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ABSTRACT: Cytochrome bci, a key enzyme of biological energy conversion, generates or uses a proton
motive force through the Q cycle that operates within the two chains of cofactors that embed two catalytic
quinone oxidation/reduction sites, the Q, site and the Q; site. The Q, site relies on the joint action of two
cofactors, the iron—sulfur (FeS) cluster and heme b;. Side reactions of the Q cycle involve a generation
of superoxide which is commonly thought to be a product of an oxidation of a highly unstable semiquinone
formed in the Q, site (SQ,), but the overall mechanism of superoxide generation remains poorly understood.
Here, we use selectively modified chains of cytochrome bc to clearly isolate states linked with superoxide
production. We show that this reaction takes place under severely impeded electron flow that traps heme
br. in the reduced state and reflects a probability with which a single electron on SQ, is capable of reducing
oxygen. SQ, gains this capability only when the FeS head domain, as a part of a catalytic cycle, transiently
leaves the Q, site to communicate with the outermost cofactor, cytochrome c;. This increases the distance
between the FeS cluster and the remaining portion of the Q, site, reducing the likelihood that the FeS
cluster participates in an immediate removal of SQ,. In other states, the presence of both the FeS cluster
and heme by, in the Q, site increases the probability of completion of short-circuit reactions which retain
single electrons within the enzyme instead of releasing them on oxygen. We propose that in this way,
cytochrome bc; under conditions of impeded electron flow employs the leak-proof short-circuits to minimize
the unwanted single-electron reduction of oxygen.
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In respiratory and photosynthetic systems that couple electron
transfer with a transmembrane proton gradient driving ATP
production (/), cytochrome bc; (mitochondrial complex III) uses
the Q cycle (2, 3) to catalyze electron transfer between quinone
and cytochrome c. During the Q cycle, a reversible oxidation
of quinol in the catalytic Q, site delivers one electron into the
high-potential c-chain and the other into the low-potential
b-chain. This reaction which is unique in biology relies on the
energetic coupling of the two reduction/oxidation reactions, one
involving the FeS' center of the c-chain and the other heme by,
of the b-chain. The electrons are then exchanged between the
FeS center and heme ¢, in the c-chain and among heme by,
heme by, and the other quinone catalytic Q; site in the b-chain
(Figure 1a) (3, 4). It appears that the two chains of cytochrome
bc; have evolved to favor those productive electron transfers
over the energy-wasting short-circuits of direct exchange of
electrons between the chains or the uncontrolled leaks of
electrons that produce damaging superoxide (5—9). Indeed, the
enzyme working unperturbedly under driving force provided
by substrates, quinol and cytochrome ¢, does not produce
superoxide at detectable levels. This, however, may change
when the impeded electron flow outbalances reducing equiva-
lents in the two chains, which has long been known from the
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classic experiments with an inhibitor antimycin which demon-
strated that blocking specifically the electron flow through the
Qi site is sufficient to make the enzyme vulnerable to superoxide
production (10, 11). These kinds of observations have raised
an ongoing debate about whether cytochrome bc; does produce
superoxide in living cells (/2—16) and if so under what
conditions and with what mechanism (5, /7—24). Answering
those questions not only would bring clarity to many physi-
ological and medical studies but also should improve our
understanding of the molecular mechanisms of energy conser-
vation supported by cytochrome bc;.

Herein, by specifically manipulating the electron flow
through the two chains of cytochrome bc,, we were able to
clearly isolate the states linked with superoxide production.
This revealed that under the conditions of impeded electron
flow, the leak of electrons from the Q, catalytic site to form
superoxide competes with the short-circuit reactions and that
the oscillatory movement of the FeS head domain causes
transient suppression of certain short-circuits making the Q,
site vulnerable to superoxide production.

