120 Biochimica et Biophysica Acta, 767 (1984) 120-129
Elsevier

BBA 41636
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Two different bypasses around the antimycin block of electron transport from succinate to cytochrome c¢ via
the ubiquinol-cytochrome ¢ oxidoreductase of intact rat liver mitochondria were analyzed, one promoted by
N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD) and the other by 2,6-dichlorophenolindophenol
(DCIP). Both bypasses are inhibited by myxothiazol, which blocks electron flow from ubiquinol to the Rieske
iron-sulfur center, and by 2-hydroxy-3-undecyl-1,4-naphthoquinone, which inhibits electron flow from the
iron-sulfur center to cytochrome c,. In the bypass promoted by TMPD its oxidized form (Wurster’s blue)
acts as an electron acceptor from some reduced component prior to the antimycin block, which by exclusion
of other possibilities is ubisemiquinone. In the DCIP bypass its reduced form acts as an electron donor, by
reducing ubisemiquinone to ubiquinol; reduced DCIP is regenerated again at the expense of either succinate
or ascorbate. The observations described are consistent with and support current models of the Q cycle.
Bypasses promoted by artificial electron carriers provide an independent approach to analysis of electron
flow through ubiquinol-cytochrome ¢ oxidoreductase.

gous system of photosynthetic bacteria, is nonlin-
ear and that oxidation of ubiquinol proceeds by
two consecutive one-electron transfers to different
the sequence of electron-transfer reactions in the acceptors, with the intermediate formation of
mitochondrial ubiquinol-cytochrome-c oxidore- ubisemiquinone (QH™). Much evidence suggests
ductase system (complex III), as well as the analo- that in mitochondria the first electron from
ubiquinol (QH,) passes to the Rieske FeS center
and thence to cytochrome c,; the second electron

Introduction

A large body of evidence supports the view that
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passes from ubisemiquinone to cytochrome b. The
reduced cytochrome b is then reoxidized by
ubiquinone. This sequence of electron-transfer re-
actions is the basis of the Q cycle [1], which can
also account for H* translocation in this segment
of the mitochondrial respiratory chain. The cycle
explains and is supported by such observations as
the oxidant-induced reduction of cytochrome b



[2,3], the effect of depletion of the FeS center
[4-6], the action of BAL [7], as well as the effects
of the newly described inhibitors myxothiazol
[8-13], UHDBT and UHNQ [14-17]. Although
different variants of the Q cycle have arisen from
these experimental observations [6,18,19], there is
little doubt that ubisemiquinone plays a key role
in electron flow through this segment of the elec-
tron-transport chain.

In this paper we describe further analysis of the
sequence of electron-transfer reactions in complex
1T with the use of two different artificial electron
carriers to create bypasses around the antimycin A
block of electron flow, an approach introduced in
the important early study of Wikstrém and Berden
[2]. The first such bypass analyzed here is that
promoted by the redox couple tetramethylphenyl-
enediamine /Wurster’s blue (TMPD/WB™). This
was first described by Ernster and colleagues
[20,21], but the precise pathway by which it directs
electron flow around the site of antimycin inhibi-
tion has not been elucidated. We have recently
employed the TMPD bypass to show [22] that the
translocation of 4 H* coupled to transport of 2e~
through energy-conserving site 2 occurs in two
steps, 2 H™ being translocated prior to the anti-
mycin block, probably via the oxidation of
ubiquinol (site 2A), and the other 2 H* trans-
located in a subsequent antimycin-inhibited elec-
tron transfer reaction (site 2B). This conclusion is
supported by more recent observations that DCCD
prevents translocation of 2 of the 4 H in site 2
[23-25], presumably those translocated in site 2B.

In this paper we show that the antimycin block
of electron flow in rat-liver mitochondria can also
be bypassed by 2,6-dichlorophenolindophenol
(DCIP), but in this case the bypass proceeds by a
different pathway than that promoted by TMPD.
Evidence is given that in the bypass promoted by
TMPD its oxidized form, Wurster’s blue (WBY),
acts as the electron acceptor from some compo-
nent of the QH,-cytochrome-c oxidoreductase
prior to the point of action of antimycin A, whereas
in the case of the DCIP bypass, its reduced form
DCIPH, acts as an electron donor by reducing
some component, presumably ubisemiquinone,
whose reduction is necessary to complete the elec-
tron transfer cycle in the antimycin-inhibited
QH ,-cytochrome-¢ oxidoreductase. Moreover,
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both bypasses are inhibited by myxothiazol and by
ubiquinone analogs [8-17). The observations de-
scribed here, which are consistent with most earlier
evidence on the role of ubisemiquinone. provide
an independent and relatively simple approach to
examination of the pathway of electron flow in site
2, which is capable of further exploitation with
other artificial mediators.

