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The Respiratory Chain Includes Three Large Enzyme
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The chloroplast homologue of
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PORTS
Fig. 1. Cofactors and distances in homodimer of
cytochrome bc1 [Protein
Data Bank ID: 1ZRT (1)].
Each monomer comprises
cytochrome b (yellow), cytochrome c1 (magenta),
and FeS subunit (green).
Functional distances (blue
lines) and nonfunctional
distances (red dashed lines)
between cofactors (black)
are in angstroms. Qo site
quinone is approximated
from the crystallographic
position of stigmatellin (1),
and Qi site quinone position is adopted from (28).
FeS head domain movement (29) is indicated by
the dashed arrow.

electron transfer in B-B (see below) indicated that
the fused protein remained functional.
To uncover dimer-specific operation and test
the putative H-shaped electron transfer system,
we need only two asymmetrically positioned
point mutations in B-B. We chose two sites that
have been extensively characterized in BB. The
mutation H212N (symmetrical NBBN in Fig. 2A)
prevents heme bH assembly without affecting other
cofactors in the cytochrome bc1 structure (5). This
heme bH knockout markedly cuts short electron
transfer in both upper H branches and, because
upper and lower branches are energetically coupled,
diminishes quinol oxidation levels at the Qo site and
linked electron transfer into the lower branch. The
second site, G158W (symmetrical WBBW in Fig.
2A), prevents substrate quinol binding at the Qo site
(Qo site knockout), again without affecting the
function of the other cofactors, and effectively
inactivates dual electron transfer from quinol into
both lower and upper branches (4). We achieved
expression and assembly of mutants with asymmetrically placed copies of H212N or G158W in
B-B, either separately or together in various combinations [table S1 and supporting online material
(SOM) text]. Figure S4 confirms the proper size of
the subunits of B-B in these asymmetric single- and
double-mutant forms, and Fig. 3 and figs. S5 and
S6 demonstrate that levels of expressed heme bH
(reported by UV-visible spectra) or occupied Qo site
(reported by the EPR spectrum of the FeS cluster)
are precisely half that of the native cytochrome bc1,
as expected.
As depicted in Fig. 2B, permutations of these
two strategically positioned mutations unambiguously expose all possible electron-transfer paths
through the individual branches and bridge of
this H-shaped electron transfer system. Figure 4
shows two types of kinetic assays, flash-induced
on the left and steady-state on the right. After a
flash of light activates the photosynthetic reaction

Downloaded from www.sciencemag.org on

Fig. 2. Symmetric and
asymmetric knockout patterns. Distribution of the
knockouts (red crosses) constructed with unfused native operon coding (A) and
fused gene coding (B). BB,
native dimer: NBBN, both
upper branches removed;
WBBW, both lower branches
removed; WNBBNW, all four
branches removed. B-B,
fused protein: NB-B, one upper branch removed; WB-B,
one lower branch removed;
N
W B-B, two branches on
the same side removed;
N
WB-B , two branches across
removed. N and W refer to
H212N and G158W point
mutations in cytochrome b
(G, Gly; H, His; N, Asn; W,
Trp). Black arrows, functional branches. Black double arrow, electron entry
point at the Qo site. Brown
overlay: intraprotein electronic bus bar.