EXPERIMENTAL PROCEDURES

Wild-type and mutated cytochrome bc; were isolated from
the appropriate strains (25—27) of Rhodobacter capsulatus
as described previously (28). Mutated cytochrome bc)
included the following cofactor knockout forms: the c;
knockout with the M183L mutation in cytochrome c; (26)
and the FeS motion knockout with the +2Ala insertion in
the neck region of the FeS subunit (27). Steady-state
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FIGURE 1: Manipulations with electron flow in cytochrome bc;. (a)
Three catalytic subunits [cytochrome b (blue), cytochrome c; (gray),
and the FeS subunit (green and yellow for the Q, and ¢, positions,
respectively)] embed two chains of cofactors that support electron
transfers (red arrow) coupled to proton translocation across the
membrane (not shown). (b) The cofactor knockouts or antimycin
(crosses) affect the communication of the catalytic sites with the
substrate (Q and cyt ¢) redox pools. (c—e) In the knockouts,
oxidation of FeS is suppressed to seconds. Single electrons delivered
from the Q, site to the b-chain travel freely to the Q; site (c), unless
the Q; to heme by reverse reaction saturates this portion of the
b-chain with electrons (d) or inhibition with antimycin eliminates
the action of the Q; site (e). This, in turn, may trap heme by in the
reduced state. Red and black colors in panels c—e represent reduced
and oxidized states, respectively. Hexagons are quinones in the
catalytic sites. A hexagon with a dot represents semiquinone. For
the sake of simplicity, the cycling of sequential reactions at the Q;
site is not shown. A different origin of suppression of FeS oxidation
in the ¢; knockout and the FeS motion knockout is not shown either.

enzymatic activity of cytochrome bc; was assayed by
measuring the DBH, (2,3-dimethoxy-5-decyl-6-methyl-1,4-
benzohydroquinone)-dependent reduction of mitochondrial
horse cytochrome c¢ as described previously (25). The
measurements of superoxide production, based on superoxide
dismutase-sensitive reduction of cytochrome c, were per-
formed as described previously (5). The concentration of
cytochrome ¢ was 20 M, and the concentration of quinol
was as described in the figure legends.

RESULTS AND DISCUSSION

Steady-State Properties of Cofactor Knockouts. To inves-
tigate the production of superoxide by cytochrome bc;, we used
the isolated forms of the bacterial enzyme which transfer
electrons extremely slowly due to the drastically changed
properties of one of the cofactors in the c-chain (Figure 1b).
Those properties knock out the physiological competence of
the enzyme by introducing either a thermodynamic or a steric
barrier for one of the steps that follows the initial oxidation of
quinol at the Q, site. In the FeS motion knockout, the FeS head
domain is sterically arrested close to the Q, site, which severely
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FIGURE 2: Superoxide production by isolated cytochrome bc; under
various redox conditions. The activity of the ¢; knockout (a), the
FeS motion knockout (b), and the wild type (c) was measured in
the absence (white bars) and presence (gray bars) of SOD.
Conditions: 50 mM Tris-HCI (pH 8) and 100 mM NaCl (A—C on
a white background) or 50 mM Tris-HCI (pH 8) and 400 mM NaCl
(D—F on a gray background); 20 uM quinol (A, C, D, and F) or
100 uM quinol (B and E); no inhibitor (A, B, D, and E) or 20 uM
antimycin (C and F). Only a statistically significant amount of
superoxide production is shown as a percentage above the bars.

interferes with its normal oscillation between the Q, site and
heme ¢, required for efficient electron transfer (27). In the ¢,
knockout, the midpoint potential of heme ¢, is lowered by more
than 300 mV, making the electron transfer through this heme
extremely uphill (26).

The overall effect of these changes is to slow the electron
transfer through the c-chain to the time scale of seconds which
severely inhibits the communication of the Q, site with the
cytochrome ¢ pool. Those effects can be combined with the
use of antimycin which cuts off the communication between
the b-chain and the quinone pool at the level of the Q; site. All
those effects decrease the steady-state enzymatic activity to low
but readily measurable levels. This, in combination with the
biochemical assay for superoxide production and the experi-
mental means of modulating the concentration of substrates and
changing the pH, establishes the flexible system for analyzing
conditions of impeded electron transfer under functional Q, and
Qi sites or, with antimycin present, under the functional Q, site
alone. Those conditions mimic some of the redox states
encountered by cytochrome bc; in the cells, especially those
with the cytochrome ¢ and/or quinone pool over-reduced. In
such cases, the enzyme is saturated with quinol but the flow of
electrons out of the c-chain and/or the b-chain is greatly
suppressed (Figure 1c—e).

