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Abstract

Solution of the X-ray crystallographic structure of the ubiquinol:cytochrome c oxidoreductase
(the bc1-complex) from several animal sources has provide a basis for understanding the mecha-
nism, and the effects of mutation on the function of the complex. In this paper, we review the
biophysical information on the mechanism of the ubihydroquinone (quinol) oxidizing site (the
Qo-site), the information from analysis of mutant strains which effect function or inhibitor bind-
ing at the quinol oxidizing site, and details of the structure of the complex from avian heart mito-
chondria as it pertains to this catalytic site. A paradoxical feature of the quinol oxidation reaction
is the mechanism that ensures that the two electrons from quinol enter separate electron transfer
chains. The crystallographic data show several features of interest. The iron sulfur protein is
found in several different positions in different structures, and in structures with inhibitors
bound, stigmatellin and myxothiazol occupy different domains in the Qo-binding pocket, with the
former distal and the latter proximal to heme bL. We suggest a mechanism with the following
novel features: i) movement of the iron sulfur protein between two separate reaction interfaces
on cytochrome c1 and cytochrome b, and ii) movement of the occupant of the Qo-binding pocket
between a domain distal from the heme of cyt bL, but close to the iron sulfur protein docking in-
terface, and a domain proximal to heme bL. We suggest that all interactions with the iron sulfur
protein occur from the distal position. These include a) the binding of stigmatellin and UHDBT,
which lead to a change in mid-point potential and a shift in spectrum of the reduced 2Fe2S cen-
ter, b) the formation of a complex between ubiquinone and the reduced iron sulfur protein which
gives rise to the gx=1.800 EPR band, and c) the oxidation of quinol to ubisemiquinone by the
oxidized 2Fe2S center. We suggest that after formation, the ubisemiquinone moves to the proxi-
mal position before transferring an electron to heme bL, and that this movement, together with a
change in conformation of the site through displacement of a few  residues, prevents further in-
teraction with the 2Fe2S center.

Introduction

 Ubiquinol:cytochrome c oxidoreductase (bc1-complex) is a central component of the electron
transfer system in almost all organisms, occurring ubiquitously in respiratory and photosynthetic
chains of mitochondria and bacteria, and (as the b6f-complex) in the photosynthetic chain of
oxygenic photosynthesis (see refs. 1-3 for recent reviews). A modified Q-cycle (4-9) accounts
well for a large body of experimental data from studies in which the function has been explored.



The mechanism involves two catalytic sites for oxidation or reduction of the quinone couple, and
a third site for electron transfer to cytochrome c. The function of the two quinone reactive sites
has been explored biochemically, and characterized using kinetic spectroscopy, and their activi-
ties differentiated through use of inhibitors that act specifically at one site or the other (1-13).
The quinol oxidizing site (Qo-site) catalyzes a unique reaction in which the electrons from QH2

are passed to separate electron transport chains in the complex through a bifurcated reaction.
Further information on the occupancy of the Qo-site has been obtained though study of the inter-
action of the occupant with the 2Fe2S center of the reduced ISP, observed through changes in the
EPR spectrum of this center (33-40). In addition to the effects observed with stigmatellin and
UHDBT (10-13, 33), a well-defined band at gx=1.800 has been observed when quinone occupies
the pocket. The dependence of these spectral changes on ambient redox potential, and on the ex-
tent of extraction of quinone, has lead Ding (34, 35) and colleagues to suggest a double occu-
pancy of the site by weakly (Qow) and strongly (Qos) binding quinone species.

Although the modified Q-cycle mechanism is well supported, there remain several problems in
understanding the mechanism of catalysis at the molecular level. A more detailed understanding
of the structure-function relationship at the catalytic sites requires a structural context, and this
has recently been provided by X-ray crystallographic studies of the structure of the complexes
from mitochondria (15-23). In this paper, we review the information on mechanism obtained
from studies of mutations that effect the Qo-site, and consider this in the context of the detailed
structural information from crystallographic studies of the chicken heart mitochondrial bc1-
complex (20-22).
 

Methods

The crystallographic determination of the structures of the complexes is discussed at length
elsewhere (22). Molecular engineering protocols used were similar to those previously reported
(24-26), and will be presented in detail elsewhere (Barquera et al., in preparation). Biophysical
characterization of mutant strains was performed using procedures previously described (5, 6, 9,
11).

