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ABSTRACT: The ubihydroquinone:cytochrome (cyt)c oxidoreductase, orbc1 complex, and its homologue
the b6f complex are key components of respiratory and photosynthetic electron transport chains as they
contribute to the generation of an electrochemical gradient used by the ATP synthase to produce ATP.
The bc1 complex has two catalytic domains, ubihydroquinone oxidation (Qo) and ubiquinone reduction
(Qi) sites, that are located on each side of the membrane. The key to the energetic efficiency of this
enzyme relies upon the occurrence of a unique electron bifurcation reaction at its Qo site. Recently, several
lines of evidence have converged to establish that in thebc1 complex the extrinsic domain of the Fe-S
subunit that contains a [2Fe2S] metal cluster moves during catalysis to shuttle electrons between the Qo

site andc1 heme. While this step is required for electron bifurcation, available data also suggest that the
movement might be controlled to ensure maximal energetic efficiency [Darrouzet et al. (2000)Proc.
Natl. Acad. Sci. U.S.A. 97, 4567-4572]. To gain insight into the plausible control mechanism, we used
a biochemical genetic approach to define the different regions of thebc1 complex that might interact with
each other. Previously, we found that a mutation located at position L286 of theef loop of Rhodobacter
capsulatuscyt b could alleviate movement impairment resulting from a mutation in the hinge region,
linking the [2Fe2S] cluster domain to the membrane anchor of the Fe-S subunit. Here we report that
various substitutions at position 288 on the opposite side of theef loop also impair Qo site catalysis. In
particular, we note that while most of the substitutions affect only QH2 oxidation, yet others like T288S
also hinder the rate of the movement of the Fe-S subunit. Thus, position 288 of cytb appears to be
important for both the QH2 oxidation and the movement of the Fe-S subunit. Moreover, we found that,
upon substitution of T288 by other amino acids, additional compensatory mutations located at the [2Fe2S]
cluster or the hinge domains of the Fe-S subunit, or on thecd loop of cytb, arise readily to alleviate these
defects. These studies indicate that intimate protein-protein interactions occur between cytb and the
Fe-S subunits to sustain fast movement and efficient QH2 oxidation and highlight the critical dual role
the ef loop of cyt b to fine-tune the docking and movement of the Fe-S subunit during Qo site catalysis.

The ubihydroquinone:cytochrome (cyt)c oxidoreductase,
or bc1 complex,1 is a key multisubunit membrane component
of respiratory and photosynthetic electron transport chains
(for reviews see refs1-3). This enzyme is also homologous
to theb6f complex (plastohydroquinone plastocyanine oxido-
reductase) encountered in chloroplasts of higher plants and
algae and in cyanobacteria (4). Thebc1 complex generates

both a pH gradient and a membrane potential (∆Ψ) via its
mechanism of function known as the modified Q cycle (5);
thus it contributes to the maintenance of a protonmotive force
subsequently used by the ATP synthase to produce ATP (6).
In eukaryotes, thebc1 complex contains as many as 11
subunits, but in many bacteria it is made up of only 3
catalytic subunits that bear four cofactors: onec-type heme
on the cytc1, two b-type hemes (bL and bH) on the cytb,
and one [2Fe2S] cluster on the Fe-S subunit. The cytb
subunit also forms two active sites, for ubihydroquinone
(QH2) oxidation (Qo) and ubiquinone (Q) reduction (Qi),
located on either side of the cytoplasmic membrane (3). A
unique electron bifurcation reaction at the Qo site of thebc1