Experimental details

Rat liver mitochondria were prepared from 0.25
M sucrose homogenates and washed three times in
0.25 M sucrose. O, uptake rates were determined
with a calibrated Clark electrode. Optical changes
were monitored in an Aminco DW-2 spectropho-
tometer.

UHNQ (2-hydroxy-3-undecyl-1,4-naphthoqui-
none) was obtained from Aldrich Chemical Co.,
Milwaukee, WI. Myxothiazol was a gift from Drs.
Reichenbach, Tierbach and Trowitzsch.

Results

Bypass of the antimycin block by reduced dichloro-
phenolindophenol

The following experiments show that reduced
DCIP makes possible electron flow around the
antimycin block of complex III. Fig. 1 shows, in
accordance with Ref. 2, that reduced DCIP is not
readily oxidized via mitochondrial cytochrome c
and cytochrome oxidase in the presence of anti-
mycin A, rotenone and FCCP, as indicated by the
low rate of O, uptake observed upon supplement-
ing rat-liver mitochondria with DCIP and its non-
enzymatic reductant ascorbate. However, when
succinate i1s also added to the system a large
increase in the rate of O, uptake occurs, which is
inhibited by cyanide. The increased rate of O,
uptake is due to oxidation of succinate, since it is
inhibited by 2-thenoyitrifluoroacetone, which
specifically blocks electron flow from succinate to
ubiquinone [26]. In similar experiments in which
succinate was replaced with NAD-linked sub-
strates, DCIP + ascorbate again were capable of
bypassing the antimycin block (data not shown).
As expected, rotenone inhibited oxidation of
NAD-linked substrates, but 2-thenoyltrifluoroace-
tone did not. In other experiments (not shown) it
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Fig. 1. By-pass of the antimycin block by reduced DCIP.
Electron transfer from succinate (SUCC.) to O,. Rat-liver
mitochondria (8.0 mg) were incubated in 250 mM sucrose, 10
mM potassium Hepes (pH 7.15), 1.0 pM FCCP and 4.0 uM
rotenone. Where indicated antimycin A (0.30 nmol/mg), 3.0
mM ascorbate (ASCORB.), 25 uM DCIP, 3.0 mM succinate,
50 uM 2-thenoyltrifluoroacetone (TTFA), and 2.0 mM KCN
were added. Volume, 1.75 ml; temperature, 25°C.

was found that electron transfer from succinate to
mitochondrial cytochrome ¢, monitored spectro-
photometrically in the presence of cyanide, pro-
ceeds at a high rate in the presence of succinate,
antimycin A and DCPIP + ascorbate, but when
DCPIP + ascorbate or succinate are absent, cyto-
chrome c¢ is only slowly reduced in the presence of
antimycin.

These experiments therefore show that the pres-
ence of reduced DCIP can effectively bypass the
antimycin block between succinate and cyto-
chrome c. Since in these experiments DCIP was
always over 98% reduced because of the presence
of ascorbate (and succinate), it appears that the
reduced form of DCIP is required for electrons to
pass around the antimycin block of the pathway
from QH, to cytochrome c. This was supported by
control experiments in which low concentrations
of the oxidized form of DCIP in the absence of
ascorbate were found to yield very low initial rates
of O, uptake.