Results and Discussion

Structure of the catalytic subunits

The catalytic subunits, cytochrome b, cytochrome c1 and the iron sulfur protein, have been well
conserved across the bacterial/eukaryote evolutionary divide, allowing us to interpret data from
experiments with Rb. sphaeroides in the context of the mitochondrial structures. The X-ray
crystallographic work has confirmed the general features anticipated in earlier work (1, 29, 30),
and provided a wealth of additional detail (22, 23). The location of the quinone reactive sites in
the avian structure (22) has been determined using inhibitors shown through functional studies to
be specific for each site. Crystals have been grown in the presence of three Qo-site inhibitors,
stigmatellin, myxothiazol, and UHDBT, and the Qi-site inhibitor antimycin. The position of the
inhibitors has been determined from the electron density difference from the native crystals. The
structure of the protein has not yet been determined independently for most of the inhibitor con-
taining crystals, but, apart from changes in a few key residues (to be described in context), the



cytochrome b subunit does not appear to undergo any major changes in structure on binding
inhibitors.

Figure 1. Scheme showing the reactions of quinol oxidation at the Qo-site. The complex is
represented by the three catalytic subunits (cyt b - red; cyt c1 - green; ISP - blue), shown as
transparent spacefilling models, revealing the metal centers. The transfer of an oxidizing
equivalent to cyt c1 is shown by the ringed "+" (a), which is transferred to the ISP (in ISPR posi-
tion) (b); the oxidation of QH2 (a-c) is indicated by the appearance of an electron (ringed "-") at
the Qo-site, indicating formation of a semiquinone (d) (in c and d, ISP in ISPO position), and its
transfer to the b-cytochrome chain (e, f), leaving quinone (e), which leaves the site (f). Note that
the electron transfer from QH2 to the 2Fe2S center to form the semiquinone anion, releases 2H+

to the aqueous phase (d), balancing the charges in the transition (c - d). 

In contrast, the ISP changes its position dramatically on binding stigmatellin, showing a rota-
tional displacement in which the 2Fe2S center moves by ~16 Å from a position close to cyt c1 in
the absence, to a docking interface on cyt b in the presence of inhibitor. Theoretical considera-
tions suggest that the structure would not be competent in all electron transfer steps in either of
the positions found, and we have suggested that the ISP must move between these positions
during turn over. Figure 1 summarizes the mechanism we have proposed, in which the move-
ment of the catalytic domain of the ISP between reaction interfaces on cytochrome b and cyto-
chrome c1 subunits is required for electron transfer from quinol to cyt c1 (31).



The Qo-site

An extensive literature on mutations that affect inhibitor binding or kinetic function at the Qo-site
has been summarized recently by Brasseur et al. (27); our own recent work on site-directed mu-
tations in the ef-loop, including the -PEWY- span, will be presented in detail elsewhere (28, and
Barquera et al., in preparation). This work has identified spans in the sequence likely to contrib-
ute structurally; the C-terminal end of the transmembrane helix C, the N-terminal section of the
cd loop, including the amphipathic cd-helix, the ef loop, including a coil from the end of the he-
lix E, the -PEWY- turn, the small ef helix connecting the -PEWY- turn to transmembrane helix,
and the N-terminal end of helix F. In the structure, these spans define two features: i) a quinol
binding pocket, occupying a volume in which a difference electron density is seen in crystals
containing myxothiazol or stigmatellin, and ii) a concave surface, which is a docking interface
for the ISP. The transmembrane helices contributing to the site flare out to provide the volume,
and to form the sides of the pocket, the -PEWY- loop acts as a spacer, and the amphipathic heli-
ces provide the bottom. They also, on their other faces, provide most of the ISP binding surface,
with the ef-loop providing additional residues. From examination of the placing of these domains
in the structure it is apparent that mutations in either can interfere with the catalytic mechanism.

Differential effects on binding of the two classes of inhibitor acting at the site have been noted,
with strains resistant to stigmatellin, but not myxothiazol or mucidin, and vice versa, and strains
resistant to both inhibitors (1, 27, 28). Binding studies have shown that occupation is mutually
exclusive (3, 10, 12, 13, 32-35), so that only one occupant (quinone, stigmatellin, myxothiazol,
or UHDBT) can be in the site, and the crystallographic studies confirm these earlier results. Mu-
tations have several different effects on the changes in EPR spectrum of the Rieske center at
gx=1.800, which have been attributed to interaction with quinone at the Qo-site. However, for any
particular mutation, the effects on signals attributed to Qow and Qos have been the same.

