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The Respiratory Chain Includes Three Large Enzyme 
Complexes Embedded in the Inner Membrane

Molecular Biology of the Cell Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff, Keith Roberts, and Peter Walter. 2007



The chloroplast homologue of 
respiratory complex III:

The cytochrome b6f complex
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among the prime candidates to harbor proton-
translocation sites, distances for energy-transfer
reactions of more than 100 Å have to be en-
visaged. A continuous electron density most likely
corresponding to an a helix is laterally associated
with the membrane arm embedded in the trans-
membrane segments near the matrix-facing surface
(Fig. 3).With a length of 60Åoriented in parallel to
the long axis of the membrane arm, it extends from
the end of the proximal domain about half-way into
the distal domain (Fig. 2A). At the proximal end, it
is connected by continuous electron density to
one of the transmembrane segments in a nearly or-
thogonal orientation. Strikingly, on the PD domain
side, it terminates close to electron density features
resembling a discontinuous helix arrangement,
suggesting the presence of a proton-translocation
unit (Fig. 3B) (22). We propose that this observed
connection between the P domains is a critical
transmission element within the proton-pumping
machinery of complex I.

The modular architecture of complex I as re-
vealed by crystallographic analysis of the complete
mitochondrial enzyme is summarized in Fig. 4. In a
bipartite functional organization, conformational
energy is generated by the redox chemistry occur-
ring in the N and Q modules of the peripheral arm
and is transmitted to the two proton-pumping
modules of the membrane arm, which are con-
nected by a helical transmission element.
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An Electronic Bus Bar Lies in the
Core of Cytochrome bc1
Monika Świerczek,1 Ewelina Cieluch,1 Marcin Sarewicz,1 Arkadiusz Borek,1
Christopher C. Moser,2 P. Leslie Dutton,2 Artur Osyczka1*

The ubiquinol–cytochrome c oxidoreductases, central to cellular respiration and photosynthesis, are
homodimers. High symmetry has frustrated resolution of whether cross-dimer interactions are
functionally important. This has resulted in a proliferation of contradictory models. Here, we duplicated
and fused cytochrome b subunits, and then broke symmetry by introducing independent mutations into
each monomer. Electrons moved freely within and between monomers, crossing an electron-transfer
bridge between two hemes in the core of the dimer. This revealed an H-shaped electron-transfer system
that distributes electrons between four quinone oxidation-reduction terminals at the corners of the
dimer within the millisecond time scale of enzymatic turnover. Free and unregulated distribution of
electrons acts like a molecular-scale bus bar, a design often exploited in electronics.

Figure 1 shows a bacterial ubiquinol–
cytochrome c oxidoreductase (1), often
called cytochrome bc1, displaying homodi-

meric core subunit structure typical of respiratory
and photosynthetic electron transfer systems (2, 3).
It is well established that adjacent cofactors in
each monomer serve to separate electronic charge
across the membrane in the catalytically relevant
microsecond-to-millisecond electron transfer pro-
cess (4, 5). However, high structural, spectroscopic,
and electrochemical symmetry between the mono-
mers of the dimer has confounded efforts to
determine whether a functional electron-transfer

connection exists between monomers. At the dis-
tances displayed in Fig. 1, calculations show that
electron-tunneling times between cofactors in dif-
ferent monomers are much slower than the physi-
ologically relevant time scale, except for tunneling
between the two bL hemes. Electron tunneling
across the 13.9 Å separating these two hemes is
calculated to be in the 0.025- to 0.25-ms range (5),
slightly faster than the measured 0.5- to 5.0-ms
physiological turnover time. However, electron-
tunneling theory itself (6, 7) provides only an up-
per limit for the rate of electron transfer between
redox cofactors. Many electron transfers in oxido-
reductases are limited not by electron tunneling but
by slower coupled events of chemistry, con-
formational change, or motion (8, 9). Indeed,
many models have been proposed for ubiquinol–
cytochrome c oxidoreductases that include just
such regulation of electron transfer within or be-
tween monomers (10–15) or even strict electronic
isolation of monomers (16). Given the inherent
tunneling speed, a relatively small amount of
coupling of this electron tunneling to chemical or
conformational events could effectively regulate
interaction between monomers or even isolate
them (10–16).

To resolve the underlying dimer engineering,
we broke the symmetry of the cytochrome bc1
homodimer from Rhodobacter capsulatus shown
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among the prime candidates to harbor proton-
translocation sites, distances for energy-transfer
reactions of more than 100 Å have to be en-
visaged. A continuous electron density most likely
corresponding to an a helix is laterally associated
with the membrane arm embedded in the trans-
membrane segments near the matrix-facing surface
(Fig. 3).With a length of 60Åoriented in parallel to
the long axis of the membrane arm, it extends from
the end of the proximal domain about half-way into
the distal domain (Fig. 2A). At the proximal end, it
is connected by continuous electron density to
one of the transmembrane segments in a nearly or-
thogonal orientation. Strikingly, on the PD domain
side, it terminates close to electron density features
resembling a discontinuous helix arrangement,
suggesting the presence of a proton-translocation
unit (Fig. 3B) (22). We propose that this observed
connection between the P domains is a critical
transmission element within the proton-pumping
machinery of complex I.