Inhibition of the DCIP bypass by myxothiazol and
ubiquinone analogs
The bypass of the antimycin block promoted by

reduced DCIP is sensitive to other inhibitors of
electron transport through complex III, in particu-
lar, myxothiazol {8—13] and the ubiquinone analog
UHNQ [14-17]. These inhibitors almost com-
pletely abolished the extra O, uptake due to suc-
cinate oxidation in the presence of reduced DCIP
and antimycin A (Fig. 2A). Both myxothiazol and
UHNQ also inhibited slightly the slow O, uptake
in the presence of DCIP and ascorbate alone,
before addition of succinate, which probably arises
from the oxidation of residual endogenous sub-
strated mediated by DCIP. Succinate oxidation via
the DCIP bypass of the antimycin block proceeds
with a ¥, of about 120 nmol O-min~' - mg~'
(Fig. 2B), comparable to the rate of succinate
oxidation in the absence of antimycin A and other
mediators and inhibitors. The double-reciprocal
plot in Fig. 2B also yields K, for reduced DCIP,
about 250 pM. The points plotted in Fig. 2B
represent the difference between the rates of O,
uptake in the absence and presence of myxothiazol
at each concentration of DCIPH,. The non-en-
zymatic reductant ascorbate is not an absolute
requirement in experiments such as those in Figs.
1 and 2, since succinate alone can reduce DCIP in
a myxothiazol-insensitive reaction.
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Fig. 2. Inhibition of the DCIP-promoted bypass of the anti-
mycin block. (A) Inhibition by myxothiazol and UHNQ. The
incubation system was as in Fig. 1. Where indicated myxothia-
zol (MX) (0.10 nmol/mg) and UHNQ (7.0 pM) were added.
(B) Kinetics of the DCIP-promoted bypass. The system was as
in Fig. 1A, with 6.3 mg of mitochondrial protein. the points
represent the difference between the rates of O, consumption
in the absence and presence of myxothiazol at each concentra-
tion of reduced DCIP, ASC, ascorbate, SUCC., succinate.



Fig. 3A shows the effect of myxothiazol, an
inhibitor of electron transfer fro ubiquinol to the
FeS center of complex III [12,13], on normal suc-
cinate oxidation and on the electron transfer medi-
ated by the DCIP bypass of the antimycin block.
Maximal inhibition of both oxidative reactions
was observed at the same myxothiazol concentra-
tion. The shape of the two curves is, however,
significantly different. The inhibition of the DCIP
bypass was linear with the concentration of
myxothiazol, while the inhibition of unmediated
succinate oxidation was strongly sigmoidal; in the
latter case little inhibition occurred at low
myxothiazol but increased sharply at the highest
concentrations (Fig. 3A). The sigmoidicity of the
myxothiazol titration of succinate oxidation in the
absence of antimycin A may be a consequence of
the relatively large pool of mitochondrial
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Fig. 3. Inhibitor titration of normal succinate oxidation and of
succinate oxidation via the DCIP-promoted bypass. (A) Titra-
tion with myxothiazol. The incubation system was as in Fig. 1.
O O, Myxothiazol titration of succinate oxidation, with
antimycin A, ascorbate, and DCIP omitted. The maximum or
100% velocity was 150 natoms O-min~!'mg~' @ o,
Myxothiazol titration of DCIP by-pass in the presence of
antimycin A (0.30 nmol/mg), 3.0 mM ascorbate and 25 uM
DCIP. 100% velocity was 20 natoms O-min~!-mg~'. DCIP,
ascorbate and succinate were added 4 min after myxothiazol.
The blank rate at saturating myxothiazol in the absence of
succinate was subtracted from all the points. (B) Titration with
UHNQ. O O, antimycin, ascorbate and DCIP omitted;
[ ] ® antimycin, ascorbate and DCIP present. DCIP,
ascorbate and succinate were added 4 min after UHNQ. The
blank rate at saturating UHNQ in the absence of succinate was
subtracted from all the points. (C) Scatchard plot for the
binding of UHNQ. See text for details.
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ubiquinone and the probability that the
succinate-ubiquinone reductase step is the rate-
limiting reaction in uninhibited complex III. Un-
der these conditions the overall rate of succinate
oxidation will be largely insensitive to the inhibi-
tion of a relatively large fraction of the numerous
catalytic units of complex III, the decrease in the
number of active catalytic units being com-
pensated for by the increasing rate of ubiquinol
oxidation via the unaffected systems. In this re-
spect the action of myxothiazol resembles that of
antimycin A [18]. On the other hand, the linear
myxothiazol-sensitivity of the DCIP-mediated
bypass in the presence of antimycin indicates that
some other reaction is rate-limiting, i.e., the inter-
action between the mediator and the antimycin-in-
hibited complex III, so that the overall rate of
electron transfer becomes proportional to the
number of uninhibited catalytic units. Further-
more, the linearity of the myxothiazol titration of
the DCIP bypass (Fig. 3A) also indicates that the
affinity of complex III for myxothiazol is very
high [cf. 9], so that at any concentration of
myxothiazol in the experiment of Fig. 3A it is
virtually completely bound. The results of Fig. 3A
also show, in accordance with Refs. 10 and 12,
that antimycin does not interfere with the binding
of myxothiazol.