Isolation of States Linked with Superoxide Production.
Figure 2 compares the steady-state enzymatic activities



FeS Motion and Generation of Superoxide by Cytochrome bc;

measured in the wild type and the knockouts at two different
ionic strengths and at two different concentrations of quinol.
In these assays, the difference in the activity measured in
the absence and presence of superoxide dismutase reflects
the level of superoxide production.

At 100 mM NaCl and 20 uM quinol, the ¢, knockout does
not produce a measurable amount of superoxide (Figure
2aA); however, it is enough to increase the quinol concentra-
tion to 100 uM, and the level of superoxide production
reaches 6% (Figure 2aB). This percentage is much higher at
an ionic strength of 400 mM NaCl (37%) (Figure 2aD) or
when antimycin is added at either of the ionic strengths
(approximately 30%) (Figure 2aC,F). The same set of
measurements conducted with the FeS motion knockout
shows that this form does not produce superoxide at
statistically significant levels under any condition, with or
without antimycin (Figure 2bA—F). The native enzyme
produces superoxide at levels of 17 and 26% at 100 and 400
mM NaCl, respectively, only when antimycin is present
(Figure 2cC,F).

In the experiments depicted in Figure 2, an increase in the
ionic strength and in the concentration of quinol introduces two
distinct effects. The ionic strength acts primarily to inhibit the
interaction between cytochrome ¢ and cytochrome c¢; and
thereby slows the electron transfer in the c-chain and suppresses
the overall enzymatic activity. On the other hand, quinol, which
is the substrate for the Q, site, can also enter the Q; site to reduce
heme by in the reverse direction (29, 30), thereby competing
with the forward reaction of oxidation of quinol at the Q, site.
This may lead to a saturation of the b-chain with electrons
(Figure 1d). Thus, increasing the concentration of quinol
increases the extent to which the reverse reaction interferes with
the forward reaction, which may generally lead to a decrease
in the measured activity. This is evident in the wild type and in
the FeS motion knockout at both 100 and 400 mM NaCl (B vs
A and E vs D in panels b and ¢ of Figure 2) and in the ¢,
knockout at 100 mM NaCl (B vs A in Figure 2a). On the other
hand, a high ionic strength in this form inhibits the electron
flow through the c-chain to such extremely low rates that
increasing the concentration of quinol appears actually to slightly
increase the measured activity (E vs D in Figure 2a).

The effect of saturating the b-chain with electrons is most
enhanced when addition of antimycin completely blocks the
outflow of electron from heme by to the Q; site in the forward
direction (Figure le), which generally leads to the inhibition
of the measured activity (C and F in Figure 2). With those
considerations, the experiments depicted in Figure 2 establish
a broad range of conditions under which the sustained influx
of electrons into heme by, cannot be balanced with the outflow
of electrons from this heme to heme by (Figure 1d,e). This
traps heme by, in the reduced state which is expected to
increase the probability of uncoupling of the FeS- and heme
b -mediated two-electron oxidation/reduction of quinol/
quinone at the Q, site and result in the formation of
semiquinone (SQ,) (22, 37). The highly unstable SQ, is then
expected to be able to reduce oxygen generating superoxide.
We see that indeed the conditions trapping heme by, in the
reduced state make the wild-type cytochrome bc; and the ¢,
knockout vulnerable to the production of superoxide. In the
wild type, it is just when antimycin blocks the Q; site (Figure
2¢C,F); in the ¢, knockout, it is also under the “pressure”
from the Q; site to heme by reverse reaction (Figure 2aB—F).
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FIGURE 3: Influence of the Q; site to heme by reverse reaction on
the superoxide production in the ¢; knockout. The percent of
superoxide production is plotted vs the SOD-insensitive enzymatic
activity. The activity was manipulated by changing the ionic
strength. The measurements were performed with 20 M quinol
and 50 mM MOPS (pH 7) (O), 20 uM quinol and 50 mM Tris-
HCI (pH 8) (&), or 100 uM quinol and Tris-HCI (pH 8) (O).

