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oxidized by another chain consisting of the two b hemes of cyt
b. At the quinone-reducing site (Qi-site), electrons from the
b-heme chain are used to generate quinol. The integration of
the oxidation and reduction reactions with the release or
uptake of protons in the aqueous phases allows the complex to
pump protons across the membrane.
The reaction at the Qo site determines the unique functional
characteristics of the bc1 complex. The bifurcation of electrons
between high- and low-potential chains is the crucial event
through which the free-energy drop between the quinol pool
and oxidized acceptor is used to generate a proton gradient.
The efficiency of this process is therefore of primary importance in energy conversion. The complex has evolved to
maximize the efficiency, and it achieves a remarkable partitioning in which the second electron is passed almost exclusively to the low-potential heme bL, despite the more favorable
redox gradient provided by the high-potential chain bH.
In this paper, we identify the pathways by which protons are
released from the Qo site on quinol oxidation. The mechanism
we propose is based on an analysis of the binding of inhibitors
at the Qo site as shown by the structures, and on the pH
dependence of activation barriers in the partial reactions of the
site, of turnover, and of the redox properties of the centers.
Our mechanism accounts for the functional modifications on
mutation of a highly conserved glutamate of the -PEWY- loop
(named from the sequence in single-letter code) of cyt b, and
of residues of the ISP that lead to changes in redox potential
and pK, which previously had seemed paradoxical.

ABSTRACT
Quinol oxidation by the bc1 complex of
Rhodobacter sphaeroides occurs from an enzyme–substrate
complex formed between quinol bound at the Qo site and the
iron–sulfur protein (ISP) docked at an interface on cytochrome b. From the structure of the stigmatellin-containing
mitochondrial complex, we suggest that hydrogen bonds to the
two quinol hydroxyl groups, from Glu-272 of cytochrome b
and His-161 of the ISP, help to stabilize the enzyme–substrate
complex and aid proton release. Reduction of the oxidized ISP
involves H transfer from quinol. Release of the proton occurs
when the acceptor chain reoxidizes the reduced ISP, after
domain movement to an interface on cytochrome c1. Effects of
mutations to the ISP that change the redox potential and兾or
the pK on the oxidized form support this mechanism. Structures for the complex in the presence of inhibitors show two
different orientations of Glu-272. In stigmatellin-containing
crystals, the side chain points into the site, to hydrogen bond
with a ring hydroxyl, while His-161 hydrogen bonds to the
carbonyl group. In the native structure, or crystals containing
myxothiazol or ␤-methoxyacrylate-type inhibitors, the Glu272 side chain is rotated to point out of the site, to the surface
of an external aqueous channel. Effects of mutation at this
residue suggest that this group is involved in ligation of
stigmatellin and quinol, but not quinone, and that the carboxylate function is essential for rapid turnover. Hⴙ transfer
from semiquinone to the carboxylate side chain and rotation
to the position found in the myxothiazol structure provide a
pathway for release of the second proton.
The bc1 complex family of enzymes plays a central role in all
the main pathways of energy conversion, and the photosynthetic apparatus of Rhodobacter sphaeroides exemplifies one of
the simplest of these (1–5). This system is convenient experimentally because of the ease with which electron transfer can
be initiated by illumination (6). X-ray crystallographic structures of mitochondrial complexes (7–10) contain at their core
the three catalytic subunits, cytochrome (cyt) b, cyt c1, and the
Rieske iron–sulfur protein (ISP), common to the bacterial
enzymes (11–13). Homology models of these show that the
catalytic superstructure is highly conserved, as had been
expected from studies of the mechanism, which is essentially
the same in the two systems (1–5). The bc1 complex catalyzes
the oxidation of quinol and the reduction of cyt c (or c2)
through a modified Q cycle (1–6, 14–17). Two separate
internal electron transfer chains connect three catalytic sites.
At one site, heme c1 is oxidized by cyt c2. Two catalytic sites
in cyt b are involved in oxidation or reduction of ubiquinone.
In the bifurcated reaction at the quinol-oxidizing site (the Qo
site), one electron from quinol is passed to the ISP, which
transfers it to cyt c1, while the semiquinone produced is