complex ensures that one electron of the oxidized QH2 is
conveyed to a high-potential chain constituted by the [2Fe2S]
cluster andc1 heme, while the other electron is transferred
to a low-potential chain composed of thebL andbH hemes
and a Q (or a ubisemiquinone) at the Qi site. This second
branch contributes to the generation of both∆Ψ and∆pH
and, hence, is responsible for the energetic efficiency of the
enzyme as described by the modified Q cycle mechanism.
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While the mechanism of the electron bifurcation step at
the Qo site remains unclear, over the years several models
have been put forward to rationalize it. These proposals
include the “double occupancy” model that attributes two
Q/QH2 molecules at the Qo site (7), the “proton-gated charge
transfer” model (8), the physical separation of the reactive
species with the “rolling over” of a semiquinone species from
a [2Fe2S]-proximal to a hemebL-proximal position (9), the
formation of a stable intermediate between SQ and the
reduced [2Fe2S] cluster until the second electron is trans-
ferred to hemebL (10), or the concerted mechanism with a
simultaneous interaction of the ubihydroquinone with His161
on the Fe-S subunit and E272 on cytb (11). Excitingly,
recent crystallographic data have revealed that the [2Fe2S]
cluster domain of the Fe-S subunit occupies different
positions in various crystal forms (12-15), suggesting that
this domain moves during catalysis. This suggestion has been
supported by subsequent crystallographic, spectroscopic,
kinetic, and biochemical genetic data (16-25; see refs3 and
26 for reviews). This movement is also strongly supported
by biochemical and biophysical experiments performed on
the homologous complex theb6f complex (27-29). Such a
device to shuttle electrons between the Qo site andc1 heme
appears absolutely required for the steady-state turnover of
thebc1 complex as mutants with a nonmoving Fe-S subunit
are nonfunctional (20-24). Moreover, additional consider-
ations also suggest that the movement of the Fe-S subunit
needs to be controlled to avoid short-circuiting of the low-
potential chain and ensure maximal energetic efficiency (23).
For example, when Q in the Qi site is displaced by an
inhibitor like antimycin A or the Qi site is perturbed by a
mutation (30), the electron residing at the low-potential chain
does not come back to reduce the [2Fe2S] cluster, even on
a time scale large enough for the Fe-S cluster domain to
return back to the Qo site after delivering its first electron to
the c1 heme. Thus, it appears as if the oxidized [2Fe2S]
cluster is somehow inhibited from returning to the Qo site
when no QH2 is present.

During the catalytic cycle of thebc1 complex, the
movement of the Fe-S subunit might be controlled by
conformational changes that occur upon electron or proton
transfer events at the Qo (31) or Qi sites. A next step in the
understanding of Qo site catalysis would be to define the
different portions of thebc1 complex that interact with the
Fe-S subunit during its movement. Previously, we had found
that a mutation at position L286 ofRhodobacter capsulatus
cyt b could alleviate the movement hindrance resulting from
an insertion mutation in the Fe-S hinge region (23, 32). This
pointed out possible long-range compensatory interactions
between theef loop of cyt b and the hinge domain of the
Fe-S subunit, two distant domains more than 25 Å apart. In
this study, we addressed whether mutations located on other
parts of theef loop could also impair the Fe-S subunit
movement or the Qo site catalysis. Examination of known
bc1 complex structures led us to target position 288 of cytb
for mutagenesis. Substitution of this position of theef loop
with different residues indicated that T288 affects both the
movement of the Fe-S subunit and Qo site catalysis.
Furthermore, detailed analyses of the revertants of nonfunc-
tional T288 substitutions revealed that additional second-
site mutations at other regions of thebc1 complex could
restore activity. These compensatory mutations were located

at either the hinge or the [2Fe2S] cluster domains of the Fe-S
subunit or thecd loop of cytb. Overall, the findings indicate
that the docking of the Fe-S subunit to the Qo site is spatially
adjusted with respect to theef loop of cytb in order to ensure
efficient QH2 oxidation as well as the large-scale domain
motion.

MATERIALS AND METHODS

Bacterial Strains and Growth. Escherichia coliand R.
capsulatusstrains were grown as described in refs32 and
33. Respiratory growth ofR. capsulatusstrains was at 35
°C under semiaerobic conditions in the dark and photo-
synthetic growth under continuous light and anaerobic
conditions. The strain pMTS1/MT-RBC1, considered as the
wild-type strain in this study, corresponds to a deletion strain
MT-RBC1 (33) complemented in trans with the plasmid
pMTS1 bearing a wild-type copy of thepetABCoperon
encoding thebc1 complex.

Genetic Techniques.All mutations at position T288 ofR.
capsulatuswere introduced by using the QuickChange site-
directed mutagenesis kit (Stratagene) with the plasmid pPET1
(a pBR322 derivative bearing a wild-type copy ofpetABC)
(33) as a template and the following degenerated primers:
EDBT288F1 (5′-C CCG CTC TCG BGC CCG GCG CAT
ATC GTT CCG) and EDBT288R1 (5′-C GAT ATG CGC
CGG GCV CGA GAG CGG GTT GGC) for substituting
Thr288 with Gly and Arg residues, EDBT288F2 (5′-C CCG
CTC TCG SHC CCG GCG CAT ATC GTT CCG) and
EDBT288R2 (5′-C GAT ATG CGC CGG GDS CGA GAG
CGG GTT GGC) with Asp, Leu, and Pro residues,
EDBT288F3 (5′-C CCG CTC TCG ARS CCG GCG CAT
ATC GTT CCG) and EDBT288R3 (5′-C GAT ATG CGC
CGG SYT CGA GAG CGG GTT GGC) with Lys, Asn, and
Ser residues, and finally EDBT288F4 (5′-C CCG CTC TCG
TRC CCG GCG CAT ATC GTT CCG) and EDBT288R1
with Cys and Tyr residues. The 920 bp DNA fragment
bearing the generated mutation was cut out of pPET1 with
XmaI and AsuII and exchanged with its counterpart in
pMTS1, yielding the plasmid pB:T288X, where X represents
the various amino acid residues in the one-letter code. For
each mutant, the presence of only the desired mutation on
the insert thus exchanged was confirmed by subsequent DNA
sequence analysis. These plasmids were then introduced into
thebc1

- strain MT-RBC1 by triparental crosses as described
earlier (33).