On the other hand, the FeS knockout remarkably differs from
the wild type and the ¢; knockout in that it does not produce
a statistically significant amount of superoxide under any
conditions, even when heme by, is trapped in the reduced
form (Figure 2b). This appears as the first known example
of the variant of cytochrome bc, for which the inhibition by
antimycin is not able to stimulate superoxide production.
Since the reverse reaction is more prominent at alkaline
PH (29, 32) or, as discussed earlier, with higher concentrations
of quinol, we expect those factors to modulate the saturation
of the b-chain with electrons and thereby influence the percent-
age of superoxide production. Indeed, the similarly active c;
knockout produces more superoxide at pH 8 than at pH 7,% or
with 100 4M quinol than with 20 uM quinol (Figure 3). On
the other hand, the FeS motion knockout shows a consistent
lack of observable superoxide production under the conditions
described in the legend of Figure 3 (data not shown).

The FeS Motion-Driven Unblocking of the Q, Site for
Reaction with Oxygen. The unprecedented resistance of the
FeS motion knockout to production of superoxide under any
conditions of our experiments implies that the structural
changes that occur in the Q, site upon the movement of FeS
are somehow related to the vulnerability of the enzyme to
superoxide production.

In the FeS motion knockout, the FeS head domain is
locked for seconds in the Q, position (27) and, thus, only
occasionally leaves the site to reduce cytochrome c¢; and
come back in the oxidized form to initiate the next reaction
in the Q, site. If we assume that electrons from SQ, can
leak on oxygen only during the time interval that FeS spends
out of the Q, site, this would explain why no superoxide
accumulates in this knockout on the time scale of minutes
of our experiment. This is simply because FeS does not leave

2 Given that the reaction rate constant of cytochrome c¢ with
superoxide is 3 x 10° M~! s7! and the rates constants of spontaneous
dismutation of superoxide in water at pH 7 and 8 are 6 x 10° and 4 x
10* M~! s71, respectively (34), we numerically solved the differential
equations to estimate a contribution of superoxide dismutation on the
level of experimentally measured superoxide production in our system
at those two pH values. The increase in the rate of reduction of
cytochrome c resulting from the change in the dismutation rate is less
than 0.1% of the reaction of superoxide with 20 uM cytochrome ¢
when the pH is changed from 7 to 8.
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FIGURE 4: Short-circuits and leaks in the reversibly operating Q,
site. Semiquinone (SQ,) formed in semiforward (left panel) or
semireverse (right panel) reaction undergoes rapid elimination by
either oxygen (a—d), FeS in the Q, site (e—h), or heme b, (i and
j). In panels a—j, the redox states after the initial formation of SQ,
(hexagon with a dot) are colored red and black for the single-
electron reduced and oxidized cofactor, respectively. Reaction of
SQ, with oxygen in panels a—d is shown as a brown arrow; possible
competitive reactions of SQ, with FeS or heme b, in panels e—j
are shown as blue arrows.? For the sake of simplicity, FeS is shown
at only two positions, in the Q, site (the Q, state) and out of the Q,
site (the ¢, state). The “FeS out of the Q, site” should, however,
be considered as a distribution of states (between the Q, site and
the ¢, states) that lowers the density of FeS at the Q, site.

the Q, site a sufficient number of times to make such an
accumulation possible.

Indeed, the motion of the FeS head domain may act to
transiently “open” the Q, site for the reaction with oxygen.
In this mechanism, the FeS center leaving the Q, site
dangerously exposes single electrons of SQ, to an external
oxidant by suppressing a completion of certain short-circuit
reactions that otherwise effectively remove SQ, instead of
oxygen. This should be regarded as a strictly kinetic effect
of slowing the electron exchange within the Q, site cofactors
caused by a transient increase in the distance between FeS
and the remaining portion of the site (33). Figure 4 explains
how, according to the mechanism described above, SQ, can
be eliminated by either the reaction with oxygen or a
completion of short-circuits. Those types of reactions inher-
ently depend on the type of reaction that initially generates
semiquinone in the Q, site.