The modular architecture of complex I as re-
vealed by crystallographic analysis of the complete
mitochondrial enzyme is summarized in Fig. 4. In a
bipartite functional organization, conformational
energy is generated by the redox chemistry occur-
ring in the N and Q modules of the peripheral arm
and is transmitted to the two proton-pumping
modules of the membrane arm, which are con-
nected by a helical transmission element.
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homodimers. High symmetry has frustrated resolution of whether cross-dimer interactions are
functionally important. This has resulted in a proliferation of contradictory models. Here, we duplicated
and fused cytochrome b subunits, and then broke symmetry by introducing independent mutations into
each monomer. Electrons moved freely within and between monomers, crossing an electron-transfer
bridge between two hemes in the core of the dimer. This revealed an H-shaped electron-transfer system
that distributes electrons between four quinone oxidation-reduction terminals at the corners of the
dimer within the millisecond time scale of enzymatic turnover. Free and unregulated distribution of
electrons acts like a molecular-scale bus bar, a design often exploited in electronics.

Figure 1 shows a bacterial ubiquinol–
cytochrome c oxidoreductase (1), often
called cytochrome bc1, displaying homodi-

meric core subunit structure typical of respiratory
and photosynthetic electron transfer systems (2, 3).
It is well established that adjacent cofactors in
each monomer serve to separate electronic charge
across the membrane in the catalytically relevant
microsecond-to-millisecond electron transfer pro-
cess (4, 5). However, high structural, spectroscopic,
and electrochemical symmetry between the mono-
mers of the dimer has confounded efforts to
determine whether a functional electron-transfer

connection exists between monomers. At the dis-
tances displayed in Fig. 1, calculations show that
electron-tunneling times between cofactors in dif-
ferent monomers are much slower than the physi-
ologically relevant time scale, except for tunneling
between the two bL hemes. Electron tunneling
across the 13.9 Å separating these two hemes is
calculated to be in the 0.025- to 0.25-ms range (5),
slightly faster than the measured 0.5- to 5.0-ms
physiological turnover time. However, electron-
tunneling theory itself (6, 7) provides only an up-
per limit for the rate of electron transfer between
redox cofactors. Many electron transfers in oxido-
reductases are limited not by electron tunneling but
by slower coupled events of chemistry, con-
formational change, or motion (8, 9). Indeed,
many models have been proposed for ubiquinol–
cytochrome c oxidoreductases that include just
such regulation of electron transfer within or be-
tween monomers (10–15) or even strict electronic
isolation of monomers (16). Given the inherent
tunneling speed, a relatively small amount of
coupling of this electron tunneling to chemical or
conformational events could effectively regulate
interaction between monomers or even isolate
them (10–16).

To resolve the underlying dimer engineering,
we broke the symmetry of the cytochrome bc1
homodimer from Rhodobacter capsulatus shown

1Department of Biophysics, Faculty of Biochemistry, Biophysics
and Biotechnology, Jagiellonian University, Kraków, Poland.
2The Johnson Research Foundation, Department of Biochemistry
and Biophysics, University of Pennsylvania, PA 19104, USA.

*To whom correspondence should be addressed. E-mail:
artur.osyczka@uj.edu.pl

www.sciencemag.org SCIENCE VOL 329 23 JULY 2010 451

REPORTS

 o
n 

Ju
ly

 2
3,

 2
01

0 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 

among the prime candidates to harbor proton-
translocation sites, distances for energy-transfer
reactions of more than 100 Å have to be en-
visaged. A continuous electron density most likely
corresponding to an a helix is laterally associated
with the membrane arm embedded in the trans-
membrane segments near the matrix-facing surface
(Fig. 3).With a length of 60Åoriented in parallel to
the long axis of the membrane arm, it extends from
the end of the proximal domain about half-way into
the distal domain (Fig. 2A). At the proximal end, it
is connected by continuous electron density to
one of the transmembrane segments in a nearly or-
thogonal orientation. Strikingly, on the PD domain
side, it terminates close to electron density features
resembling a discontinuous helix arrangement,
suggesting the presence of a proton-translocation
unit (Fig. 3B) (22). We propose that this observed
connection between the P domains is a critical
transmission element within the proton-pumping
machinery of complex I.

The modular architecture of complex I as re-
vealed by crystallographic analysis of the complete
mitochondrial enzyme is summarized in Fig. 4. In a
bipartite functional organization, conformational
energy is generated by the redox chemistry occur-
ring in the N and Q modules of the peripheral arm
and is transmitted to the two proton-pumping
modules of the membrane arm, which are con-
nected by a helical transmission element.
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An Electronic Bus Bar Lies in the
Core of Cytochrome bc1
Monika Świerczek,1 Ewelina Cieluch,1 Marcin Sarewicz,1 Arkadiusz Borek,1
Christopher C. Moser,2 P. Leslie Dutton,2 Artur Osyczka1*

The ubiquinol–cytochrome c oxidoreductases, central to cellular respiration and photosynthesis, are
homodimers. High symmetry has frustrated resolution of whether cross-dimer interactions are
functionally important. This has resulted in a proliferation of contradictory models. Here, we duplicated
and fused cytochrome b subunits, and then broke symmetry by introducing independent mutations into
each monomer. Electrons moved freely within and between monomers, crossing an electron-transfer
bridge between two hemes in the core of the dimer. This revealed an H-shaped electron-transfer system
that distributes electrons between four quinone oxidation-reduction terminals at the corners of the
dimer within the millisecond time scale of enzymatic turnover. Free and unregulated distribution of
electrons acts like a molecular-scale bus bar, a design often exploited in electronics.