Biochemical and Biophysical Techniques.Chromatophore
membranes were prepared in MOPS buffer (50 mM, pH 7.0)
containing 100 mM KCl, 1 mM EDTA, and 1 mM PMSF,
as described in ref24, and protein concentrations were
determined according to ref34. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), protein
staining, immunoblot analyses, and densitometry scannings
were performed as in refs24 and25.

Light-induced, single turnover kinetics for cytc or cyt b
reduction were performed as described in ref24 using
chromatophore membranes at a concentration of 0.2µM
reaction center (around 0.1µM bc1 complex) in the presence
of 2.5 µM valinomycin, PMS, PES, DAD, and 2-hydroxy-
1,4-naphthoquinone. A single or a double beam monochro-
mator (Biomedical Instrumentation Group, University of
Pennsylvania, Philadelphia, PA) was used depending on the
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experiments. Transient cytc and cytb reduction kinetics
initiated by a short saturating flash (8µs) from a xenon lamp
were followed at 550-540 and 560-570 nm, respectively.
With the double beam, the signals corresponding to the two
wavelengths were recorded simultaneously and electronically
subtracted, and 15 such traces were averaged. With the single
beam, 15 traces were recorded and averaged at one wave-
length and then at the other wavelength before being
mathematically subtracted, and both setups gave very similar
traces. The concentrations of antimycin A, myxothiazol, and
stigmatellin used were 5, 5, and 1µM, respectively, and the
Eh was poised at 100 mV.

EPR spectroscopy was performed as described in ref24
on a Bruker ESP-300E at a temperature of 20 K, microwave
power of 2 mW, modulation frequency of 100 kHz, and
microwave frequency of 9.45 GHz. The chromatophore
membrane concentration was about 25 mg of protein/mL
(about 4µM bc1 complex). Oxidative titrations of the Fe-S
subunit [2Fe2S] cluster in chromatophore membranes were
conducted potentiometrically according to Dutton (35) in the
presence of 100µM tetrachlorohydroquinone, DAD, 1,2-
naphthoquinone-4-sulfonate, and 1,2-naphthoquinone. The
samples with Q pool oxidized were obtained by incubating
them on ice for 10 min with 20 mM ascorbate in the presence
or absence of 100µM stigmatellin.

Chemicals.All chemicals were as described earlier (36).

RESULTS

Choice of the T288 Position on the ef Loop of Cyt b.Our
previous findings indicated that the hindrance to the move-
ment of the Fe-S subunit resulting from the insertion of an
Ala residue in the Fe-S subunit hinge domain (between
positions 46 and 47 inR. capsulatus) (23) could be overcome
by a second mutation changing Leu286 to Phe (32). This
residue lies at the edge of theef loop of cyt b on the
mitochondrialbc1 complex structure (13, 14) and is located
6-7 Å away from Thr264 (corresponding toR. capsulatus
T288). Thr264 is at a distance of less than 3 Å from the
amino acid residues His141, Leu142, Cys144, and Ile147
(bovine numbering) in the immediate vicinity of the [2Fe2S]
cluster of the Fe-S subunit. Examination of the available
structures with Fe-S subunit cluster domain in thec1,
intermediate, stigmatellin, orb positions (13, 14; S. Iwata,
privileged communication) indicated that the amino acid
residue facing Thr264 changes depending on the position of
the Fe-S subunit, but a residue always occupies this position.
In addition, the Fe-S subunit residues interacting most
directly with Thr264 on theef loop are located around the
[2Fe2S] cluster and often belong to the conserved box I or
box II sequences that provide its ligands. These observations
suggested to us that the nature of the amino acid side chain
at position 264 of theef loop of cytb (288 inR. capsulatus)
might play a critical role during Qo site catalysis.