Competition of Short-Circuits with Leaks on Oxygen
during the Forward and Reverse Electron Flow. In the
reversibly operating cytochrome bc;, when electron flow
through the c- and/or b-chain is impeded and the FeS center-
and heme by -mediated two-electron oxidation/reduction of

31t is useful to refer the states described in this figure to the states
described in Figure 6 of ref 6. Reaction f is a third step of short-circuit
6¢ (6). Reaction h is a second step of short-curcuit 6f (6). Reaction i
is a second step of short-circuit 6e (6). Reaction g is a part of reverse
catalytic reaction 6b (6). Reactions e and j bring the Q, site to the state
before the formation of SQ,.
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quinol/quinone at the Q, site is uncoupled, semiquinone in
the Q, site can in principle be formed in two ways. The
commonly evoked scenario assumes that the oxidized FeS
center, as a part of a forward electron flow, withdraws a
single electron from quinol bound to the Q, site even when
heme by is already reduced, and thus unable to support the
thermodynamically coupled consumption of the second
electron (5, 17, 18, 21) (we refer to it as the “semi-forward
reaction”). The semiquinone so formed is highly unstable
and can easily pass the electron to oxygen generating
superoxide. Alternatively, the reduced heme b can be a
primary source of single electrons that reduce quinone to
semiquinone as a part of the reverse electron flow (we refer
to it as the “semi-reverse reaction”), and this semiquinone
again can generate superoxide. Indeed, evidence of the
involvement of heme by, in physiologically relevant produc-
tion of superoxide has recently been presented from the
observation that increasing the concentration of quinone
increases the level of superoxide production by mitochondrial
complex III (24).

Since the initial formation of SQ,, under conditions of
impeded electron flow, constitutes a first step of short-
circuits, the subsequent reaction of SQ, with oxygen faces
several competitive reactions that complete the short-circuit
and effectively decrease the SQ, lifetime. Those reactions
involve both the FeS center and heme by, (Figure 4).

The formation of SQ, in the semiforward reaction yields
the state with reduced FeS and reduced heme b;.. The reduced
FeS can return the electron back to SQ to re-form quinol
(Figure 4e) or leave the Q, site toward heme ¢, (Figure 4a)
and return in the reduced (Figure 4, back to reaction e) or
oxidized form (Figure 4f), passing through the state in Figure
4b. The movement of FeS delays its possible participation
in the removal of SQ,, which means that in the states where
FeS is not in the Q, site the probability of generation of
superoxide by SQ, increases (Figure 4a,b). In the meantime,
however, heme b is ready to give away its electron reducing
SQ, to quinol (Figure 41); thus, if superoxide is to be formed
in the states where FeS is not in the Q, site, reaction i (Figure
4) must be suppressed to the point that oxygen can effectively
compete with it.

The distribution of all those states is greatly simplified in
the knockouts. Suppression of the oxidation of FeS in the ¢,
knockout shifts this distribution so that the contributions of
reactions b and f (Figure 4) are much smaller than those of
reactions a and e (Figure 4). Arresting the FeS in the Q,
position further narrows the distribution of the two latter
states, by increasing the probability of reaction e versus
reaction a (Figure 4). With these considerations, we can
explain the observed variations in the superoxide production
in our system using the “FeS motion-driven unblocking”
mechanism. The forms with frequently occurring “opened”
states in panel a or b of Figure 4 (wild type and the c,
knockout) produce detectable superoxide, while those with
infrequently occurring states in panels a and b of Figure 4
(the FeS motion knockout) do not.