EXPERIMENTAL PROCEDURES
Structures of the complex from chicken heart mitochondria
have been discussed elsewhere (8). Refined structures have
also been solved at similar resolution for the chicken complexes with myxothiazol or ␤-methoxyacrylate (MOA)stilbene bound. Refinement data for deposited structures
(1bcc, 2bcc, and 3bcc) are included in the files, and data for
other structures are similar and will be published elsewhere.
This paper was submitted directly (Track II) to the Proceedings office.
Abbreviations: bc1 complex, ubihydroquinone:cytochrome c oxidoreductase (EC 1.10.2.2); bL and bH, low-potential and higherpotential hemes of cytochrome b; cyt, cytochrome; ISP, Rieske-type
iron–sulfur protein; ISPox and ISPred, oxidized and reduced forms of
the ISP; MOA-stilbene, substituted stilbene with ␤-methoxyacrylate as
the pharmacologically active group; Q, quinone form of ubiquinone10; QH2, hydroquinone, or quinol, form of ubiquinone-10; Qi site,
quinone-reducing site of the bc1 complex; Qo site, hydroquinoneoxidizing site of the bc1 complex.
Data deposition: The atomic coordinates for the chicken mitochondrial bc1 complex have been deposited in the Protein Data Bank,
www.rcsb.org (PDB ID codes: native, 1bcc; with stigmatellin, 2bcc;
with stigmatellin and antimycin, 3bcc).
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Modeling of the quinones at the Qo site was performed with
(18) (Interactive Simulations, acquired by MDL Information Systems, San Leandro, CA) running on a PC
computer. After removal of the coordinate data for the
incumbent inhibitor, the quinone abstracted from PDB file
4rcr (photochemical reaction center) was positioned at the Qo
site to mimic the inhibitor. To model the occupancy of the
distal domain, the stigmatellin-containing structure was used.
For occupancy of the proximal domain, the myxothiazol
structure was used. After preliminary manipulation, the quinone was allowed to relax with the protein frozen to force
conformation to the site volume. In the distal position, the
quinone head was constrained by tethering the two carbonyl O
atoms, one to N of His-161 and one to O1 of Glu-272. This
tethered relaxation resulted in distances suitable for H bonds,
which were represented by adding H atoms to mimic the
ligation of the quinol. Water molecules in the putative water
chain were based on a model constructed for molecular
dynamics simulation (39), with some relaxation to accommodate residue changes in different structures.
Kinetic measurements and determination of activation energies were essentially as described previously (17). Measurement of redox potentials for cytochromes (15, 16) and the ISP
(19) were as described in the references. Mutagenesis was
performed essentially as described in ref. 20, and measurements of EPR spectra of the ISP were as described in ref. 21.
Details of mutagenic primers will be described elsewhere.
SCULPT

RESULTS
Inhibitor and Substrate Complexes at the Qo Site. The
binding of stigmatellin at the Qo site is shown in Fig. 1 Upper.