Fig. 3B shows the results of a similar experi-
ment performed with UHNQ instead of
myxothiazol. UHNQ is a less potent inhibitor than
myxothiazol and maximal inhibition of both nor-
mal and DCIP-mediated oxidation of succinate is
observed at comparatively much higher concentra-
tions. Here again, the titration curves are different.
The UHNQ titration of succinate oxidation in the
absence of antimycin A is sigmoidal, similar to the
myxothiazol titration in Fig. 3A. However, the
titration of the DCIP bypassed system shows the
highest increments of inhibition at low UHNQ
concentrations, which become progressively less at
higher levels of UHNQ. If it is assumed that at
any given percent inhibition of the DCIP bypass
equal amounts of UHNQ or myxothiazol are
bound to the inhibited sites in complex 11I (i.e., if
the same fraction of the FeS-¢; complexes are
inhibited) and that the affinity of myxothiazol for
its binding site is so high that it is essentially
completely bound, it is possible to construct a
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Scatchard plot for UHNQ binding. This is shown
in Fig. 3C, in which the points of Fig. 3B have
been replotted after calculating bound UHNQ,
assuming that all myxothiazol is bound, as in Fig.
3A. The linearity of the resulting Scatchard plot
(Fig. 3C) strongly indicates that UHNQ binds to a
single site in the b-¢; complex, with a K, of 0.6
uM.

Taken together, the results of Figs. 1-3 show
that in the presence of antimycin A some inter-
mediate accumulates in complex III whose reduc-
tion by DCIP makes possible the transfer of elec-
trons from QH, to the FeS center and thence to
cytochromes ¢, and c¢. This is shown by the inhibi-
tion of the DCIP-activated electron flow by
myxothiazol, which prevents electron transfer to
the FeS center, and by UHNQ, which inhibits
transfer of electrons from the FeS center to cyto-
chrome ¢, [14-7]. Interestingly, no significant
DCIP-promoted O, uptake was observed in ex-
periments in which myxothiazol (or UHNQ) was
the sole inhibitor, in the absence of antimycin.

Inhibition of the TMPD bypass of the antimycin
block

The TMPD/Wurster’s blue couple has long
been known to provide a bypass of the antimycin
A block of electron flow through site 2 [20,21]. In
an earlier communication [22] we showed that the
TMPD bypass is 2-thenoyltrifluoroacetone-sensi-
tive when succinate is the substrate. We report
here that the TMPD bypass of the antimycin
block, with succinate as electron donor, is also
highly sensitive to myxothiazol (over 90%) and to
a lesser extent (about 70%) to UHNQ (Fig. 4). The
low rate of O, uptake insensitive to myxothiazol
and UHNQ observed before addition of succinate
is probably due to non-specific interaction of Wur-
ster’s blue with mitochondrial NADH. Unlike the
case of DCIP, which initiates a bypass by acting as
a reductant of some oxidized component of com-
plex III, as shown above, the TMPD bypass is
initiated by transfer of electrons from some re-
duced component of complex IIT to Wurster’s blue
(WB™), which thus is acting as an electron accep-
tor. This is shown in the experiment in Fig. 5, in
which electron transfer to and from Wurster’s blue
was monitored optically at 650-690 nm. TMPD
was first oxidized to WB™ by transfer of electrons
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Fig. 4. The TMPD-promoted bypass of the antimycin block
and its sensitivity to myxothiazol and UHNQ. Rat-liver
mitochondria (8.0 mg) were incubated in a medium of 120 mM
sucrose, 60 mM KCl, 20 mM potassium HEPES (pH 7.15), 1.0
uM FCCP and 4.0 uM rotenone. Where indicated TMPD (57
uM), antimycin A (0.30 nmol /mg), 3.0 mM succinate (SUCC.),
myxothiazol (MX) (0.10 nmol/mg) and UHNQ (7.0 uM) were
added. Volume, 1.75 ml; temperature, 25°C. ASC, ascorbate.