Figure 1 shows a bacterial ubiquinol–
cytochrome c oxidoreductase (1), often
called cytochrome bc1, displaying homodi-

meric core subunit structure typical of respiratory
and photosynthetic electron transfer systems (2, 3).
It is well established that adjacent cofactors in
each monomer serve to separate electronic charge
across the membrane in the catalytically relevant
microsecond-to-millisecond electron transfer pro-
cess (4, 5). However, high structural, spectroscopic,
and electrochemical symmetry between the mono-
mers of the dimer has confounded efforts to
determine whether a functional electron-transfer

connection exists between monomers. At the dis-
tances displayed in Fig. 1, calculations show that
electron-tunneling times between cofactors in dif-
ferent monomers are much slower than the physi-
ologically relevant time scale, except for tunneling
between the two bL hemes. Electron tunneling
across the 13.9 Å separating these two hemes is
calculated to be in the 0.025- to 0.25-ms range (5),
slightly faster than the measured 0.5- to 5.0-ms
physiological turnover time. However, electron-
tunneling theory itself (6, 7) provides only an up-
per limit for the rate of electron transfer between
redox cofactors. Many electron transfers in oxido-
reductases are limited not by electron tunneling but
by slower coupled events of chemistry, con-
formational change, or motion (8, 9). Indeed,
many models have been proposed for ubiquinol–
cytochrome c oxidoreductases that include just
such regulation of electron transfer within or be-
tween monomers (10–15) or even strict electronic
isolation of monomers (16). Given the inherent
tunneling speed, a relatively small amount of
coupling of this electron tunneling to chemical or
conformational events could effectively regulate
interaction between monomers or even isolate
them (10–16).

To resolve the underlying dimer engineering,
we broke the symmetry of the cytochrome bc1
homodimer from Rhodobacter capsulatus shown
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in Fig. 1.We genetically fused two identical mono-
meric cytochrome b subunits, analogous to the
successful fusion of twomembrane-anchored cyto-
chromes c inR. capsulatus (17). The cytochrome b
subunits accommodate the core cofactors in the
electron-transfer chain and the putative bridge
between monomers (Figs. 1 and 2). The N and C
termini of the eight-transmembrane–a-helical
chain of the monomeric cytochrome b protrude at
the cytoplasmic side of the membrane. We joined
these termini by extending the gene encoding
cytochrome b with the linker peptide sequence
followed by the second copy of the same gene
containing Strep-tag at its C terminus (figs. S2
and S3) (18). The other two genes of the operon,
encoding the subunits containing the FeS cluster
and heme c1, were left unchanged.Wild-type and
fused cytochrome bc1 are designated BB and
B-B, respectively. Electrophoresis verified that
the subunits of B-B had the correct molecular
mass (fig. S4), and ultraviolet (UV)–visible and
electron paramagnetic resonance spectroscopy
(EPR) demonstrated normal cofactor assembly
(Fig. 3 and figs. S5 and S6). Measurements of
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 theQo site and
linked electron transfer into the lower branch. The
second site, G158W (symmetrical WBBW in Fig.
2A), prevents substrate quinol binding at theQo 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 asym-
metrically placed copies of H212N or G158W in
B-B, either separately or together in various com-
binations [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 byUV-visible spectra) or occupiedQo 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 unambig-
uously 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

Fig. 1. Cofactors and dis-
tances in homodimer of
cytochrome bc1 [Protein
Data Bank ID: 1ZRT (1)].
Each monomer comprises
cytochrome b (yellow), cy-
tochrome 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 posi-
tion is adopted from (28).
FeS head domain move-
ment (29) is indicated by
the dashed arrow.

Fig. 2. Symmetric and
asymmetric knockout pat-
terns. Distribution of the
knockouts (red crosses) con-
structed with unfused na-
tive operon coding (A) and
fused gene coding (B). BB,
native dimer: NBBN, both
upper branches removed;
WBBW, both lower branches
removed; W

NBBNW, all four
branches removed. B-B,
fused protein: NB-B, one up-
per branch removed; WB-B,
one lower branch removed;
W
NB-B, two branches on

the same side removed;
WB-B

N, 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, func-
tional branches. Black dou-
ble arrow, electron entry
point at the Qo site. Brown
overlay: intraprotein elec-
tronic bus bar.
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in Fig. 1.We genetically fused two identical mono-
meric cytochrome b subunits, analogous to the
successful fusion of twomembrane-anchored cyto-
chromes c inR. capsulatus (17). The cytochrome b
subunits accommodate the core cofactors in the
electron-transfer chain and the putative bridge
between monomers (Figs. 1 and 2). The N and C
termini of the eight-transmembrane–a-helical
chain of the monomeric cytochrome b protrude at
the cytoplasmic side of the membrane. We joined
these termini by extending the gene encoding
cytochrome b with the linker peptide sequence
followed by the second copy of the same gene
containing Strep-tag at its C terminus (figs. S2
and S3) (18). The other two genes of the operon,
encoding the subunits containing the FeS cluster
and heme c1, were left unchanged.Wild-type and
fused cytochrome bc1 are designated BB and
B-B, respectively. Electrophoresis verified that
the subunits of B-B had the correct molecular
mass (fig. S4), and ultraviolet (UV)–visible and
electron paramagnetic resonance spectroscopy
(EPR) demonstrated normal cofactor assembly
(Fig. 3 and figs. S5 and S6). Measurements of
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 theQo site and
linked electron transfer into the lower branch. The
second site, G158W (symmetrical WBBW in Fig.
2A), prevents substrate quinol binding at theQo 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 asym-
metrically placed copies of H212N or G158W in
B-B, either separately or together in various com-
binations [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 byUV-visible spectra) or occupiedQo 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 unambig-
uously 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