The Qo-site is shown in greater detail in Fig. 2, in which residues known to effect inhibitor
binding or catalysis are shown as stick models. The locations of stigmatellin and myxothiazol are
modeled on the basis of the electron density differences observed in separate crystals containing
these inhibitors, compared to the native structure.



Figure 2. Residues at which mutation leads to modification of function.

A. Inhibitor resistance sites. Note that in many cases, several mutations have been generated at a
site, with differential effects on inhibitor binding, depending on the nature of the change. The
following color-coding is therefore somewhat simplistic. Myxothiazol resistant sites are shown
in yellow, stigmatellin resistance sites are shown in red. Residues at which modification leads to
resistance to both inhibitors are shown in green. Stigmatellin and myxothiazol are shown as ball
and stick models, colored cyan and white respectively, occupying the volumes in which they are
found in separate crystals. The heme of cyt bL is shown as a magenta wireframe model. The iron
sulfur protein is shown in the stigmatellin-induced configuration, as a blue backbone model.

B. Residues at which mutation produces a modified gx=1.800 band. Yellow, normal occupancy
but no rate; red, empty, but moderate rate; magenta, empty, and little or no rate; violet, partially
occupied, slow rate, hyper sensitive to myxothiazol. Heme is orange. Inhibitors as ball and stick
models; stigmatellin is green, myxothiazol is white. The iron sulfur protein (chain E in Berry's
structure) is shown as a blue backbone model, with Leu-142 and Gly-143 colored gray and
brown. Changes at these residues also modify the kinetics of the Qo-site, and the gx=1.800 signal.

Kinetics in the high potential chain

Myxothiazol binds at the Qo-site of cyt b, and displaces quinol, preventing the delivery of elec-
trons to the 2Fe2S center of the ISP. This simplifies the electron transfer chain so that the reac-
tions of the high potential components can be examined separately. In Rb. sphaeroides, oxidizing
equivalents from the primary donor (P+/P) of photochemical reaction center (RC) are delivered
to cytochrome c1 by cytochrome c2, with a t½; of about 150 µs. The electron transfer from the Ri-
eske center to cyt c1 cannot be resolved, because it is not rate determining. However, kinetic ar-
guments suggest that the rate constant must be in the range 105 s-1 (5, 7, 9). In the absence of
myxothiazol, the bifurcated reaction occurs, resulting in cytochrome b reduction. A ~200 µs lag
observed before onset of reduction of cyt bH is contributed by several processes: the delivery of
oxidizing equivalents to cyt c1 (~150 µs), the oxidation of the 2Fe2S center (<10 µs), and the
movement of the ISP to its reaction interface with QH2. The reactions of the ISP with its partners
(QH2 bound at the Qo-site of cyt b, and the heme of cyt c1) (Fig. 1) require a movement of ~ 16 Å



between two reaction domains on these separate subunits.

 Kinetics of quinol oxidation

In the oxidation of quinol, the kinetics of electron transfer to the high potential chain and the cy-
tochrome b chain are closely matched. The system behaves as if the oxidation involved a con-
certed, two-electron reaction with simultaneous delivery of electrons to two separate chains.
However, it is generally accepted that this behavior reflects a sequential reaction in which the
intermediate semiquinone is consumed rapidly, and never attains a significant concentration.
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Because the reduction of cyt bL by Qo
.-, and of cyt bH by cyt bL are not rate limiting (34, 36), the

overall reaction can be assayed by measuring the rate of reduction of cyt bH in the presence of
antimycin; quinol oxidation is the rate limiting step under conditions of saturation with substrate.

 Crofts and Wang (9) developed a model that accounted well for the kinetic features of quinol
oxidation; although this provided an excellent fit to the kinetics over a wide range of conditions,
one aspect of the mechanism of quinol oxidation was not explicitly address. It has been a long
standing paradox that the bifurcated reaction at the Qo-site delivered electrons stoichiometrically
to the two separate chains, despite the strong thermodynamic potential favoring delivery of both
electrons to the high potential chain (see Brandt (37) for a recent discussion).