to cytochrome ¢ and cytochrome oxidase of
mitochondria, a process that does not involve any
component of complex I1I, since it is insensitive to
antimycin A and myxothiazol. Cytochrome oxidase
was then inhibited with KCN and the reduction of
WB™* was initiated by addition of succinate in the
presence of antimycin (trace A), of antimycin +
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Fig. 5. The TMPD-promoted bypass of the antimycin block.
Experimental conditions as in Fig. 4. TMPD was 40 uM,
UHNQ 5.0 p4M and KCN 2.0 mM. The volume was 2.5 ml.
SUCC.,, succinate; MX, myxothiazol.



myxothiazol (trace C), and of antimycin + UHNQ
(trace B). WB* was quickly reduced by succinate
in the presence of antimycin A. However,
myxothiazol almost completely prevented the
reduction of WB™* by succinate (trace C); UHNQ
also inhibited reduction of WB™, although less
completely (trace B), thus providing a close paral-
lel to the pattern of Fig 4, in which the electrons
from complex III were allowed to reduce oxygen.
These observations show that these inhibitors pre-
vent the reduction of WB* and thus it may be
concluded that WB™ functions as a specific elec-
tron acceptor from some reduced intermediate
site(s) within the antimycin-inhibited complex III.
Myxothiazol and UHNQ titrations of succinate
oxidation and of the TMPD-mediated succinate
oxidation in the presence of antimycin have also
been carried out (not shown). As was observed
with the DCIP bypass (Fig. 3A), inhibition of the
TMPD bypass by myxothiazol was found to be
linear. Similarly, inhibition of the TMPD bypass
by UHNQ resembled the titration of the DCIP
bypass (Fig. 3B) and was limited to about 70%
total inhibition. As in the case of the DCIP bypass,
no significant WB*-promoted O, uptake was
observed in experiments in which myxothiazol or
UHNQ was the sole inhibitor, in the absence of
antimycin.

Addition of succinate to antimycin-blocked
mitochondria oxidizing TMPD (+ ascorbate) via
cytochrome ¢ and cytochrome oxidase does not
give extra O, uptake (not shown). This observation
indicates that the reduced species TMPD per se is
incapable of providing significant bypass of the
antimycin block. Thus the oxidant species WB™* is
requipred as an electron acceptor in the TMPD
bypass, whereas reduced DCIPH, is required as
an electron donor in the DCIP bypass.

Effect of DCIP and TMPD on the reduction of
cytochrome b

When antimycin is added to FCCP-uncoupled,
rotenone-inhibited mitochondria, cytochrome b is
partially reduced by residual endogenous sub-
strates, giving about 80% of the maximal reduction
afforded by succinate + antimycin. As already
noted [2], very low concentrations of reduced DCIP
promote a fast and complete oxidation of cyto-
chrome b. This is readily reversed by succinate
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Fig. 6. Redox transitions of cytochrome b in the presence of
DCIP + ascorbate (trace A) and TMPD (trance B). The incuba-
tion medium was as in Fig. 5. Trace (A): where indicated, 6 uM
DCIP prereduced with traces of ascorbate was added. Trace
(B): where indicated TMPD (100 nmol) was present from the
beginning of the experiment; ferricyanide (150 nmol) was added
after 50 s of incubation. SUCC., succinate.

(Fig 6A). Similarly, reduced DCIP added prior to
antimycin completely abolishes the antimycin-pro-
moted reduction of cytochrome b in the absence of
added substrate.

At an appropriate wavelength pair (561-611
nm), and provided the redox changes of WB™ are
minimized during the experiment, it is possible to
monitor the redox state of cytochrome b in the
presence of WB™. Fig. 6B reports such an experi-
ment, where rotenone + FCCP-treated mitochon-
dria are first allowed to oxidize TMPD to WB*; a
slight excess of ferricyanide is then added to main-
tain WB™ in the fully oxidized state and antimycin
A is added last. Under these conditions a signifi-
cant reduction of cytochrome b took place, which
was, however, 20-30% less than observed in the
control experiment without WB*. Although it is
not clear why the WB ™ -induced oxidation of cyto-
chrome b is less complete than the oxidation
induced by reduced DCIP (Fig. 6B), it can be
concluded that both the reductant (reduced DCIP)
and the oxidant (WB™*) affect cytochrome b in a
similar way, at least qualitatively.