Proc. Natl. Acad. Sci. USA 96 (1999)
The model is based on the chicken mitochondrial complex with
stigmatellin (PDB ID 2bcc), and further refinement of the
crystals containing stigmatellin and antimycin previously described (ref. 8, deposited as 3bcc). The Qo site has a bifurcated
volume, with lobes distal from and proximal to heme bL. The
inhibitor is constrained at the distal end of the binding pocket,
as previously observed, through its interaction with the ISP.
However, in the revised configuration, stigmatellin is rotated
by 180o compared with that in 3bcc (8). The inhibitor is
liganded by a bond between His-161 of the ISP and the
carbonyl O atom of the chromone ring. His-161 is also a ligand
to the 2Fe–2S cluster and has been identified as the group
responsible for the pK of ⬇7.6 on the oxidized ISP (ISPox) (22,
23). In contrast to published structures (7–9), a second ligand
to stigmatellin has now been identified, provided by Glu-272
of the highly conserved -PEWY- loop. The carboxylate of the
side chain of Glu-272 is found within H-bonding distance of
the -OH group of the second ring of stigmatellin, diagonally
across from the carbonyl group. To bind to the inhibitor, the
side chain has rotated from the position in the absence of
inhibitor, where it points out of the site. The side chain is also
found in the ‘‘out’’ position when myxothiazol or MOAstilbene binds at the site, and rotation out of the binding
domain is necessary to accommodate these inhibitors. In the
‘‘out’’ position, the carboxylate group forms part of the exterior-facing surface of a cavity reaching into the protein from
the aqueous phase on the P side of the structure.
Lancaster and Michel (24) have suggested that in reaction
centers, stigmatellin might mimic an intermediate of the
reaction cycle—either the neutral semiquinone or the quinol
anion, QH⫺. Link (25) has proposed that in the bc1 complex,
stigmatellin mimics a complex between semiquinone and

FIG. 1. Stigmatellin binding as a model for the enzyme–substrate complex. (Stereo pairs.) The ISP is shown as a pale green ribbon, with the
2Fe–2S cluster as space-filling spheres. cyt b is represented by the exterior surface of the protein, mapped with a 1.4-Å probe. The protein has been
cut away to reveal the Qo-site volume. The side chains of His-161 (ISP) and Glu-272 (cyt b) are shown as Corey–Pauling–Koltun (CPK) colored
tube models, and heme bL as a ball-and-stick model, with the Fe atom space-filling and C atoms in orange. (Upper) The binding of stigmatellin
(C atoms yellow, O atoms red; from PDB 2bcc). (Lower) The enzyme–substrate complex: ubiquinol is shown with C atoms blue, O atoms red. A
putative water chain (bottom right) occupies a channel in cyt b leading from the external aqueous phase to the heme bL binding pocket and the
Qo pocket. See Experimental Procedures for model building and the text for discussion. These and the native and myxothiazol- and quinonecontaining structures are available as supplementary material for interactive viewing through a Chime tutorial at www.pnas.org.
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ISPred. We have suggested that stigmatellin at the Qo site
mimics the enzyme–substrate complex between quinol and
ISPox and shows the site of its formation (26, 27). In Fig. 1
Lower, we show a model of this reaction complex, in which
quinol has been inserted into the stigmatellin structure in place
of the inhibitor. The second reaction partner in formation of
this complex is the mobile domain (head) of the ISP (8, 26, 27).
We have suggested that movement of the head between
interfaces on cyt c1 and cyt b is essential for catalysis (8, 10, 26,
27). Because of this movement, the head of the ISPox acts as
a second substrate (Scheme 1).
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-Q) show an inhibited rate of quinol oxidation (ref. 30 and see
Table 1), and mutants at the equivalent residue in the b6f
complex (the related enzyme in oxygenic photosynthetic
chains) are also inhibited (31). The E295G and E295Q mutants
were most severely affected. The two more active strains
(E295D and G) both showed resistance to stigmatellin (reported in ref. 3). This latter property is now explained by the
liganding function identified here. Interactions between ISP
and the occupant of the site have been studied through the
change induced in the EPR spectrum of the 2Fe–2S center
(21). We have suggested that this gx ⫽ 1.800 signal is diagnostic

SCHEME 1.