The Amino Acid T288 Is Critical for the Function of the
bc1 Complex.To probe the role of theef loop of cytb, several
substitutions (G, R, D, L, P, K, N, S, C, and Y) were
engineered as described in Materials and Methods at position
288 of theR. capsulatuscyt b subunit or obtained as same-
site revertants (T288I and T288V) of the initial mutants
(T288S and T288D or T288G, respectively; see below). The
effects of these substitutions on thebc1 complex assembly

and function were investigated, and the results obtained are
summarized in Table 1. Of the substitutions examined,
T288L, T288I, T288V, T288C, and T288G exhibited dif-
ferent degrees of photosynthetic (Ps) growth abilities with
the latter two being much slower than a wild-type strain,
while T288D, T288K, T288N, T288P, T288R, T288S, and
T288Y were all Ps-. Thus, the nature of the amino acid at
this position was critical for Ps growth ofR. capsulatusand,
therefore, for the function of itsbc1 complex. Next, to
determine whether in these mutants the absence of thebc1

complex activity was due to a perturbed assembly or stability
of the enzyme, the amounts of the cytb, cyt c1, and Fe-S
subunits and of the [2Fe2S] cluster were determined by
SDS-PAGE/immunoblot analyses as described in ref24and
by EPR spectroscopy, respectively. Usually, to estimate the
cluster amounts, the amplitude of thegy signal of the [2Fe2S]
cluster in mutants could be compared to that of a wild-type
strain. However, in mutants with perturbed Qo sites both the
shape of thegx peak and the amplitude of thegy signals are
often altered, which complicates these measurements. To
circumvent this difficulty, we used the gy signals obtained
in the presence of the Qo site inhibitor stigmatellin as all
mutants responded properly to this inhibitor. The data
indicated that while chromatophore membranes of all mutants
exhibited amounts of cytb and cytc subunits per amount of

Table 1: Various Properties of the T288X Substitutions

assembly

strain

Ps
pheno-
typea

Fe-S
subunitb

[2Fe2S]
clusterc

EPR
gx

d
Em7

(mV)e

electron
transfer

rate
(%)f

move-
mentg

WT + 100 100 1.800 310 100 fast
B:T288C slow 65 13 ndh nd 4 nd
B:T288G very slow 100 100 1.770 nd 7 fast
B:T288K - 60 40 1.780 nd 0 fast
B:T288L + 60 85 1.798 nd 25 fast
B:T288N - 120 95 1.770 270 3 fast
B:T288S - 125 120 1.773 255 0 slow
B:T288Y - 75 50 1.761 nd 0 fast
B:T288Ii + nd nd 1.806 nd 35 fast
B:T288Vi + 90 95 1.806 nd 50 fast

a (+) or (-) indicates ability or inability, respectively, to grow
photosynthetically in MPYE-enriched medium, and slow or very slow
indicates Ps growth at a rate lower than that of a wild-type strain.b Fe-
S subunit refers to the stoichiometry of the Fe-S subunit to cytc1 or
cyt b subunits as determined by scanning of the SDS-PAGE gels and
immunoblots as described in ref24 and is expressed as a percentage
of the wild type.c [2Fe-2S] cluster refers to the relative amounts of
the [2Fe-2S] cluster in the mutants in comparison with the wild type,
as determined by the amplitudes of the EPRgy signals in the presence
of the inhibitor stigmatellin and normalized for protein concentrations
used.d Position of thegx resonance in the absence of inhibitor and with
the Qpool oxidized.e The Em7 values were obtained by fitting the EPR
gy signal amplitudes during potentiometric titration of the [2Fe2S]
cluster as in ref24. f Electron transfer rate reflects single turnoverbc1

complex activity and corresponds to the average of QH2 to cyt c and
QH2 to cyt b electron transfer rates. These rates expressed as a
percentage of that of the wild-type enzyme (approximately 300 and
500 s-1 for cyt c rereduction and cytb reduction kinetics, respectively)
were not significantly different from each other and were determined
as described in Materials and Methods.g Fast or slow movement is
defined as described in ref23 and depends upon whether the initial
phase corresponding to the electron transfer from the [2Fe2S] cluster
to c1 heme in the presence of myxothiazol is visible or not.h nd: not
done.i Mutants T288I or T288V are the same site revertants of T288S
or T288D and T288G, respectively. The values shown for T288V are
the average of the data obtained with T288I or T288V, which were
similar.
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total proteins comparable to those found in a wild-type strain,
some of them contained substoichiometric amounts of the
Fe-S subunit (Table 1). The mutants T288G, T288N, T288V,
and T288S exhibited no assembly defect. Others like T288C
contained about 65% of the Fe-S subunit with respect to a
wild-type strain and barely detectable (13% of the wild type)
[2Fe2S] cluster, unless additional precautions, such as
addition of 10% glycerol and 20 mM sodium ascorbate
(which increased up to 30% the amount of [2Fe2S] cluster),
were taken during the chromatophore membrane preparations
(Table 1). Nevertheless, the assembly defects seen here were
more moderate than those observed previously in the Fe-S
subunit hinge deletion mutants (24), which still retained their
Ps growth abilities. Thus, a defective assembly could not
account fully for the lack of thebc1 complex activity in the
T288X mutants examined here.