*Letter code corresponds to schemes of Fig. 2. Obtainable second versions of some forms (table S1) and their activities are
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electron transfer in B-B (see below) indicated that
the fused protein remained functional.
To uncover dimer-specific operation and test
the putative H-shaped electron transfer system,
we need only two asymmetrically positioned
point mutations in B-B. We chose two sites that
have been extensively characterized in BB. The
mutation H212N (symmetrical NBBN in Fig. 2A)
prevents heme bH assembly without affecting other
cofactors in the cytochrome bc1 structure (5). This
heme bH knockout markedly cuts short electron
transfer in both upper H branches and, because
upper and lower branches are energetically coupled,
diminishes quinol oxidation levels at the Qo site and
linked electron transfer into the lower branch. The
second site, G158W (symmetrical WBBW in Fig.
2A), prevents substrate quinol binding at the Qo site
(Qo site knockout), again without affecting the
function of the other cofactors, and effectively
inactivates dual electron transfer from quinol into
both
lower and upper branches (4). We achieved
Fig. 3. Spectroscopic proof of structural asymmetry imposed by mutations in B-B. (A) X-band
continuouswave EPR spectra of the FeS cluster in membranes. Left: B-B with native gx transition at 1.804 expression
(intact Qo site); and assembly of mutants with asymof 1.804placed copies of H212N or G158W in
WBBW with gx broadened and shifted to 1.774 (disabled Qo site); WB-B shows two distinct gx transitions
metrically
and 1.774. Right: gx in WB-B fitted with linear combinations of two Gaussian curves (blue) obtained from fitting
B-B, of
either
of single Gaussian curve to the shape of gx in B-B (red) and WBBW (green) with equal contribution
each separately or together in various comcomponent. To produce such spectra, mutated and nonmutated Qo sites in WB-B must each communicate
binationswith[table S1 and supporting online material
one head domain of the FeS subunit, as expected for an assembly of one fusion protein per (SOM)
set of twotext].
FeS Figure S4 confirms the proper size of
subunits. (B) Optical redox difference spectra of hemes in membranes: B-B with native-like spectrum with
the atsubunits
hemes C (peak at 550 nm) and B (peak at 560 nm) components; NBBN with diminished amplitude
560 nm of B-B in these asymmetric single- and
reflecting absence of both hemes bH in dimer; NB-B shows decreased peak at 560 nm with the
amplitude in
double-mutant
forms, and Fig. 3 and figs. S5 and
between that of the spectrum of B-B and NBBN, as expected for a loss of only one heme bH in NB-B. Solid and
S6
demonstrate
that levels of expressed heme bH
dashed lines, dithionite minus ferricyanide and ascorbate minus ferricyanide spectra, respectively.
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Fig. 2. Symmetric and
asymmetric knockout patterns. Distribution of the
knockouts (red crosses) constructed with unfused native operon coding (A) and
fused gene coding (B). BB,
native dimer: NBBN, both
upper branches removed;
WBBW, both lower branches
removed; WNBBNW, all four
branches removed. B-B,
fused protein: NB-B, one upper branch removed; WB-B,
one lower branch removed;
N
W B-B, two branches on
the same side removed;
N
WB-B , two branches across
removed. N and W refer to
H212N and G158W point
mutations in cytochrome b
(G, Gly; H, His; N, Asn; W,
Trp). Black arrows, functional branches. Black double arrow, electron entry
point at the Qo site. Brown
overlay: intraprotein electronic bus bar.
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electron transfer in B-B (see below) indicated that
the fused protein remained functional.
To uncover dimer-specific operation and test
the putative H-shaped electron transfer system,
we need only two asymmetrically positioned
point mutations in B-B. We chose two sites that
have been extensively characterized in BB. The
mutation H212N (symmetrical NBBN in Fig. 2A)
prevents heme bH assembly without affecting other
cofactors in the cytochrome bc1 structure (5). This
heme bH knockout markedly cuts short electron
transfer in both upper H branches and, because
upper and lower branches are energetically coupled,
diminishes quinol oxidation levels at the Qo site and
linked electron transfer into the lower branch. The
second site, G158W (symmetrical WBBW in Fig.
2A), prevents substrate quinol binding at the Qo site
(Qo site knockout), again without affecting the
function of the other cofactors, and effectively
inactivates dual electron transfer from quinol into
both
lower and upper branches (4). We achieved
Fig. 3. Spectroscopic proof of structural asymmetry imposed by mutations in B-B. (A) X-band
continuouswave EPR spectra of the FeS cluster in membranes. Left: B-B with native gx transition at 1.804 expression
(intact Qo site); and assembly of mutants with asymof 1.804placed copies of H212N or G158W in
WBBW with gx broadened and shifted to 1.774 (disabled Qo site); WB-B shows two distinct gx transitions
metrically
and 1.774. Right: gx in WB-B fitted with linear combinations of two Gaussian curves (blue) obtained from fitting
B-B, of
either
of single Gaussian curve to the shape of gx in B-B (red) and WBBW (green) with equal contribution
each separately or together in various comcomponent. To produce such spectra, mutated and nonmutated Qo sites in WB-B must each communicate
binationswith[table S1 and supporting online material
one head domain of the FeS subunit, as expected for an assembly of one fusion protein per (SOM)
set of twotext].
FeS Figure S4 confirms the proper size of
subunits. (B) Optical redox difference spectra of hemes in membranes: B-B with native-like spectrum with
the atsubunits
hemes C (peak at 550 nm) and B (peak at 560 nm) components; NBBN with diminished amplitude
560 nm of B-B in these asymmetric single- and
reflecting absence of both hemes bH in dimer; NB-B shows decreased peak at 560 nm with the
amplitude in
double-mutant
forms, and Fig. 3 and figs. S5 and
between that of the spectrum of B-B and NBBN, as expected for a loss of only one heme bH in NB-B. Solid and
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Fig. 2. Symmetric and
asymmetric knockout patterns. Distribution of the
knockouts (red crosses) constructed with unfused native operon coding (A) and
fused gene coding (B). BB,
native dimer: NBBN, both
upper branches removed;
WBBW, both lower branches
removed; WNBBNW, all four
branches removed. B-B,
fused protein: NB-B, one upper branch removed; WB-B,
one lower branch removed;
N
W B-B, two branches on
the same side removed;
N
WB-B , two branches across
removed. N and W refer to
H212N and G158W point
mutations in cytochrome b
(G, Gly; H, His; N, Asn; W,
Trp). Black arrows, functional branches. Black double arrow, electron entry
point at the Qo site. Brown
overlay: intraprotein electronic bus bar.
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a b s t r a c t
Aspects of the crystal structures of the hetero-oligomeric cytochrome bc1 and b6 f (“bc”) complexes relevant to
their electron/proton transfer function and the associated redox reactions of the lipophilic quinones are
discussed. Differences between the b6 f and bc1 complexes are emphasized. The cytochrome bc1 and b6 f dimeric
complexes diverge in structure from a core of subunits that coordinate redox groups consisting of two bis-histidine
coordinated hemes, a heme bn and bp on the electrochemically negative (n) and positive (p) sides of the complex,
the high potential [2Fe–2S] cluster and c-type heme at the p-side aqueous interface and aqueous phase, respectively,
and quinone/quinol binding sites on the n- and p-sides of the complex. The bc1 and b6 f complexes diverge in subunit

