5°. The measure-
ments were made by the Aminco-Chance dual-
wavelength/split-beam spectrophotometer.

N

reduction of a 460-mu absorbing component by rotenone and Demerol. More
comprehensive results on the oxido-reduction of FP and IP and the site of action
of Amytal, Demerol, rotenone, and Piericidin A were obtained with complex I.
To study both the reduction and oxidation of FP and IP in complex I, advantage
was taken of the fact that preparations of complex I are usually contaminated
with about 0.5 to 1 per cent complex IIT (total cyt. b plus eyt. ¢; content < 0.1
mumole/mg).#  As a result, preparations of complex I exhibit a small antimyecin-
sensitive DPNH-cyt. ¢ reductase activity (about 4 umoles cyt. ¢ reduced/min/mg
of complex I, as compared to 60 umoles cyt. ¢ reduced/min/mg of the binary I-
IIT complex). Therefore, in the experiments with complex I, catalytic amounts
of cyt. ¢ and purified cytochrome oxidase were also added in order to link the
electron transfer system of complex I to oxygen and thereby to establish a slow
oxidation of complex I after reduction with DPNH. Thus, as seen in Figure 44,
addition of DPNH to complex I resulted in a rapid reduction at 460 mu. This
level of reduction was maintained for about 70 seconds until the added DPNH
was exhausted. Then the reduced components of complex I were slowly re-
oxidized. This cycle of reduction and oxidation could be repeated by addition of
a second increment of DPNH. When rotenone or Piericidin A was added just
after DPNH reduction, a rapid oxidation of 50-60 per cent of the total reducible
material took place, and addition of a second increment of DPNH 80 seconds after
addition of the inhibitor did not cause further reduction of the rapidly oxidized
component. Essentially similar results were obtained with Demerol and
Amytal, although, as expected, the inhibitory effect of Amytal was not as com-
plete as the others (see below). These results indicate that rotenone, Piericidin
A, Demerol, and Amytal interrupt electron flow between the two components of
complex I. As a result, the component on the oxygen side of the inhibited point
is rapidly reoxidized and cannot be reduced by further addition of DPNH.

When complex I was pretreated with rotenone, Piericidin A, or Demerol and
then DPNH was added, only about half of the total reducible material in complex
I was reduced (Fig. 4B). Pretreatment with Amytal did not result in complete
inhibition of electron flow beyond FP and, depending on the concentration of
Amytal added, the steady-state level of reduced IP changed accordingly. More-
over, the electron leak through the Amytal inhibition site permitted a slow
DPNH oxidation, which eventually led to the oxidation of reduced FP as well.
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F1a. 4.—Reduction and oxidation of complex I in the presence and absence
of inhibitors at 460 minus 510 mu. The reaction mixture contained 0.61 mg
complex I, 0.027 mg cytochrome ¢, and 0.06 mg cytochrome oxidase per milli-
liter of the solution described in Fig. 3. Other conditions were also the same
as in Fig. 3.

As compared to the rate of complex I reoxidation shown in Figure 44, the reoxida-
tion of complex I treated with 1.94 mM Amytal was 72 per cent inhibited (Fig.
4B), and that with 3.88 mM Amytal (not shown in Fig. 4B) was more than 90 per
cent inhibited. Amytal experiments of Figure 4B also show that after DPNH
addition, a rapid reduction of FP equivalent to that obtained with rotenone-,
Piericidin A-, and Demerol-treated complex I took place; then there was an
abrupt change in the rate (marked by broken arrows) as electrons leaked through
the Amytal-inhibited point to reduce IP (see also Fig. 3).

The above results are in full agreement with the data of Chance, Ernster, and
their colleagues,” but make their conclusion regarding a second flavoprotein
highly questionable. Since the composition of complex I in terms of flavin, iron,
and labile sulfide is known and since the presence in this system of a ferroflavo-
protein and a reducible iron-protein has been demonstrated by resolution of the
complex and characterization of these components, the above results are much
more consistent with the following scheme than with the scheme of Chance et al.
with two sequential flavoproteins:

DPNH — FP - IP - Q
H

Rotenone, Piericidin A, Amytal, Demerol

Two points still remain to be clarified:
(1) In addition to absorption changes at the flavin region, Chance et al.? ob-
served parallel fluorescence changes (436 — 570 my) in the presence and absence of
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rotenone indicative of two fluorescing redox species. Since the isolated FP
fluoresces strongly when excited at 440 mu but IP does not, the nature of the
second fluorescing species observed by Chance et al. in ETP still remains obscure.

(2) On the basis of EPR spectroscopy of ETP preparations, Palmer et al.?® con-
cluded that rotenone and Piericidin A inhibit electron transfer at two sites in the
respiratory chain: (a) immediately on the substrate side of coenzyme Q, and (b)
immediately on the substrate side of e¢yt. ¢;. The results communicated in this
paper show clearly that in complex I the site of rotenone and Piericidin A inhibi-
tion is between FP and IP, and not between IP and Q. Moreover, our recent
studies indicate that at inhibitor concentrations comparable to those used by
Palmer et al.,? neither Piericidin A nor rotenone exerts an appreciable inhibition
on complex III.
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Abbreviations: Q and UQ, coenzyme Q (ubiquinone); cyt., cytochrome; TTFA, 2-thenoyl-
trifluoroacetone; HO-Q-NO, 2-n-heptyl-4-hydroxyquinoline-N-oxide; K, menadione; FMN,
riboflavin 5’-phosphate; and DPNH, reduced diphosphopyridine nucleotide. For definitions
of flavoproteins FPy; and FPp,, see ref. 25.