Most of the T288X Mutants HaVe Perturbed [2Fe2S]-Q
Interactions at the Qo Site.Further insight into the primary
cause of the absence of thebc1 complex activity in the T288X
mutants was sought by analyzing the interactions of the
[2Fe2S] clusters with the Qo site occupants, as it is known
that the EPR signature of the reduced [2Fe2S] cluster is very
sensitive to its environment (7, 37-41). The EPR spectra
obtained with several T288X mutants (Figure 1A), in
particular thegx values spreading from 1.780 for T288K to
1.761 for T288Y (Table 1), indicated that the interactions
of the [2Fe2S] cluster with Q were perturbed in all cases
except the T288L, T288I, and T288V substitutions. However,
all substitutions gave rise to agx ) 1.785 signal in the
presence of stigmatellin (38) (not shown), indicating that the
Fe-S subunit responded to this inhibitor as observed previ-
ously. In the presence of myxothiazol, thegx resonance of
the [2Fe2S] cluster in the T288L and T288K substitutions
became broader with a value of about 1.775 (data not shown).
For the remaining mutants, it was impossible to ascertain
whether theirbc1 complexes responded properly to myxo-
thiazol as theirgx signals were very broad even in its absence.
The T288N and T288S substitutions, which exhibited no
assembly defects, were further used to determine theEm

values of their [2Fe2S] clusters. EPR redox titration indicated
that both mutants had lowerEm7 values (255 and 270 mV)
in comparison with a wild-type [2Fe2S] cluster (310 mV)
(Table 1 and Figure 2). It was noted that, with the Qpool

oxidized, the EPR signature of these substitutions resembled
more to a nativebc1 complex inhibited by class I inhibitors
such as myxothiazol or MOA-stilbene (40, 42).

Most of the T288X Mutants HaVe Impaired Electron
Transfer Rates.Next, the effect of the T288X substitutions
on thebc1 complex activity were analyzed by monitoring
light-induced, single turnover cytc rereduction and cytb
reduction kinetics, as performed previously (24) and also
described in ref43. In all cases, the data indicated comparable
impairments for the QH2 to cytc and QH2 to cytb branches,
in agreement with a concerted mechanism for QH2 oxidation
at the Qo site via a bifurcated electron transfer like the one
described in ref11 (Table 1 and Figure 3). Of the mutants
analyzed, T288L, T288I, and T288V exhibited sizable
electron transfer activities (about 25%, 35%, and 50%,
respectively, of a wild-type strain) while the others had very
low (less than 5-10% of the wild type) cytc rereduction
and cytb reduction rates, in agreement with their defective
Ps growth and substoichiometricbc1 complexes. Thus, with

the exception of the hydrophobic substitutions L, I ,and V,
the other mutations at position 288 perturbed drastically the
catalytic turnover of the enzyme and prevented QH2 oxida-
tion.

The T288S Substitution Also Interferes with the MoVement
of the Fe-S Subunit.The effect of the T288X substitutions
on the movement of the Fe-S subunit was next probed by
monitoring cytc rereduction kinetics (23). We have recently
demonstrated that the kinetics of electron transfer from an
initially reduced [2Fe2S] cluster toc1 heme, in the presence
of myxothiazol, which renders this electron transfer inde-
pendent of QH2 oxidation, also encompasses the movement
of the Fe-S subunit from the Qo site to thec1 position (23,

FIGURE 1: EPR spectra of the [2Fe2S] cluster of various T288
mutants and their revertants. The EPR spectra of the wild type and
the different T288X mutants were obtained using chromatophore
membranes after ascorbate reduction as described in ref24. Vertical
lines indicate thegx values of 1.800 and 1.77 as references, and
×1.5 and×3 refer to the scaling factor used to plot the spectra for
various mutants. Panel A shows the spectra for the B:T288G,
B:T288K, B:T288N, B:T288Y, B:T288S, and B:T288V substitu-
tions, and panel B shows the spectra for the double mutants
B:T288G+ F:V44F, B:T288N+ F:A46T, B:T288S+ F:V139A,
and B:T288S+ A185V, with B and F referring to the mutations
in the cytb and the Fe-S subunits, respectively.
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24). In the native enzyme, or in the Qo site deficient mutants
such as Y147A (44), this electron transfer step is too fast to
be time resolved at a millisecond time scale. However, if
the movement of the Fe-S subunit slows down as in the
+1Ala mutant (insertion of one Ala residue between posi-
tions 46 and 47 of the Fe-S subunit) or the 3Pro∆3 mutant
(equivalent to a deletion of amino acid residues 44-49 of
the Fe-S subunit and insertion of three Pro residues instead),
then it becomes visible (23, 24). When the T288X substitu-

tions were analyzed in this manner, in all cases except T288S,
the electron transfer step associated with the Fe-S movement
was similar to that seen with the native enzyme (i.e., too
fast to be time resolved) (Figure 3 and not shown). Thus,
all but T288S mutations affected QH2 oxidation per se rather
than the movement of the Fe-S subunit at the Qo site. Only
in the case of T288S was a slow cytc rereduction phase
seen in the presence of myxothiazol (Figure 3, panel F).
However, in the absence of inhibitor this electron transfer