Fig. 1. Cofactors and dis-
tances in homodimer of
cytochrome bc1 [Protein
Data Bank ID: 1ZRT (1)].
Each monomer comprises
cytochrome b (yellow), cy-
tochrome 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 posi-
tion is adopted from (28).
FeS head domain move-
ment (29) is indicated by
the dashed arrow.

Fig. 2. Symmetric and
asymmetric knockout pat-
terns. Distribution of the
knockouts (red crosses) con-
structed with unfused na-
tive operon coding (A) and
fused gene coding (B). BB,
native dimer: NBBN, both
upper branches removed;
WBBW, both lower branches
removed; W

NBBNW, all four
branches removed. B-B,
fused protein: NB-B, one up-
per branch removed; WB-B,
one lower branch removed;
W
NB-B, two branches on

the same side removed;
WB-B

N, 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, func-
tional branches. Black dou-
ble arrow, electron entry
point at the Qo site. Brown
overlay: intraprotein elec-
tronic bus bar.
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in Fig. 1.We genetically fused two identical mono-
meric cytochrome b subunits, analogous to the
successful fusion of twomembrane-anchored cyto-
chromes c inR. capsulatus (17). The cytochrome b
subunits accommodate the core cofactors in the
electron-transfer chain and the putative bridge
between monomers (Figs. 1 and 2). The N and C
termini of the eight-transmembrane–a-helical
chain of the monomeric cytochrome b protrude at
the cytoplasmic side of the membrane. We joined
these termini by extending the gene encoding
cytochrome b with the linker peptide sequence
followed by the second copy of the same gene
containing Strep-tag at its C terminus (figs. S2
and S3) (18). The other two genes of the operon,
encoding the subunits containing the FeS cluster
and heme c1, were left unchanged.Wild-type and
fused cytochrome bc1 are designated BB and
B-B, respectively. Electrophoresis verified that
the subunits of B-B had the correct molecular
mass (fig. S4), and ultraviolet (UV)–visible and
electron paramagnetic resonance spectroscopy
(EPR) demonstrated normal cofactor assembly
(Fig. 3 and figs. S5 and S6). Measurements of
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 theQo site and
linked electron transfer into the lower branch. The
second site, G158W (symmetrical WBBW in Fig.
2A), prevents substrate quinol binding at theQo 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 asym-
metrically placed copies of H212N or G158W in
B-B, either separately or together in various com-
binations [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 byUV-visible spectra) or occupiedQo 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 unambig-
uously 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

Fig. 1. Cofactors and dis-
tances in homodimer of
cytochrome bc1 [Protein
Data Bank ID: 1ZRT (1)].
Each monomer comprises
cytochrome b (yellow), cy-
tochrome 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 posi-
tion is adopted from (28).
FeS head domain move-
ment (29) is indicated by
the dashed arrow.

Fig. 2. Symmetric and
asymmetric knockout pat-
terns. Distribution of the
knockouts (red crosses) con-
structed with unfused na-
tive operon coding (A) and
fused gene coding (B). BB,
native dimer: NBBN, both
upper branches removed;
WBBW, both lower branches
removed; W

NBBNW, all four
branches removed. B-B,
fused protein: NB-B, one up-
per branch removed; WB-B,
one lower branch removed;
W
NB-B, two branches on

the same side removed;
WB-B

N, 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, func-
tional branches. Black dou-
ble arrow, electron entry
point at the Qo site. Brown
overlay: intraprotein elec-
tronic bus bar.
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center to oxidize cytochrome c, the re-reduction
of cytochrome c provides a sensitive indicator of
electron-transfer activity and quinol oxidation catal-
ysis in cytochrome bc1. Cytochrome c oxidation-
reduction in B-B (Fig. 4A, top trace) is similar to
that of wild-type BB (not shown). Flash-activated
microsecond oxidation of cytochrome c is shown as
a prompt downward change. In the ensuing milli-
seconds, the upward trending cytochrome c trace

shows re-reduction by electrons coming through the
lower branches of the H from oxidations of quinol
in the Qo site (Fig. 4A, top trace, black).

The critical involvement of upper and lower
branches in quinol oxidation is demonstrated by
inhibition by antimycin. It inactivates both Qi sites
and prevents movement of electrons through and
out of the upper branches, which in turn restricts
movement of electrons through and out of the lower

branch to cytochrome c; thus cytochrome c reduc-
tion is greatly impeded (Fig. 4A, top trace, red).
Similarly, the double, symmetric heme bH knockout
(NBBN) trims the upper branch at the point before
theQi site and impedes cytochrome c reduction, even
without antimycin (Fig. 4A, second trace). However,
unlike the symmetric NBBN, the single asymmetric
heme bH knockout (NB-B) that inactivates one
of the two upper branches has cytochrome c re-
reduction kinetics very similar to that of the knockout-
free B-B (Fig. 4A, third trace). Parallel results are

Table 1. Enzymatic activity supported by the complete H-shaped electron transfer system and its
truncated derivatives.