 Double-occupancy model

Earlier work had shown an effect of the redox state of the quinone pool on the EPR spectrum of
the 2Fe2S center of the complex (33, 38, 39). More recently, Ding et al. (34, 35, 40), using wild-
type and mutant strains from Rb. capsulatus, have investigated the effects of extraction of ubiq-
uinone, and concluded that different spectral changes can be detected at different local concen-
trations. They suggested that these reflect two different bound quinones at the Qo-site, called Qos

and Qow for strongly and weakly binding species, occupying separate domains, at both of which
Q and QH2 bind with equal affinity (i.e. with no change in Em with respect to the pool). They
have extended these observations to mutant strains, and kinetic studies of turnover and inhibitor
binding, and have discussed possible mechanisms and atomic details of ligation. Brandt (43) has
recently expanded on the double occupancy model to suggest an explanation for the observation
that electrons do not "leak" rapidly from the strongly reducing semiquinone at the Qo-site into
the high potential chain. The extensive work on the gx signals of the 2Fe2S center has contrib-
uted a useful set of data on interactions of quinone and inhibitor species with the ISP, and on oc-
cupancy of the Qo-site. Nevertheless, there are some problems with the interpretation offered
(28).



Effects of Qo-site occupancy on EPR spectra of the Iron Sulfur Protein.

 In summary, with the Q-pool oxidized and ISP reduced, a sharp band at gx=1.80 is seen. When
the pool is reduced, or Q extracted, or myxothiazol bound at the Qo-site, the gx signal shifts from
1.80 to ~1.765, and becomes smaller (34, 35, 39, 40). When the pool is extracted so as to leave
~2 Q/RC (1 as QA, plus ~2Q/bc1-complex in the preparations used) an intermediate signal at
gx=1.783 is seen. Several possible explanations for these effects on the EPR spectrum can be of-
fered:

i. Ding et al. (35, 40) suggested that the gx=1.783 signal was due to the Qos species, and that
this would likely be the one forming a strong interaction with the ISP. From the structure,
this would translate to Qos occupying the distal end of the pocket (where stigmatellin
binds). Qow was suggested to be an exchangeable species, through which coupling to the
quinone pool could occur. In the context of the structure, Qow would be expected to bind
at the proximal (myxothiazol) end, nearer heme bL. Since the gx=1.800 signal is ascribed
to Qow, the interaction with the 2Fe2S center indicated by the signal would have to be in-
direct, and mediated by Qos.

ii. The gx=1.800 signal is due to ISPred interacting directly with Q at the Qo-site, and is lost
when the site is either empty, occupied by inhibitor, or by QH2. We believe this explana-
tion requires the fewest ad hoc hypotheses. However, if this is the case, then under con-
ditions in which the quinone pool is oxidized before flash-activation, the reduced ISP
would not be in position for its reaction with cytochrome c1. It would be necessary to
postulate that the diffusion time between cyt b and cyt c1 docking interfaces is rapid
compared to the <10 µs oxidation time of 2Fe2S observed, and that the binding at the cyt
b interface under these conditions (Q oxidized, ISP reduced) must not be so great as to
prevent the ISP leaving within this time. We discuss these parameters in greater detail
elsewhere. (31).

In deciding between these explanations, the following points should also be considered:

i. None of the structures (22, 23) show a density in the uninhibited site expected for a
tightly bound quinone species. In the Berry structures, a weak density in the unoccupied
site is observed, which may represent a quinone species, either weakly bound with low
occupancy in a fixed position, or mobile in the site. In the Xia et al. structure, the authors
reported that no loss of density from the pocket was observed on binding inhibitors at the
Qo-site, although a loss of density was observed at the Qi-site on binding antimycin, and
this was attributed to displacement of quinone (23). Since their crystals contained sub-
stoichiometric levels of quinone (~0.6 Q/complex), these results would suggest that the
Qi-site binds the quinone more tightly than the Qo-site.

ii. In the structures from both groups, the electron densities of inhibitors in the stigmatellin
and myxothiazol crystals occupy overlapping volumes, suggesting, in line with competi-
tion studies, that these two inhibitors are mutually exclusive occupants of the site (see
Fig. 2). Although at the current structural resolution, we cannot exclude the possibility
that two ubiquinones could occupy the same site, it seems probable that only one quinone
can occupy this volume.