Kinetic Assays of Substrate Binding. The two binding
processes can be distinguished by varying one or other substrate. Since other steps are not rate limiting, the rate of quinol
oxidation can be measured by following the rate of reduction
of either cyt bH (at pH ⬍8.0) or cyt bL (at pH ⬎8.5) in the
presence of antimycin, which blocks electron transfer out of the
cyt b chain (15–17). For the same reason, the rate can also be
assayed in the absence of inhibitor by measuring the electrogenic processes associated with electron transfer through the
b-cytochrome chain, through the electrochromic carotenoid
change (6, 15, 28, 29). Using any of these approaches, we can
vary [QH2] through redox titration at fixed pH. We can vary
[ISPox] separately by changing pH, while adjusting redox poise
so as to keep the initial [QH2] constant (Fig. 2A). This latter
approach depends on our suggestion that the species needed
to bind in formation of the reaction complex is the dissociated
ISPox (19, 27).
For both substrates, the rate of quinol oxidation was dependent on substrate concentration. For changes in [QH2], we
have previously shown that the rate saturates with the pool still
partially oxidized, indicating a ⬇30-fold tighter binding of QH2
than Q (15, 17). The rate as a function of the calculated
concentration of dissociated ISPox ([ISPox]) is shown in Fig. 2B,
and it also shows a saturation curve. The curve is shifted so that
the half-maximal rate occurs at pH ⬇6.4, well below the pK at
7.6. From this, it seems likely that ISPox is also preferentially
bound in the reaction complex.
For neither substrate did the activation energy change with
substrate concentration (Fig. 2 A). We have previously shown
that the activation energy was the same with the quinone pool
either ⬇50% reduced or initially oxidized (17). From the data
it can be seen that the activation energy was the same whether
the pool was 30% or 90% reduced, and whether the reaction
was measured through reduction of heme bH or heme bL, or
through the electrogenic reactions, and was independent of pH
under all these conditions. In these experiments, because of the
variation of Em of the quinone兾quinol couple with pH or
temperature, the Eh at each pH was adjusted so that the initial
concentration of quinol in any set was the same before flash
activation. Since [ISPox] varies with pH in the range below the
pK, the lack of effect of pH on activation energy also shows
that [ISPox] did not effect the activation barrier (Fig. 2 A).
These results show that the step with a high activation energy
was after formation of the enzyme–substrate complex, as
previously noted by Crofts and Wang (17).
Effects of Mutation. Mutations at the residue equivalent to
Glu-272 in the Rb. sphaeroides bc1 complex (E295D, -G, and

FIG. 2. Kinetic parameters for partial reactions. (A) Filled symbols
(left-hand axis): Dependence of activation energy on pH for quinol
oxidation. Each point represents a separate set of experiments in which
the reaction was measured as a function of temperature and the data
were analyzed with an Arrhenius plot. Reactions measured: ■, reduction of cyt bH (pH values ⬍8.5), or Œ, reduction of cyt bL (pH values
ⱖ8.5), with quinol pool 30% reduced; F, slow phase of electrochromic
change, with quinol pool 90% reduced. Solid line, linear fit to data;
dashed line, slope of ⫺5.7 kJ䡠mol⫺1. Open symbols (right-hand axis),
rate of quinol oxidation: ‚, native bc1 complex (average of two
experiments, assayed by cyt bH reduction); E, mutant Y156W (at 2 ⫻
scale, assayed through slow phase of electrochromic change, quinone
pool 30% reduced). (B) The dependence of rate of quinol oxidation
on concentration of ISPox. Data from A for the pH dependence of cyt
bH reduction have been replotted to show the variation of rate with
dissociated [ISPox], calculated using a pK of 7.6 on ISPox.
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Table 1.

Mutations at Glu-295

Proc. Natl. Acad. Sci. USA 96 (1999)

Mutant*

g x†
value

gx
ampl.

Rate,‡
%

Relative
K m§

Inhibitor
resist.¶

Wild type
E295D
E295G
E295Q

1.80
—
1.80
1.81

Large
—
Large
Large

100
11
4.9
⬍4

1.0
1.54
2.4
—

None
Stig
Stig
—

*Numbering from Rb. sphaeroides sequence; E295 is equivalent to
E272 in chicken.
†g x value; band in the EPR spectrum of the ISP, centered at 1.80 in wild
type, and associated with interaction between quinone and ISPred.
‡Relative rate; the rate measured at E h 110 mV, normalized to the wild
type and expressed as a percentage.
§Relative K m; the K m value determined from Lineweaver–Burke plots
in which the concentration of QH2 was estimated from the E h and a
value for E m,pH of 90 mV. The molar concentration depends on the
ratio Q tot:bc 1, which is in the range 20–60, depending on assumptions.
Assuming 30 Qtot:bc 1, and 1 mM bc1 in the membrane, K m for wild
type was 1.66 mM.
¶Inhibitor resistance; measured by titration of the amplitude of cyt b
reduction in the presence of antimycin. Resistance to stigmatellin is
indicated by Stig.