Name* Turnover rate† (1/s)
Without inhibitor With antimycin‡

BB 56.4 3.2
NBBN 1.6 1.7
WBBW 0.1 0.1
B-B 60.0 3.4
NB-B 48.7 3.2
WB-B (B-BW) 51.9 (53.6) 2.0 (2.1)
W
NB-B (B-BNW) 36.4 (46.0) 1.9 (2.0)

WB-B
N 26.1 1.3

*Letter code corresponds to schemes of Fig. 2. Obtainable second versions of some forms (table S1) and their activities are
shown in parentheses. †Measured for cytochrome bc1 in membranes. ‡Myxothiazol or stigmatellin in place of
antimycin abolished activity to almost zero in all forms.

Fig. 4. Testing functional branch connection in
the H-shaped electron transfer system. (A) Light-
induced oxidation and re-reduction of cytochrome
c at 550 minus 540 nm in membranes containing
complete knockout variations described in Fig. 2.
Black, uninhibited; red, inhibited with antimycin.
B-BW and B-BNW displayed kinetics similar to that of
WB-B and W

NB-B, respectively (not shown). (B) Cor-
responding steady-state enzymatic reduction of cy-
tochrome c at 550 nm. Rates are listed in Table 1.
(C) Light-induced heme bH kinetics in WB-B

N in the
presence of antimycin abolishing Qi action (red) or
stigmatellin abolishing Qo action (green). In WB-B

N

blocked with antimycin (ant), the only route to
reduce heme bH (red) must involve the heme bL to
bL electron transfer. stg, stigmatellin.

Fig. 3. Spectroscopic proof of structural asymmetry imposed by mutations in B-B. (A) X-band continuous-
wave EPR spectra of the FeS cluster in membranes. Left: B-B with native gx transition at 1.804 (intact Qo site);
WBBWwith gx broadened and shifted to 1.774 (disabledQo site); WB-B shows two distinct gx transitions of 1.804
and 1.774. Right: gx in WB-B fitted with linear combinations of two Gaussian curves (blue) obtained from fitting
of single Gaussian curve to the shape of gx in B-B (red) and WBBW (green) with equal contribution of each
component. To produce such spectra, mutated and nonmutated Qo sites in WB-B must each communicate with
one head domain of the FeS subunit, as expected for an assembly of one fusion protein per set of two FeS
subunits. (B) Optical redox difference spectra of hemes in membranes: B-B with native-like spectrum with
hemes C (peak at 550 nm) and B (peak at 560 nm) components; NBBN with diminished amplitude at 560 nm
reflecting absence of both hemes bH in dimer;

NB-B shows decreased peak at 560 nm with the amplitude in
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
dashed lines, dithionite minus ferricyanide and ascorbate minus ferricyanide spectra, respectively.
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in Fig. 1.We genetically fused two identical mono-
meric cytochrome b subunits, analogous to the
successful fusion of twomembrane-anchored cyto-
chromes c inR. capsulatus (17). The cytochrome b
subunits accommodate the core cofactors in the
electron-transfer chain and the putative bridge
between monomers (Figs. 1 and 2). The N and C
termini of the eight-transmembrane–a-helical
chain of the monomeric cytochrome b protrude at
the cytoplasmic side of the membrane. We joined
these termini by extending the gene encoding
cytochrome b with the linker peptide sequence
followed by the second copy of the same gene
containing Strep-tag at its C terminus (figs. S2
and S3) (18). The other two genes of the operon,
encoding the subunits containing the FeS cluster
and heme c1, were left unchanged.Wild-type and
fused cytochrome bc1 are designated BB and
B-B, respectively. Electrophoresis verified that
the subunits of B-B had the correct molecular
mass (fig. S4), and ultraviolet (UV)–visible and
electron paramagnetic resonance spectroscopy
(EPR) demonstrated normal cofactor assembly
(Fig. 3 and figs. S5 and S6). Measurements of
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 theQo site and
linked electron transfer into the lower branch. The
second site, G158W (symmetrical WBBW in Fig.
2A), prevents substrate quinol binding at theQo 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 asym-
metrically placed copies of H212N or G158W in
B-B, either separately or together in various com-
binations [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 byUV-visible spectra) or occupiedQo 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 unambig-
uously 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

Fig. 1. Cofactors and dis-
tances in homodimer of
cytochrome bc1 [Protein
Data Bank ID: 1ZRT (1)].
Each monomer comprises
cytochrome b (yellow), cy-
tochrome 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 posi-
tion is adopted from (28).
FeS head domain move-
ment (29) is indicated by
the dashed arrow.

Fig. 2. Symmetric and
asymmetric knockout pat-
terns. Distribution of the
knockouts (red crosses) con-
structed with unfused na-
tive operon coding (A) and
fused gene coding (B). BB,
native dimer: NBBN, both
upper branches removed;
WBBW, both lower branches
removed; W

NBBNW, all four
branches removed. B-B,
fused protein: NB-B, one up-
per branch removed; WB-B,
one lower branch removed;
W
NB-B, two branches on

the same side removed;
WB-B

N, 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, func-
tional branches. Black dou-
ble arrow, electron entry
point at the Qo site. Brown
overlay: intraprotein elec-
tronic bus bar.
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center to oxidize cytochrome c, the re-reduction
of cytochrome c provides a sensitive indicator of
electron-transfer activity and quinol oxidation catal-
ysis in cytochrome bc1. Cytochrome c oxidation-
reduction in B-B (Fig. 4A, top trace) is similar to
that of wild-type BB (not shown). Flash-activated
microsecond oxidation of cytochrome c is shown as
a prompt downward change. In the ensuing milli-
seconds, the upward trending cytochrome c trace

shows re-reduction by electrons coming through the
lower branches of the H from oxidations of quinol
in the Qo site (Fig. 4A, top trace, black).