iii. The intermediate line-shape at gx=1.783, seen when ~2 Q / bc1-complex are present, is
attributed to Qos, a species that binds 30-fold more tightly than Qow (34, 35). Paradoxi-
cally, the other properties of these two species are similar. This paradox could be re-
solved if the line shape change reflected only one species. In attributing the 1.783 signal,
Dutton and colleagues assumed a tight binding species. A difficulty with this assumption
comes from the heterogeneity in distribution of redox components likely in a population
of chromatophores (cf. 42). Extraction of chromatophores to the point giving rise to the
Qos signal would leave the distribution of quinone random, so that some chromatophores
would have an excess of quinone over the 2 per bc1-complex, and we would expect to see
a sharp peak at 1.800 due to Qow. In another fraction, the quinone would be below this
ratio, leaving some bc1-complex without a quinone, with a shallow peak at 1.765. At the
very least, we would expect in the overall population a peak representing the convolution
of these two spectra, at a position intermediate between them, as previously seen in pen-
tane extracted mitochondrial complex III by de Vries et al. (39).

iv. The environment of the 2Fe2S center, and the protein interactions of the Rieske subunit,
will change substantially as the ISP moves. In addition, the interaction between the spins
of the reduced 2Fe2S center, and the oxidized cyt bL (52) might also be expected to
change during catalysis, since the distance between them would change by ~8 Å. Some
perturbation of the spectrum of the 2Fe2S center might be attributed to these changes.

We suggest a simpler interpretation of the gx=1.800 signal and the changes seen on reduction,
extraction, or in mutant strains.

a. The gx=1.800 signal is associated with a complex formed between quinone bound in the
Qo-site at the distal end, and the reduced ISP docked firmly at the interface with cyto-
chrome b.

b. The signal is lost whenever this complex cannot form: - on reduction of Q, on binding of
inhibitors, on extraction of quinone, in strains where mutation prevents binding at the
distal end of the pocket, and in strains where mutation prevents docking of the ISP.

c. Only one quinone species occupies the site. The spectroscopic effects (gx=1.783) attrib-
uted to Qos arise from the statistical distribution of quinone in the heterogeneous chro-
matophore population, with additional contributions from changes in environment of the
ISP due to changes in its interactions accompanying extraction of the last occupant, to
leave a vacant site.

As an alternative to c), a modified double-occupancy model might be suggested in which Qow

occupies the distal site, and Qos the proximal site, and the latter serves as an electron shuttle to
heme bL on formation of the semiquinone on the former.

The paradox of the bifurcated reaction

In the presence of antimycin, the Qo-site is free to turn over, and under steady state conditions in
which quinol is available in the pool, the b-cytochrome chain becomes reduced, and the ISP is
oxidized by the high potential acceptor. Under these circumstances, de Vries was able to detect a
small amount of semiquinone at the Qo-site. Since antimycin is an effective inhibitor, and net
electron transfer is blocked under these conditions, the semiquinone must not pass its second



electron to the ISP. How is this thermodynamically favored reaction prevented? Several factors
might be involved:

i. a set of forces in the binding domain which disfavor the binding of the oxidized ISP, or

ii. displacement of the semiquinone by ligand exchange to a position deeper in the pocket,
and closer to its reaction partner, the cyt bL heme, or

iii. a conformational change in which movement of one or more residues "insulates" the qui-
none binding pocket from the ISP domain.

These are not mutually exclusive; indeed some contribution from each is likely to occur, since
the liganding interaction between Qo-site occupant and the ISP will contribute to the force fa-
voring occupancy, and any movement of the occupant of the site will likely involve some rear-
rangement of side chains.

We favor the second of these possibilities as the main factor. The possibility of such a movement
is supported by the deeper position in the pocket of myxothiazol compared to stigmatellin (Fig.
2). The recent evidence for a substantial movement of QB in its binding pocket when it is reduced
to semiquinone in the bacterial reaction center (41), also shows the possibility of such move-
ment. Stowell et al. suggest that the activation barrier which gives the high temperature depend-
ence of electron transfer from QA

-QB to QAQB
-, might reflect this movement, and such consid-

erations could obviously be applied to the reaction at the Qo-site. In support of the third possibil-
itiy, the position of the head of stigmatellin (as currently modeled) overlaps the volume occupied
by the ring of a tyrosine side chain (Tyr-279) in the uninhibited complex, and preliminary analy-
sis suggests that the sidechain rotates from this position on binding of inhibitor (Berry, E.A., un-
published). In the absence of inhibitor, the tyrosine sits at the opening between the Q-binding
pocket and the ISP interface. It seems likely that any occupant of the pocket that interacts with
the ISP can only do so if the tyrosine is displaced. We suggest that the tyrosine might act as a
trap-door controlling access to the occupant of the binding pocket. Stigmatellin also occupies
some common volume with the position of the ring of Pro-271 in the uninhibited structure,
which also appears to be involved in a small conformational change on occupation of the distal
end of the pocket.