of complex formation between a single quinone occupant and
the reduced subunit (26). In both E295G and E295Q strains,
the gx ⫽ 1.800 signal appeared normal, showing that quinone
could interact readily with ISPred despite the mutational
change and the strongly inhibited electron transfer (Table 1).
This finding suggests that although the glutamate is a ligand to
stigmatellin (as seen in Fig. 1 Upper), it does not stabilize the
binding of quinone. If Glu-272 provided a ligand to quinol, we
might expect some effect on binding of substrate. In E295D the
apparent Km was marginally greater, but in E295G, it was
substantially higher (2.4-fold) than wild type, in line with a
weak liganding role (Table 1). The quinol oxidation in E295Q
was so inhibited that no reliable Km could be determined. On
the basis of these effects, and the structural information, we
propose that the ligation of stigmatellin, quinone, and quinol
is as shown in Fig. 3.

DISCUSSION
Release of the First Proton. Rich (32), from physicochemical
studies of reactions between quinols and quinones in aqueous
and aprotic media, suggested that oxidation of quinol must
proceed through prior dissociation to the quinol anion, QH⫺.
Because of the high pK of the first dissociation (pK ⬎11.3),
binding of quinol would likely be accompanied by a release of
the first proton through stabilization by the protein. Brandt
and colleagues (33, 34) have suggested an alternative model
based on the observation that the activation energy measured
in a steady-state assay showed a strong pH dependence,
decreasing with increase in pH up to pH ⬎9.5. This observation was interpreted as showing that dissociation of QH2 to
QH⫺, with the pK of the unbound quinol, was the process
giving the high barrier.
We have measured the pH dependence of the rates and
activation energies of the kinetically accessible partial reactions of quinol oxidation (ref. 27, and see Fig. 2 A), under
conditions in which the initial concentrations of quinol and
oxidant were the same (15–17, 27). In contrast to Brandt and
Okun (33), we see no variation of activation energy for any of
the partial reactions over the pH range 5.5 to 8.9. However, as
with the mitochondrial complexes, we observed a strong
dependence on pH of the rate of quinol oxidation (ref. 27 and
Fig. 2)). In our experiments this was measured under singleturnover conditions (6, 15), and analysis of the partial reactions
showed that oxidation of quinol (rather than of the components of the high-potential chain) was the pH-dependent step.

FIG. 3. Liganding of Qo-site occupants. Liganding of stigmatellin
and quinone with ISPred and of quinol with ISPox. Residues are
numbered as in ref. 8.

This increase of rate with pH was observed only in the acidic
range, up to pH ⬇7.5 (27, 35). In view of the pK ⬇7.6 on the
oxidized ISP measured through redox titrations as a function
of pH (19, 35), we suggested that this was a more likely
candidate to account for the pH dependence than the dissociation of quinol suggested by Brandt and Okun (33), and we
proposed that formation of the reaction complex must therefore require the dissociated form (19, 27). This provides a
pathway for release of the first proton from quinol, as shown
in the overall mechanism we propose for the Qo site in Fig. 4.
Release occurs through H transfer from quinol to ISP (Fig. 4A,
process 1), followed by movement of ISP extrinsic domain to
the cyt c1 reaction interface (process 2), and oxidation of
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FIG. 4. Mechanism proposed for reactions at the Qo site after formation of the reaction complex. (A) The reaction complex between QH2 bound
in the distal domain and ISPox bound at the interface on cyt b. The small white spheres show the H atoms of the H bonds, in both of which the
quinol is the donor. The protein structure is that for the stigmatellin complex. (B) The reaction complex has dissociated to products, and the ISPred
has moved to a position close to cyt c1. The protein structure is that for the myxothiazol complex. Numbers indicate the sequence of reactions.
In the text, italic numbers refer to the numbered processes.