of the mitochondrial
respiratory
complex [171,178,179]; (b) a
activity, has not yet
been determined.
2.6. Inhibitor-induced conformational changes
(a) p-Side quinone analogue inhibitors. For the bc1 complex, the
inhibitor stigmatellin, which binds in the p-side entry portal
close to an imidazole ligand of the ISP [2Fe–2S] cluster, is
present in almost all crystal structures because its presence
results in decreased mobility [160] and increased order of the
ISP soluble domain, although it does not change the orientation of the cluster itself [161]. For cyt b6 f, a structure of the
native complex without any bound inhibitor has been obtained
[16, 19, 20]. Large conformational changes of the b6 f complex
induced by stigmatellin have been reported in a study with 2D
crystals [162], although such changes were not seen in a
comparison of 3D crystals, native vs. b6 f with stigmatellin [19],
for which the RMSD for the PDB ID: 2E74 vs. 2E76 (+tridecylstigmatellin) structures from Mastigocladus laminosus is 1.18 Å.
(b) n-Side inhibitors. RMSD changes of signiﬁcant amplitude associated with the binding of the known speciﬁc inhibitors have not
been detected: (i) the RMSD of the native (PDB ID: 1NTM) vs.
antimycin A-inhibited (1NTK) bovine bc1 complex is 0.47 Å; (ii)
for Nostoc b6 f structures, the RMSD of PDB ID: 2E74 vs. 2E75
(+NQNO) is 0.43 Å [19]; and (iii) the RMSD for the avian bc1
complex, stigmatellin vs. stigmatellin and antimycin is 0.36 Å
(PDB ID: 3H1J vs. 3H1I). However, antimycin causes a 100–
150 mV change in the Em7 of a mitochondrial b heme [163],
presumably heme bn, and a perturbation of the p-side EPR signal

Fig. 3. Q cycle models for electron transfer and proton translocation through (A) the bc1
complex in the respiratory chain [176] and the purple photosynthetic bacteria [48],
reaction sequence (Table 3A1–3) and (B) the b6 f complex that functions in oxygenic
photosynthesis (Table 3B). The original “Q cycle” model [172,174] for proton
translocation, formulated in the aftermath of the experiment of the discovery of
oxidant-induced reduction of heme b [171], focused on the mitochondrial bc1 complex.
Fundamental features of the classical Q cycle are: (i) the [2Fe–2S] complex on the p-side
of the complex that functions as the one electron oxidant of the lipophilic quinol
electron and proton donor, resulting in a bifurcated pathway into high and low
potential chains; (ii) the high potential segment of the bifurcated pathway, initiated by
electron transfer to cytochrome c1 or f, which transfers one electron to the high
potential electron terminal acceptor, (a) cytochrome oxidase or (b) photosystem I,
while generating the semiquinone; (iii) the semiquinone donates the second electron
to the two trans-membrane hemes b, bp and bn, in the low potential segment of the
bifurcated chain that reduces a quinone or semiquinone [53] bound at the Q n site.

3. Q cycle models for electron transfer and proton translocation through (A) the bc1
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