FIGURE 2: Potentiometric dark titrations of the [2Fe2S] cluster of the T288N and T288S mutants. The potentiometric titrations of the
[2Fe2S] clusterEm of the wild-type strain and the B:T288N and B:T288S mutants are shown in panels A, B, and C, respectively. In each
case, the amplitude of the EPRgy signal was recorded between theEh values of 150 and 350-400 mV, normalized, and fitted to ann )
1 Nernst equation to deduce the indicatedEm7 values, as described previously in ref24. The symbols and the line represent the experimental
data and the curve fit, respectively.

FIGURE 3: Cyt c rereduction kinetics in the presence of myxothiazol or stigmatellin in various T288X substitutions and their second-site
suppressors. Cytc rereduction kinetics triggered by flash activation of the photochemical reaction center were recorded using chromatophore
membranes as described in refs23 and24. In each case, the traces obtained with no inhibitor (no) or in the presence of myxothiazol (Myx),
where no QH2 oxidation takes place at the Qo site, or in the presence of stigmatellin (Stig), where no electron is transferred from the
[2Fe2S] cluster to thec1 heme are shown. Panels A-L correspond to the wild-type strain, B:T288L, B:T288G, B:T288C, B:T288N, B:T288S,
B:T288Y, B:T288V, B:T288S+ F:V139A, B:T288S+ B:A185V, B:T288S+ B:A185V + F:A46T, and B:T288N+ F:A46T substitutions,
respectively, where B and F refer to the cytb and Fe-S subunits, respectively. For T288V and for the triple mutant B:T288S+ B:A185V
+ F:A46T, the traces in the presence of stigmatellin have not been recorded.
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reached only the level seen in the presence of myxothiazol,
and no Qo site turnover could be observed. We therefore
concluded that in T288S both the QH2 oxidation and the
movement of the Fe-S subunit were perturbed.

Various Regions of the bc1 Complex Interact Closely with
the Fe-S Subunit during QH2 Oxidation and Large-Scale
Domain MoVement.The role of the cytb ef loop on Qo site
catalysis was further investigated by analyzing Ps+ revertants
of various T288X substitutions that were isolated on MPYE-
enriched medium. Starting with T288D or T288G, or with
T288S, the same site revertants T288V or T288I, respec-
tively, were obtained. These revertants recovered a wild-
type-like EPR signal (gx around 1.8) (Table 1) and a moderate
bc1 complex activity (Figures 1 and 3 and not shown).
Alternately, revertants containing secondary mutation(s)
located elsewhere than position 288 of cytb were also sought.
In each case, spontaneous Ps+ colonies were obtained, their
plasmids extracted, and theirpet operons cut into small
fragments and exchanged with their counterparts on a
plasmid carrying the parental T288X mutation. This approach
enabled us to target directly the search for secondary
mutation(s) to predefined regions of thebc1 complex.
Subsequent sequencing of the exchanged DNA fragments
revealed three different groups of second-site revertants.

The first group of second-site mutations such as V44F and
A46T were located on the hinge domain of the Fe-S subunit
and obtained starting with the T288G and T288N substitu-
tions. The properties of the corresponding double mutants
are listed in Table 2, and their locations are depicted in Figure
4. In B:T288G + F:V44F and B:T288N+ F:A46T the
second mutation shifted upfield thegx transition (e.g., from
1.77 to 1.789 for the former mutant) (Figure 1B) and
improved the function of thebc1 complex (Figure 3, panel
L) but at the expense of the Fe-S subunit stability. Remark-
ably, the two second-site mutations F:V44F and F:A46T have
already been encountered as suppressors of the F:L136G
mutation located at the Fe-S subunit cluster domain (45) and
characterized by Brasseur et al. (46). In particular, it has been
found that these mutations increased the sensitivity of the
Fe-S subunit hinge domain to proteolysis by an endogenous
protease present in chromatophore membranes (25 and not

shown). In addition, the F:A46T mutation has also been
encountered as a suppressor of the B:T163F mutation that
was located at the QoI domain of cyt b subunit and that
destroyed the assembly of thebc1 complex (47).