The critical involvement of upper and lower
branches in quinol oxidation is demonstrated by
inhibition by antimycin. It inactivates both Qi sites
and prevents movement of electrons through and
out of the upper branches, which in turn restricts
movement of electrons through and out of the lower

branch to cytochrome c; thus cytochrome c reduc-
tion is greatly impeded (Fig. 4A, top trace, red).
Similarly, the double, symmetric heme bH knockout
(NBBN) trims the upper branch at the point before
theQi site and impedes cytochrome c reduction, even
without antimycin (Fig. 4A, second trace). However,
unlike the symmetric NBBN, the single asymmetric
heme bH knockout (NB-B) that inactivates one
of the two upper branches has cytochrome c re-
reduction kinetics very similar to that of the knockout-
free B-B (Fig. 4A, third trace). Parallel results are

Table 1. Enzymatic activity supported by the complete H-shaped electron transfer system and its
truncated derivatives.

Name* Turnover rate† (1/s)
Without inhibitor With antimycin‡

BB 56.4 3.2
NBBN 1.6 1.7
WBBW 0.1 0.1
B-B 60.0 3.4
NB-B 48.7 3.2
WB-B (B-BW) 51.9 (53.6) 2.0 (2.1)
W
NB-B (B-BNW) 36.4 (46.0) 1.9 (2.0)

WB-B
N 26.1 1.3

*Letter code corresponds to schemes of Fig. 2. Obtainable second versions of some forms (table S1) and their activities are
shown in parentheses. †Measured for cytochrome bc1 in membranes. ‡Myxothiazol or stigmatellin in place of
antimycin abolished activity to almost zero in all forms.

Fig. 4. Testing functional branch connection in
the H-shaped electron transfer system. (A) Light-
induced oxidation and re-reduction of cytochrome
c at 550 minus 540 nm in membranes containing
complete knockout variations described in Fig. 2.
Black, uninhibited; red, inhibited with antimycin.
B-BW and B-BNW displayed kinetics similar to that of
WB-B and W

NB-B, respectively (not shown). (B) Cor-
responding steady-state enzymatic reduction of cy-
tochrome c at 550 nm. Rates are listed in Table 1.
(C) Light-induced heme bH kinetics in WB-B

N in the
presence of antimycin abolishing Qi action (red) or
stigmatellin abolishing Qo action (green). In WB-B

N

blocked with antimycin (ant), the only route to
reduce heme bH (red) must involve the heme bL to
bL electron transfer. stg, stigmatellin.

Fig. 3. Spectroscopic proof of structural asymmetry imposed by mutations in B-B. (A) X-band continuous-
wave EPR spectra of the FeS cluster in membranes. Left: B-B with native gx transition at 1.804 (intact Qo site);
WBBWwith gx broadened and shifted to 1.774 (disabledQo site); WB-B shows two distinct gx transitions of 1.804
and 1.774. Right: gx in WB-B fitted with linear combinations of two Gaussian curves (blue) obtained from fitting
of single Gaussian curve to the shape of gx in B-B (red) and WBBW (green) with equal contribution of each
component. To produce such spectra, mutated and nonmutated Qo sites in WB-B must each communicate with
one head domain of the FeS subunit, as expected for an assembly of one fusion protein per set of two FeS
subunits. (B) Optical redox difference spectra of hemes in membranes: B-B with native-like spectrum with
hemes C (peak at 550 nm) and B (peak at 560 nm) components; NBBN with diminished amplitude at 560 nm
reflecting absence of both hemes bH in dimer;

NB-B shows decreased peak at 560 nm with the amplitude in
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
dashed lines, dithionite minus ferricyanide and ascorbate minus ferricyanide spectra, respectively.
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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 fdimeric
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,
thehighpotential [2Fe–2S] cluster and c-typehemeat thep-side aqueous interface andaqueousphase, respectively,
andquinone/quinol binding sites on then- andp-sides of the complex. The bc1 and b6 f complexesdiverge in subunit
composition and structure away from this core. b6 f Also contains additional prosthetic groups including a c-type
heme cn on the n-side, and a chlorophyll a and β-carotene. Common structure aspects; functions of the symmetric
dimer. (I)Quinone exchange with the bilayer. An inter-monomer protein-free cavity of approximately 30 Å along the
membranenormal×25 Å(central inter-monomerdistance)×15 Å(depth in the center), is common toboth bc1 and
b6 f complexes, providing a niche in which the lipophilic quinone/quinol (Q/QH2) can be exchanged with the
membrane bilayer. (II) Electron transfer. The dimeric structure and the proximity of the two hemes bp on the
electrochemically positive side of the complex in the two monomer units allow the possibility of two alternate
routes of electron transfer across the complex from heme bp to bn: intra-monomer and inter-monomer involving
electron cross-over between the two hemes bp. A structure-based summary of inter-heme distances in seven bc
complexes, representing mitochondrial, chromatophore, cyanobacterial, and algal sources, indicates that, based on
thedistanceparameter, the intra-monomerpathwaywouldbe favoredkinetically. (III) Separation of quinone binding
sites. A consequence of the dimer structure and the position of the Q/QH2 binding sites is that the p-side QH2