The effect of myxothiazol and UHNQ on the
oxidation of cytochrome b induced by reduced
DCIP is shown in Fig. 7. Fig. 7A shows the results
of an experiment similar to that of Fig. 6A, but
where myxothiazol was added prior to DCIP.
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Fig. 7. Effect of myxothiazol (MX) (trace A) and UHNQ (trace
B) on the DCIP-induced redox transitions of cytochrome b.
Experimental conditions as in Fig. 6. DCIP was 5.0 pM,
myxothiazol 0.10 nmol per mg, UHNQ 7.0 pM. Temperature,
16 ° C. Asc, ascorbate.

Myxothiazol induced some oxidation of cyto-
chrome b, but the new steady state so produced is
unaffected by further additions of DCIP. The
myxothiazol inhibition of DCIP-dependent oxida-
tion of cytochrome b is also observed at high
DCIP concentrations. In contrast, the effect of
UHNQ on the oxidation of cytochrome b promo-
ted by reduced DCIP is variable. UHNQ behaves
similarly to myxothiazol if the concentration of
DCIP is kept relatively low and the temperature
does not exceed 12-14°C (Fig. 7B); the inhibitory
effect disappears at higher DCIP and higher tem-
peratures. As described above (Fig. 6B), WB™
inhibition of the antimycin-promoted reduction of
cytochrome b is incomplete. A full oxidation of
cytochrome b is, however, induced in the condi-
tions of Fig. 7B by further addition of myxothiazol
or of UHNQ (not shown).

Discussion

The results reported in this paper show that
antimycin-inhibited electron flow from succinate
to oxygen can be reactivated by an artificial elec-
tron donor (reduced DCIP) as well as by an artifi-
cial electron acceptor (WB™). Both mediators in-
teract specifically with center(s) within complex
111, as indicated by the sensitivity of both media-

ted systems to specific inhibitors of terminal steps
in the reduction of cytochrome ¢,. The concentra-
tions of these inhibitors required for maximum
inhibition of succinate oxidation in the absence of
antimycin A vs. the mediator-promoted bypasses
of the antimycin block are identical, although the
apparent affinities for the two inhibitors are differ-
ent as developed by the experiments in Fig. 3.
Most of the experiments in this paper were per-
formed with the commercially available UHNQ,
although control experiments with the analog
UHDBT gave identical results. This class of in-
hibitors is believed to interact with the b-¢; com-
plex in such a way that upon binding at or close to
the FeS center electron transfer from the FeS
center to cytochrome c¢ is blocked. Myxothiazol,
on the other hand, shifts to the red the absorption
peak of reduced cytochrome b-566, an effect also
observed in the b-c; complex depleted of the FeS
center {10]; myxothiazol thus prevents electron
transfer from reduced ubiquinone to the FeS center
[12,13].

The apparently puzzling finding that electron
transfer to cytochrome ¢; in the presence of suc-
cinate + antimycin can be restored either by an
oxidant or a reductant is explained by and sup-
ports Q cycle pathways of electron transfer, partic-
ularly as proposed for the center,, portion. Such
schemes propose that oxidation of QH, on the
cytosolic side (i.e., center,,) proceeds by two
sequential one-electron steps, in which protein-
bound QH, releases its first electron to the Rieske
FeS center, thus generating bound ubise-
miquinone, which in turn donates the second elec-
tron to the b cytochromes. It is also widely accepted
that reoxidation of the » cytochromes, which is
antimycin-sensitive, involves electron transfer to
ubiquinone. This sequence of reactions explains
the phenomenon of oxidant-induced reduction of
the b cytochromes as observed in the presence of
antimycin, and is supported by the recent dis-
covery of an EPR signal attributable to ubisemi-
quinone, which accumulates in the presence of
antimycin + oxygen [27].