 The distribution of residues at which mutation results in modified function: distinct do-
mains and modes of action

The extensive set of data provided by Ding et al. (34, 35, 40) on occupancy of the site in differ-
ent mutant strains, as reflected in the gx=1.800 signal of the 2Fe2S center, and our own work in
collaboration with these authors (28), provide important clues about the mechanism. At the pres-
ent resolution of the structure, we can distinguish several different classes of mutational change,
which are color-coded in Fig. 2A (inhibitor resistance sites) and B (residues where change leads
to a modified gx=1.800 signal).

i. Residue changes at the interface with the ISP

Changes at Lys-288, Leu-282, Thr-145, Gly-143, Ile-269, which can be seen to project
into the ISP interfacial surface in the Fig. 2B, eliminate the gx=1.800 signal, which we
have attributed to interaction between quinone at the Qo-site and the reduced ISP. In



some cases this is associated with a loss of activity, but some of these strains show sub-
stantial turnover. It seems possible that the mutations that eliminate or reduce the gx sig-
nal interfere with the ISP binding, and prevent formation of the complex between Q and
ISPred that gives rise to this signal. The steric effects that give rise to loss of the EPR band
might also be expected to interfere with the access of the ISPox to QH2 at the site. The
variable affects on turnover number would then be explained by the decrease in the resi-
dence time of the ISP at the docking interface, and therefore the probability of formation
of the reaction complex.
 

ii. Residue changes at the proximal end of the Qo-binding pocket

Residue changes (yellow in Fig. 2B above), which lead to loss of activity without loss of
the gx=1.800 signal, cluster at the proximal end of the pocket, closer to the heme of cyt
bL, where myxothiazol binds. Many of the myxothiazol resistance strains also have resi-
due changes at this end of the pocket (yellow and green in Fig. 2A). It seems reasonable
to conclude that these mutations do not interfere with the binding of either Q at the distal
end, or the ISP. However, they do prevent oxidation of QH2. The inhibition of oxidation
in these mutants must reflect some effect relating to the occupancy of the proximal end of
the pocket. This could either be a second quinone species involved in electron transfer to
the bL heme (in a modified double-occupancy model), or a need for movement of the
semiquinone to the proximal position to bring it closer to cyt bL to allow rapid electron
transfer.

 

iii. Residue changes at the distal end of the Qo-binding pocket

Consistent with the model developed above, changes to residues impinging on the stig-
matellin binding domain lead to loss of the gx=1.800 signal (red and magenta in Fig. 2B),
and variable effects on electron transfer rate and inhibitor binding. In general, as might be
expected, many of the mutational changes giving resistance to stigmatellin are found in
this set (red and green residues in Fig. 2A).

Conclusions

 We suggest as an alternative to the double-occupancy model, the following mechanism for turn-
over of the Qo-site of the complex:

a. Oxidizing equivalents are transferred to the site through cytochrome c1 and the ISP. The
mechanism involves a movement of the ISP between reaction domains on cytochrome c1

and cytochrome b (Fig.1).

b. The reaction proceeds from a complex between the oxidized ISP and quinol. The reaction
complex involves QH2 bound at the distal end of the pocket, and the oxidized ISP docked
tightly at the interface on cytochrome b. Binding of QH2 and formation of the complex
requires a displacement of Tyr-279, to allow access of the ISP to the quinol. This binding
likely also leads to release of 1 H+ through an interaction at the site that changes the ef-



fective pK of the QH2/QH-.H+ dissociation reaction.

c. Electron transfer from QH2 to the ISP leads to formation of semiquinone.

d. The semiquinone moves in the pocket to the proximal end, near heme bL.

e. The Tyr-279 trap-door flips back to its "closed" position, insulating the semiquinone
from further reaction with the ISP.

f. The semiquinone passes its electron to the cyt bL heme, and the quinone exits the site.

g. At some point between c) and f), the second proton is released. This might be required for
formation of the semiquinone, or its movement in the pocket, or the transfer of the second
electron. We suggest that the pH dependence of the activation barrier (37) reflects this
second deprotonation, and that the activation barrier is in one of these steps.

h. Meanwhile, formation of the semiquinone liberates the reduced ISP so that it can deliver
an electron to cytochrome c1 by the tethered diffusion mechanism we have previously
suggested.
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