The formation of SQ, by heme by in the semireverse
reaction yields the state with oxidized heme by.. SQ, can give
an electron back to heme by, (Figure 4j). It can also reduce
oxidized FeS (Figure 4h) or withdraw an electron from
reduced FeS (Figure 4g) provided that the FeS center is in
the Q, site at the time of SQ, formation. However, if this



FeS Motion and Generation of Superoxide by Cytochrome bc;

condition is not met (i.e., FeS is not in the Q, site at the
time of SQ, formation), there is a chance that reaction with
oxygen outcompetes the electron exchange within the Q, site
(Figure 4c,d) simply because an increase in the distance
between FeS and the remaining portion of the Q, site slows
the rate of electron exchange between FeS and the occupant
of the Q, site and thereby reduces the likelihood that FeS
participates in the immediate removal of SQ,.

In analogy to the previously described situation, the
distribution of all those states is greatly simplified in the
knockouts. The ¢; knockout shifts this distribution so that
the contributions of reactions d and h (Figure 4) are much
smaller than those of reactions ¢ and g (Figure 4). The FeS
motion knockout increases the probability of reaction g
versus reaction c (Figure 4). Again, using arguments similar
to those described above, we can understand the observed
variations in superoxide production. Only the forms with the
frequently occurring “opened” states of panel ¢ or d of Figure
4 (wild type and the ¢, knockout) produce detectable
superoxide.

We thus come to the conclusion that, irrespective of the
origin of the SQ, (i.e., whether it is formed in a semiforward
or semireverse reaction), the Q, site with the semiquinone
faces the increased possibility of leaks of electrons to oxygen
when the FeS head domain transiently leaves the site (Figure
4a—d). Apparently, even when the FeS domain moves
unperturbedly (microseconds), the risk of an occurrence of
the state with SQ at the Q, site and FeS away from the site
does exist, as reflected by the various levels of superoxide
production seen in the wild type and the ¢; knockout.*

Indeed, the variations in the production of superoxide by
cytochrome bc; observed by us and others could reflect
variations in the distribution of all states described in Figure
4 and, thus, result from reactions involving SQ, produced
in both semiforward and semireverse reactions. It is,
however, worth mentioning that there is one significant
difference between the states encountered by the enzyme
after formation of SQ, in semiforward and semireverse
reactions. In the first case, when SQ, is formed due to the
presence of oxidized FeS in the Q, site, reduced heme by is
already there close to SQ, and in readiness to give away its
electron, while in the second case, SQ, can be formed when
FeS is remote from the Q, site and, thus, unable to
immediately participate in the reaction. This transient asym-
metry in the geometrical arrangement of the Q, site cofactors
at the time of SQ, formation could in principle shift the
weight more toward the importance of the semireverse mode
of SQ, formation in superoxide generation by cytochrome
bcy, in agreement with a recent proposal of a physiological
significance of the heme b -driven mechanism of superoxide
production in living cells (24).

One may speculate that the natural design of the Q, site
has evolved to maintain the short-circuits at rates safely

*With an unknown mechanism, the two- or three-step short-circuits
of the Q, site are suppressed to seconds, most likely by the first electron
transfer reaction (formation of SQ,). The motion of FeS decreases the
probability of its participation in the rapid removal of SQ, (by
decreasing the density of FeS at the Q, site) to the point that oxygen
can compete with it. If native FeS moves with a rate of approximately
3.3 x 10* s7!, as suggested (27), the maximum rate of interaction of
SQ, with oxygen should be approximately 1 x 10° s~ to match the
maximum level of superoxide production of 36% observed in the c;
knockout with antimycin.
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relegated from the catalytic time scale but, under conditions
of impeded electron transfer, efficiently competing with the
rate of the leak of electrons to oxygen. With such a defense
mechanism, the living cells would compromise the energy-
wasting formation of damaging reactive oxygen species with
the energy-wasting but leak-proof short-circuits. The overall
effects can be similar to those seen in the knockouts, which
revealed that hypoxic-like (/6) blocking of an oxidation of
cytochrome ¢ and the outflow of electrons from the c-chain
while maintaining the influx of quinol presents a real danger
of leaks of electrons to oxygen at the level of cytochrome
bc,. The mechanism developed here makes this understandable.
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