In accordance with this pathway, it is proposed
that reduced DCIP can activate electron transfer
from succinate to cytochrome ¢ in the presence of
antimycin by reducing the only reducible species
present under these conditions, i.e., ubise-



miquinone at center, , which is thus reduced to
QH,, as is shown in Fig. 8A. One electron passes
from QH, to the FeS center and thence to cyto-
chrome ¢;, thus forming ubisemiquinone, which
can be reduced to QH, again by reduced DCIP.
Consecutive one-electron transfers from QH, to
FeS would result in continuous oxidation of
reduced DCIP via the QH,/Q~ couple, thus pro-
viding a bypass around the antimycin block. Al-
though reduced DCIP is consumed in this series of
reactions it is constantly regenerated through
non-enzymatic reduction by ascorbate or en-
zymatic reduction by succinate. These conclusions
are supported by the finding that inhibition of
electron transfer to the FeS center with myxothia-
zol or from the FeS center to cytochrome ¢, with
UHNQ (or UHDBT) blocks the antimycin-insen-
sitive electron transfer promoted by reduced DCIP.
Also consistent with this explanation are the ob-
servations that low concentrations of reduced
DCIP completely oxidize the reduced cytochrome
b formed in the presence of antimycin A and
absence of added substrate (see also Ref. 2) and
that the DCIP-induced oxidation of cytochrome b
1s readily reversed upon addition of succinate (Fig.
6A). In the absence of added substrate, i.e., in
conditions where the mitochondrial Q is largely in
its oxidized form, antimycin can still cause accu-
mulation of the semiquinone and extensive reduc-
tion of the b cytochromes, because of the relatively
high redox potential of the QH,/Q™ couple and
the relatively low potential of the Q7 /Q couple.
Under these circumstances, reduced DCIP reduces
bound ubisemiquinone at center_, to yield bound
QH,. The latter may possibly exchange with a
molecule of free oxidized Q, which can then, in
bound form, accept electrons from cytochrome b,
i.e., in the opposite direction of normal electron
flow. However, when succinate is present,
ubisemiquinone bound to center_,, is also reduced
by reduced DCIP to QH,, but in this case QH, is
not displaced by oxidized Q, which is unavailable,
but is reoxidized to ubisemiquinone by the FeS
center, thus forming a bypass (Fig. 8A). The in-
creased steady-state concentration of ubise-
miquinone in the presence of antimycin A promo-
tes the reduction of the b cytochromes (Fig. 6A).
The TMPD bypass of the antimycin block, in
which WB™* functions as an oxidant, is also readily
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Fig. 8. Pathways of electron flow in (A) the DCIP and (B) the
TMPD bypasses of the antimycin (AA) block. In the DCIP
bypass Q_,, is constantly rereduced to QH, by reduced DCIP
(abbreviated D,_4), as shown by the dashed arrows. Electron
flow from QH, to cytochrome ¢ thus takes place entirely via
the FeS center and cytochrome ¢;. Reduced DCIP must be
constantly regenerated by ascorbate or succinate. In the TMPD
bypass one electron from QH, passes to the FeS center and the
other passes from Q™ to WB™, both ultimately reducing cyto-
chrome c.

explained by an supports the Q cycle scheme, since
the WB* must accept electrons from some re-
duced species that accumulates in the presence of
antimycin, i.e., either ubisemiquinone at center,,
or the reduced b cytochromes. Thus WB™* provides
a continuous escape for electrons from ubisemi-
quinone or reduced cytochrome b, which would
otherwise constitute a dead end. There is no net
consumption of WB™*, since it is regenerated by
the oxidation of TMPD by cytochrome c; thus the
TMPD/WB™ couple acts catalytically (Fig. 8B).
In the TMPD bypass, one electron from QH,
passes to the FeS center, the second electron (from
Q™) passes via WB™ to cytochrome c, the ultimate
acceptor of both electrons (Fig. 8B). Here again,
inhibition of electron transfer to the FeS center
(by myxothiazol) or from the FeS center to cyto-
chrome ¢; (by UHNQ or UHDBT) inhibits the
overall TMPD bypass reaction. QH, is regener-
ated again by reduction of Q by succinate. In the
experiments reported in this paper reduced DCIP
was found to act as a reductant and Wb* as a
suitable oxidant. The two mediators could in
principle also operate in the opposite manner (i.e.,
DCPIP as oxidant and TMPD as reductant)
without changing our conclusions. However, we
have been unable to observe a significant bypass
of the antimycin block in the presence of oxidized
DCIP and of TMPD + ascorbate. In the case of
TMPD + ascorbate, no significant oxidation of cy-
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tochrome b was observed in the absence of suc-
cinate, in accordance with Fig. 6 of Ref. 2. As
described in the same figure of Ref. 2, TMPD +
ascorbate induce oxidation of cytochrome b at
anaerobiosis. This effect was ascribed to the more
negative redox potential attained by the
TMPD/WB* couple in this situation. Thus a
bypass of the antimycin block might in principle
take place if TMPD could be kept in a more
highly reduced state in the presence of O,.