H䡠ISPred with release of H⫹ (Fig. 4B, process 7). We recognize
that the H-transfer process might be complex. The slow
electron transfer (k ⬇ 1.5䡠103 s⫺1) over ⬇7 Å is of interest
because the high activation barrier (45–65 kJ䡠mol⫺1) is likely
in this step. The barrier could be contributed by any combination of the separate elements (electron transfer, H⫹ transfer,
and bond cleavage) involved. We will discuss the energy
landscape of quinol oxidation in greater detail elsewhere (S.H.,
N.U., M.G.-K., and A.R.C., unpublished work). Snyder and
Trumpower (36) have also briefly noted a possible role for
dissociation of His-161 in proton processing.
To test this hypothesis, we have looked for mutant strains in
which the pK on the ISPox is modified. In a set of mutants
constructed at Y165 (Y156 in Rb. sphaeroides), we have
identified one strain, Y156W, in which the pK on ISPox is
shifted to higher pH (pK ⬇8.5). The strain also showed a
lowered midpoint potential (Em ⬇198 mV) and a reduced rate
of quinol oxidation. This mutant showed a shift in pH optimum
for quinol oxidation to higher pH, as expected from our
hypothesis (Fig. 2 A). As in similar work with yeast bc1 complex
(37), the rate of quinol oxidation among mutant strains was
dependent on the Em value of the ISP. The decline in rate with
decrease in Em, ISP supports the idea that the activation barrier
is in this electron transfer step (17, 38).
Release of the Second Proton. The protein structures in Fig.
4 are those from the stigmatellin-containing (Fig. 4A) or
myxothiazol-containing (Fig. 4B) crystals. In these models, the
inhibitor has been replaced by quinol (Fig. 4A; see also Fig. 1
Lower), or quinone (Fig. 4B), constrained to the volume of the
inhibitor-occupied site. As discussed above, it seems likely that
stigmatellin might mimic the binding of both quinone (through
the carbonyl H bond to His-161) and of quinol (through the
hydroxyl H bond to Glu-272), as shown in Fig. 3. This
possibility suggests a pathway for release of the second proton
from the site. We propose that the H bond between Glu-272
and the stigmatellin -OH involves the dissociated glutamate
and mimics a similar H bond formed on binding quinol.
Release of the second proton would then involve H⫹ transfer
to Glu-272 to form the neutral acid (Fig. 4A, process 3),
followed by rotation of the side chain (process 4), and release
of the proton (Fig. 4B, process 6). Because, in the stigmatellin

structure, the Glu-272 side chain constricts the proximal
domain of the Qo site (see Fig. 1 Upper), occupancy of this
domain by inhibitor requires rotation of the side chain out of
the site (process 4), as shown in Fig. 4B. If the semiquinone
must move into the proximal domain before oxidation (process
5) as we have suggested (8, 26, 27), then rotation of the side
chain would also have to occur before this could happen. We
suggest that before rotation, the side chain must be protonated
by dissociation of the neutral semiquinone to form the
semiquinone anion, which would move to the proximal domain. The semiquinone anion would then be the species
donating an electron to heme bL (process 8). Because movement of neither species includes a substantial vectorial displacement across the low-dielectric phase, the electrogenic
contribution would be minimal, as seen experimentally (28).
The structures show that rotation of the side chain to the ‘‘out’’
position brings the polar group to the surface of a channel into
cyt b from the aqueous phase (process 6), which also connects
to the heme bL propionates. It seems likely that this channel
contains a water chain to facilitate transfer of the proton from
Glu-272 to the exterior, as suggested in ref. 39 and shown by
the waters modeled in Figs. 1 Lower and 4. Support for a role
of Glu-272 in proton processing also comes from the work
from Joliot’s lab on mutants in Chlamydomonas at the equivalent residue, which were modified in electron transfer, and in
the kinetics of electrogenic events measured through the
electrochromic response (31).
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