oxidationandn-sideQ reduction sites are eachwell separated. Therefore, in theeventof anoverlap in residence time
byQH2 or Qmolecules at the twooxidation or reduction sites, their spatial separationwould result inminimal steric
interference between extendedQorQH2 isoprenoid chains. (IV) Trans-membraneQH2/Q transfer. (i) n/p-sideQH2/Q
transfer may be hindered by lipid acyl chains; (ii) the shorter less hindered inter-monomer pathway across the
complexwouldnotpass through the center of the cavity, as inferred fromthen-sideantimycin site ononemonomer
and thep-side stigmatellin site on the other residing on the same surface of the complex. (V)Narrowp-side portal for
QH2/Q passage. The [2Fe–2S] cluster that serves as oxidant, andwhose histidine ligand serves as aH+acceptor in the
oxidation of QH2, is connected to the inter-monomer cavity by a narrow extended portal, which is also occupied in
the b6 f complex by the 20 carbon phytyl chain of the bound chlorophyll.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

With the availability of crystal structures of the hetero-oligomeric
cytochrome bc1 [1–15] and b6 f [16–20] complexes, and of the extrinsic

soluble domain of the Rieske iron–sulfur protein [21–25] from
both complexes, of cytochrome f from the higher plant b6 f complex
[26–30], pathways of electron and proton transfer and of quinone/ol
entry and binding can be considered in the context of atomic structures.

Biochimica et Biophysica Acta 1807 (2011) 788–802

Abbreviations: bn, Qn and bp, Qp, hemes, quinone/ol bound on electrochemically negative or positive sides of membrane; n-, p-side, chloroplast stroma, lumen, mitochondrial
matrix, inter-membrane space, bacterial cytoplasm periplasm; CHARMM, Chemistry at Harvard Macromolecular Mechanics; CL, cardiolipin; cyt, cytochrome; DBMIB, 2,5-dibromo-
3-methyl-6-isopropylbenzoquinone; EPR, electron paramagnetic resonance; Em, Em7, mid-point oxidation–reduction potential, at pH 7; FAD, flavin adenine dinucleotide; FNR,
ferredoxin-NADP+ reductase; In situ, in vitro, in membrane, in solution; ISP, iron–sulfur protein; MOAS, β-methacrylate stilbene; NQNO, 2n-nonyl-4-hydroxy-quinoline-N-oxide;
PQ-9, UQ-10, plasto-, ubiquinone with 9, 10 isoprenoids; Q, QH2, quinone, quinol; Q•−, semiquinone; RMSD, root mean square deviation; TMH, trans-membrane α-helix; UDM,
undecyl-β-D-maltoside; UHDBT, 5-undecyl-6-hydroxy-4,7-dioxobenzothiazole; Δμ̃H+, trans-membrane electrochemical proton gradient; V, volt
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of the Rieske ISP, whose active p-side [2Fe–2S] cluster in one monomer
is connected to its TMH by a long glycine-rich disordered flexible loop
that spans the trans-membrane domain of the other at a pronounced
oblique angle (Fig. 1a–c; described in yellow).

Extensive conformational changes of the [2Fe–2S]-containing sub-
domain of the Rieske ISP are necessary to accomplish kinetically
competent electron transfer from the [2Fe–2S] cluster to the heme of
cytochrome c1 or f [3]. For both complexes, the [2Fe–2S] donor–heme c
acceptor distance, derived from structures described in PDB 3CX5 and
2E74, 22.5 and 26.1 (seen “edge–edge” in Fig. 5a, b) is too large for
competent electron transfer. These distances would result in electron
transfer times that are at least 1000 times larger than the ~millisecond
rate-limiting step of the system [155]. Different crystal forms of bc1
complex show conformations with shorter [2Fe–2S]–heme c1 distances
(12.8 , 3H1H, [5] and 15.5 , 1BE3, [4,156]) that would allow kinetically
competent electron transfer [5]. The 15.5 distance described in PDB
1BE3, the cyt c1-proximal conformation, is one of three crystallograph-
ically determined [2Fe–2S]–heme c1 distances between the [2Fe–2S]
cluster and the cyt c1 heme that have been defined in the bovine
complex. The others are 31.6 in the heme bp-proximal conformation
(PDB ID: 3BCC) and 27.5 in an “intermediate” conformational state
(PDB ID: 1BGY [4]). These structure data imply protein conformational
changes of the ISP that cause the [2Fe–2S] cluster to alternate between
positions that are distal and proximal to the heme of cyt c1, the latter
allowing competent electron transfer.

The rotation-translation of the cluster-containing peripheral sub-
domain of the Rieske protein in the bc1 complex is enabled by rotation-
translation about the flexible linker region that connects the peripheral
domain in onemonomerwith the trans-membraneα-helix in the other.
The necessity of flexibility in this loop was demonstrated through site-
directed mutations that are predicted to result in structure changes
that decrease the mobility of this linker region [43,157–159]. Substitu-
tions of multiple proline or glycine residues in the loop region of the
b6 f complex, or insertions that caused loop elongation had no effect on
activity [160], although thesemutations are similar to those cited above
that markedly decreased activity of the bc1 complex. A crystal structure
to demonstrate the cyt f heme-proximal state of the [2Fe–2S] cluster in
the b6 f complex, which would be necessary for kinetically competent
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 orienta-
tion 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 (+tridecyl-
stigmatellin) structures fromMastigocladus laminosus is 1.18 Å.