Some secondary observations require comment.
It was found that the extent of UHNQ inhibition
of the TMPD bypass is significantly less than that
of myxothiazol inhibition. This effect can be ex-
plained on the basis that WB™ is not completely
specific as an oxidant of ubisemiquinone or re-
duced cytochrome b; it may also be capable of
slow reoxidation of the reduced FeS center when
the latter is blocked in its reduced form in the
presence of UHNQ. This explanation suggests the
interesting possibility that the inhibitory effect of
UHNQ on electron flow through complex III may
be abolished if some other artificial acceptor can
be found to provide an escape for electrons from
the reduced FeS center. Another point of interest
is that WB™ promotes oxidation of reduced cyto-
chrome b in the presence of antimycin A, but this
oxidation is only partial even at the highest testa-
ble concentrations of WB™. This result seems puz-
zling, but it might indicate that the accessibility of
WB™* to its reaction center is decreased when
ubiquinone is poised at a relatively high redox
potential. Further experiments on these points are
under way with other redox mediators.

Finally, the effect of myxothiazol and UHNQ
on the redox behavior of the b cytochromes in the
presence of TMPD and WB™ requires comment.
As shown in Fig. 7A myxothiazol abolished the
oxidation of cytochrome b induced by reduced
DCIP. This effect is expected if the binding of
myxothiazol prevents the formation of ubisemi-
quinone at center,,, similar to the situation ob-
served after destruction of the FeS center by BAL
[27]. In this case no DCIP-reducible redox center
would be available. Also, UHNQ interferes with
the oxidation of cytochrome b by reduced DCIP
and might indicate that UHNQ interferes with the
formation of ubisemiquinone. However, this effect
is observed only at very low DCIP concentrations

and generally at temperatures below 14-15°C.
This is probably a reflection of the poor binding of
UHNQ when the chain is highly oxidized [17].

The partial reduction of cytochrome b which is
still observed in the presence of antimycin + WB*
is slowly abolished by further addition of
myxothiazol. It can therefore be argued that
myxothiazol, by preventing electron flow to the
FeS center also prevents electrons from entering
the Q7 /b pathway, thus making possible slow
escape of electrons from cytochrome b to the
artificial oxidant WB™. It is also to be emphasized
that myxothiazol and UHNQ inhibit the
mediator-activated succinate oxidation about as
well as in the absence of antimycin. This observa-
tion indicates that electrons entering complex 111
in the presence of myxothiazol or UHNQ, but in
the absence of antimycin, are not available for
interaction with the mediators. This can be ex-
plained if the reactive center for both reduced
DCPIP and WB™ is Q “at center,,,, whose forma-
tion might be prevented by myxothiazol and
UHNQ.

Altogether most of the data reported in this
paper can be explained by and support a non-lin-
ear sequence of electron transfer reactions in the
mitochondrial ubiquinol-cytochrome ¢ reductase
system as proposed in the original Q cycle [1].
Some of our observations, however, e.g., the failure
of cytochrome b to be fully oxidized in the pres-
ence of antimycin+ WB™, are not easily ex-
plained by the original Q cycle. Similarly, recent
reports on the kinetics of reduction of cytochrome
¢, and the FeS center in the presence of antimycin
A are not accounted for by a simple Q cycle and
have led to more complex variants [13,18]. Fur-
thermore, it has been reported that DCCD can
inhibit translocation of 2 of the 4 H* that accom-
pany passage of an electron pair through complex
II1, without inhibiting the overall rate of electron
flow and without producing uncoupling [23-25],
observations that suggest our understanding of the
sequence and mechanism of electron flow through
complex III is still incomplete.
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