The second group of second-site mutations, like F:V139A
that alleviated the defect of the T288S mutation, were found
located on the Fe-S subunit cluster domain (Figure 4). EPR
analyses of the double mutant T288S+ F:V139A indicated
that it exhibited multiplegx signals with one around 1.8 and
another around 1.77, suggesting the presence of two sub-
populations that are in disequilibrium at 20 K (Figure 1 and
Table 2). Nonetheless, in this mutant, electron transfer rates
from QH2 to cyt c were improved to about 25% of that of a
wild-type strain, although the movement of the cluster

Table 2: Various Properties of the T288X Second-Site Suppressors

assembly
strains

first mutation second mutation
Ps

phenotypea
Fe-S

subunitb
[2Fe2S]
clusterc EPRgx

d
electron transfer

rate (%)e movementf

B:T288G F:V44F slow 35 65 1.789 20 fast
B:T288N F:A46T + 85 100 1.805 70 fast
B:T288N F:V44F + 45 35 ndg nd fast
B:T288S F:V139A + 115 80 1.807 and 1.772 25 slow
B:T288S B:G182S slow 30 35 1.800 and 1.768 11 fast
B:T288S B:A185V slow 130 100 1.803 and 1.781 15 fast
B:T288S B:A185V+ F:A46T + 100 90 1.802 and 1.78 35 fast

a (+) or (slow) indicates the normal or slow photosynthetic growth in MPYE-enriched medium, and slow indicates that the Ps growth is at a rate
slower than that of a wild-type strain.b Fe-S subunit refers to the stoichiometry of the Fe-S subunit to cytc1 or cyt b subunits as determined by
scanning of the SDS-PAGE gels and immunoblots as described in ref24 and is expressed as a percentage of the wild type.c [2Fe2S] cluster refers
to the relative amounts of the [2Fe2S] cluster in the mutants in comparison with the wild type, as determined by the amplitude of their EPRgy

signal in the presence of the inhibitor stigmatellin and normalized for protein concentrations of chromatophore membranes.d Position of the EPR
gx signal in the absence of inhibitor and with the Qpool oxidized. Note that for the T288S revertants twogx signals were observed.e Electron transfer
rate reflects single turnoverbc1 complex activity and corresponds to the average of QH2 to cyt c and QH2 to cyt b electron transfer rates. These rates
expressed as a percentage of that of the wild-type enzyme (approximately 300 and 500 s-1 for cyt c rereduction and cytb reduction kinetics,
respectively) were not significantly different from each other and were determined as described in Materials and Methods.f Fast or slow movement
is defined according to ref23 and depends upon whether the initial phase corresponding to the electron transfer from the [2Fe2S] cluster toc1 heme
in the presence of myxothiazol is visible or not.g nd: not done.

FIGURE 4: Locations ofR. capsulatusT288X substitutions and their
second-site suppressors. The figure is to visualize the positions of
the different mutations described in this work using the coordinates
of the bovine heart mitochondrialbc1 complex with the Fe-S subunit
in the intermediate position (14). Part of cytc1, cyt b, and the Fe-S
subunits are shown in various shades of gray, and the cofactors (c1
heme and the [2Fe2S] cluster) are in black. The amino acid residues
occupying positions 167, 170, and 264 of cytb and positions 68,
70, and 145 of the Fe-S subunit in bovine numbering (corresponding
to R. capsulatuspositions 182, 185, and 288 of cytb and positions
44, 46, and 139 of the Fe-S subunit, respectively) are shown as
ball-and-stick representation in magenta, orange, red, blue, green,
and cyan. Distances between these various positions are indicated
in angstroms.

1504 Biochemistry, Vol. 42, No. 6, 2003 Darrouzet and Daldal



domain remained hindered as reflected by similar kinetics
observed in the presence of myxothiazol (Figure 3, panel I).

The third group of second-site mutations, like G182S and
A185V that alleviated the defect inflicted by T288S, were
located on thecd loop of cyt b subunit (Figure 4). They
exhibited poorbc1 complex activity as well as slow Ps growth
(Table 2 and Figure 3, panel J). Moreover, B:G182S, which
was also encountered previously as a suppressor of the
B:T163F mutant (47) like F:A46T, affected the assembly or
stability of the Fe-S subunit. Finally, the slower Ps growth
phenotype of the double mutant B:T288S+ B:A185V
allowed further isolation of better growing colonies that
harbored a third mutation, F:A46T, located at the hinge
region of the Fe-S subunit (Figure 3, panel K). It was noted
that the mixedgx signals of the [2Fe2S] cluster were present
in all of the T288S suppressors (B:T288S+ F:139A, BT288S
+ B:G182S, and B:T288S+ B:A185V) (Table 2), suggest-
ing that this feature was an intrinsic property of this
substitution.