(b) n-Side inhibitors. RMSD changes of significant amplitude associ-
ated 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

associated with the [2Fe–2S] cluster in the bc1 complex of the
photosynthetic bacterium, Rhodobacter capsulatus [64,164,165].

3. The Q cycle

The coupling of the oxidation–reduction and deprotonation–
protonation of lipophilic quinone/ol (Q/QH2) within the cytochrome
bc complex is central to the mechanism of proton translocation in the
complex. The proton/electron carriers, ubiquinone (UQ-10; [166,167])
in the respiratory bc1 complex and plastoquinone (PQ-9) in the b6 f
complex, contain 10 and 9 isoprenoid groups, respectively. In the
extended state, steric problems are anticipated in translocation of these
quinones in a rigid extended state across the cytochrome bc complex, or
their reversible insertion into oxidative or reductive niches within the
complex. Possible conformational transitions to folded states have been
described [168–170]. Based on the observation of oxidant-induced
reduction of b-type heme in the respiratory bc1 complex [171], it was
proposed that these quinones can cross the cytochrome bc complex and
the membrane, as described in the “Q cycle” models proposed by
Mitchell [172–174], and in subsequent discussions of this model
[46,80,109,111,175,176]. Descriptions of the Q-cycle that illustrate
differences between bc1 and b6 f complexes are shown (Fig. 3a, b).
Other formulations of the Q cycle are found in Refs. [51,53,80,177].

Experimental data that were fundamental to the formulation of
the Q cycle models are: (a) oxidant-induced reduction of cytochrome
b of the mitochondrial respiratory complex [171,178,179]; (b) a

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 Qn site.
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the Q cycle models are: (a) oxidant-induced reduction of cytochrome
b of the mitochondrial respiratory complex [171,178,179]; (b) a

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 Qn site.
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of the Rieske ISP, whose active p-side [2Fe–2S] cluster in one monomer
is connected to its TMH by a long glycine-rich disordered flexible loop
that spans the trans-membrane domain of the other at a pronounced
oblique angle (Fig. 1a–c; described in yellow).

Extensive conformational changes of the [2Fe–2S]-containing sub-
domain of the Rieske ISP are necessary to accomplish kinetically
competent electron transfer from the [2Fe–2S] cluster to the heme of
cytochrome c1 or f [3]. For both complexes, the [2Fe–2S] donor–heme c
acceptor distance, derived from structures described in PDB 3CX5 and
2E74, 22.5 and 26.1 (seen “edge–edge” in Fig. 5a, b) is too large for
competent electron transfer. These distances would result in electron
transfer times that are at least 1000 times larger than the ~millisecond
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(12.8 , 3H1H, [5] and 15.5 , 1BE3, [4,156]) that would allow kinetically
competent electron transfer [5]. The 15.5 distance described in PDB
1BE3, the cyt c1-proximal conformation, is one of three crystallograph-
ically determined [2Fe–2S]–heme c1 distances between the [2Fe–2S]
cluster and the cyt c1 heme that have been defined in the bovine
complex. The others are 31.6 in the heme bp-proximal conformation
(PDB ID: 3BCC) and 27.5 in an “intermediate” conformational state
(PDB ID: 1BGY [4]). These structure data imply protein conformational
changes of the ISP that cause the [2Fe–2S] cluster to alternate between
positions that are distal and proximal to the heme of cyt c1, the latter
allowing competent electron transfer.

The rotation-translation of the cluster-containing peripheral sub-
domain of the Rieske protein in the bc1 complex is enabled by rotation-
translation about the flexible linker region that connects the peripheral
domain in onemonomerwith the trans-membraneα-helix in the other.
The necessity of flexibility in this loop was demonstrated through site-
directed mutations that are predicted to result in structure changes
that decrease the mobility of this linker region [43,157–159]. Substitu-
tions of multiple proline or glycine residues in the loop region of the
b6 f complex, or insertions that caused loop elongation had no effect on
activity [160], although thesemutations are similar to those cited above
that markedly decreased activity of the bc1 complex. A crystal structure
to demonstrate the cyt f heme-proximal state of the [2Fe–2S] cluster in
the b6 f complex, which would be necessary for kinetically competent
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 orienta-
tion 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 (+tridecyl-
stigmatellin) structures fromMastigocladus laminosus is 1.18 Å.

(b) n-Side inhibitors. RMSD changes of significant amplitude associ-
ated with the binding of the known specific inhibitors have not
been detected: (i) the RMSD of the native (PDB ID: 1NTM) vs.
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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

associated with the [2Fe–2S] cluster in the bc1 complex of the
photosynthetic bacterium, Rhodobacter capsulatus [64,164,165].
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reduction of b-type heme in the respiratory bc1 complex [171], it was
proposed that these quinones can cross the cytochrome bc complex and
the membrane, as described in the “Q cycle” models proposed by
Mitchell [172–174], and in subsequent discussions of this model
[46,80,109,111,175,176]. Descriptions of the Q-cycle that illustrate
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