! Hatefi, Y., A. G. Haavik, and D. E. Griffiths, Biochem. Biophys. Res. Commun., 4, 441
and 447 (1961); J. Biol. Chem., 237, 1676 and 1681 (1962). )

2 Hatefi, Y., A. G. Haavik, L. R. Fowler, and D. E. Griffiths, J. Biol. Chem., 237, 2661
(1962).

3 Hatefi, Y., in Comprehensive Biochemistry, ed. M. Florkin and E. H. Stotz (Amsterdam:
Elsevier Publishing Co., 1966), vol. 14, p. 199.

4 Hatefi, Y. and K. E. Stempel, Biochem. Biophys. Res. Commun., 26, 301 (1967).

¢ Technological assay difficulties experienced earlier! for reduction of water-insoluble co-
enzymes Qs and Qo by complex I have now been overcome. The Vmax with Qs as electron ac-
ceptor (Vmax = 20 umoles Qs reduced/min/mg of complex I protein) is in good agreement with
that obtained for the water-soluble Q; (Vmax = 25).3

¢ Hatefi, Y., P. Jurtshuk, and A. G. Haavik, Biochim. Biophys. Acta, 52, 106 and 119 (1961).

7 Fowler, L. R., S. H. Richardson, and Y. Hatefi, Biochim. Biophys. Acta, 64, 170 (1962).

8 Doeg, K. A,, and D. M. Ziegler, Arch. Biochem. Biophys., 97, 37 (1962).

? Fogo, J. K., and M. Popowsky, Anal. Chem., 21, 732 (1949).

1 Singer, T. P., in Comprehensive Biochemistry, ed. M. Florkin and E. H. Stotz (Amsterdam:
Elsevier Publishing Co., 1966), vol. 14, p. 127.

11 Singer, T. P., in Non-heme Iron Proteins, ed. A. San Pietro (Yellow Springs, Ohio: The
Antioch Press, 1965), p. 349.

12 Both FP and IP exhibit an EPR signal at ¢ = 1.94 after reduction with dithionite. How-
ever, the details of the two EPR signals are completely different.

13 Minakami, S., R. L. Ringler, and T. P. Singer, J. Biol. Chem., 237, 569 (1962).

14 Cremona, T., and E. B. Kearney, J. Biol. Chem., 239, 2328 (1964).

15 Sanadi, D. R., R. L. Pharo, and L. A. Sordahl, in Non-heme Iron Proteins, ed. A. San
Pietro (Yellow Springs, Ohio: The Antioch Press, 1965), p. 429.

16 Pharo, R. L., L. A. Sordahl, S. R. Vyas, and D. R. Sanadi, J. Biol. Chem., 241, 4771 (1966).

17 Mahler, H. R., N. K. Sarker, C. P. Vernon, and R. A. Alberty, J. Biol. Chem., 199, 585
(1952).

18 de Bernard, B., Biochim. Biophys. Acta, 23, 510 (1957).

19 Mackler, B., Biochim. Biophys. Acta, 50, 141 (1961).

» Sanadi, D. R., Ann. Rev. Biochem., 34, 21 (1965).

21 Unlike the cyt. ¢ reductase activities of ETP and the binary I-III complex, the cyt. c
reductase activity of FP is not inhibited by Amytal, rotenone, and antimycin A. Moreover,
the FP activity has a very high K, (~6 X 1074 M cyt. ¢)* as compared to the K., of antimycin-
sensitive systems (~12 X 107% M cyt. c).



740 BIOCHEMISTRY: Y. HATEFI Proc. N.A.S.

22 Changes accompanying dislocation of integrated enzymes have been observed also in the
case of other mitochondrial components such as the redox potential of cyt. b, the Km of malate
dehydrogenase, and the activity and oligomycin sensitivity of adenosine 5’-triphosphatase.

23 Hatefi, Y., Advan. Enzymol., 25, 275 (1963).

24 Rao, N. A,, S. P. Felton, F. M. Huennekens, and B. Mackler, J. Biol. Chem., 238, 449
(1963).

% Chance, B., L. Ernster, P. B. Garland, C.-P. Lee, P. A. Light, T. Ohnishi, C. I. Ragan,
and D. Wong, these PROCEEDINGS, 57, 1498 (1967).

26 The mM exdinction coefficient of most flavoproteins at 450 mu has been estimated to be
11.3 (Beinert, H., in The Enzymes, ed. P. D. Boyer, H. Lardy, and K. Myrbick (New York:
Academic Press, 1960), p. 340).

2 In the resolution of complex I, this residual cytochrome impurity ends up in the water-
insoluble protein fraction, not in FP and IP.

% Palmer, G., D. J. Horgan, H. Tisdale, T. P. Singer, and H. Beinert, J. Biol. Chem., 243,
844 (1968).