In summary, overall analyses of the second-site compensa-
tory mutations of T288S revealed close protein-protein
interactions between the hinge and the head domains of the
Fe-S subunit and thecd andef loops of the cytb subunit of
the bc1 complex during Qo site catalysis.

DISCUSSION

Intricacy of the Interactions between Cyt b and the Fe-S
Subunit.Our earlier work has shown that mutations such as
B:L286F located on theef loop of cyt b could alleviate the
movement hindrance implicated by the F:+1Ala mutation
located at the hinge region of the Fe-S subunit of thebc1

complex (32). In this study, we have probed the role of
position 288, located two residues away but on the opposite
face of this surface loop. Using the bacterialbc1 complex,
we first substituted position 288 with various amino acid
residues and discovered that only a few hydrophobic side
chains (Val, Ile, or Leu) could yield partly functionalbc1

complexes. Other substitutions exhibited assembly or stability
defects, very low or no catalytic activity, and defective
interactions between the [2Fe2S] cluster and the Qo site
occupants. Surprisingly, at this highly conserved position of
cyt b even side chains such as Ser and Cys that are somehow
similar to Thr were not readily tolerated, underlining the
specific role that position 288 plays for Qo site occupancy
and catalysis. Moreover, the T288S substitution also inter-
fered with the mobility of the Fe-S subunit cluster domain,
pointing out protein-protein interactions between theef loop
of cyt b and the Fe-S subunit cluster domain during its
movement.

Additionally, an absolute requirement of a functionalbc1

complex for Ps growth ability ofR. capsulatuswas exploited
to obtain revertants that compensated the defects inflicted
by the T288X substitutions. Among them, second-site
suppressors located either at the hinge or the cluster domain
of the Fe-S subunit or at thecd loop of cyt b were found.
Interestingly, several of these secondary mutations, such as
F:V44F, F:A46T, and B:G182S, had already been en-
countered previously as suppressors of defective Qo site
mutations located either at the cluster domain of the Fe-S
protein (F:L136G) (46) or at thecd loop of cytb (B:T163F)

(47). Furthermore, several additional Qo site suppressors,
such as F:V139A located at the cluster domain of the Fe-S
subunit and B:A185V on thecd loop of cytb, were isolated
for the first time during this work. Upon examination of the
bc1 complex structure one can envision that B:T288S
suppressors located at the Fe-S subunit cluster domain (such
as F:V139A) could be expected as this domain faces directly
the ef loop of cyt b (Figure 4). However, as the cluster
domain moves, protein-protein interactions that it entertains
must remain complementary during its entire trajectory.
Consequently, this suppressor does not appear to overcome
steric hindrances during the movement, but rather it enables
the cluster domain to reach a conformation appropriate for
somewhat productive interactions with the Qo site residents
to restore a propergx signal and some catalytic activity.
Similarly, B:T288S suppressors on the hinge region of the
Fe-S subunit (such as F:V44F or F:A46T) could be expected
because the converse situation, that is, mutations situated
on theef loop acting as suppressors of mutations located on
the hinge region of the Fe-S subunit, had been encountered
previously (32). On the other hand, suppressors on the cytb
cd loop (such as G182S and B:A185V) were less obvious
even though this loop also comes very close to the Fe-S
subunit. For example, B:A185 (Val170 in bovine numbering)
is only 5.5 Å away from F:G93 of the Fe-S subunit cluster
domain, and B:G182 is only 4 Å away from F:V44 of the
hinge domain (Figure 4). Moreover, NEM labeling of abc1

complex carrying the B:A185C mutation inRhodobacter
sphaeroideshad indicated that this position affects the
interactions of the [2Fe2S] cluster with the Qo site (48).
Clearly, the effects of the T288S suppressors are indirect,
yet they could change directly the conformation of thecd
loop, which in turn by being close to the hinge and the cluster
domains of the Fe-S protein interfere with its position and
mobility at the Qo site (42). Conceivably, as the trajectory
of the Fe-S cluster domain is complex, composed of a
rotation and a translation, even a small change can displace
the rotation axis enough to induce significant remote interac-
tions.

Multiple Functions of the ef Loop of Cyt b.Detailed
examination of various T288X mutations indicated that the
cyt b ef loop plays several roles in regard to Qo site catalysis.
First, as revealed by the T288K, T288R, and T288Y
substitutions and also by L286F mutation (32), it affects the
stability or assembly of the Fe-S subunit in thebc1 complex.
The basis of this effect is unclear, but it could be that in the
absence of L286 or T288 the Fe-S subunit may not reach its
native position at the surface of cytb, and consequently its
binding to thebc1 complex could be weaker. Alternatively,
in the T288X mutants the Fe-S subunit being in a more
“released” position (i.e., structurally reminiscent of that
observed when the Qo site is occupied with myxothiazol)
(16), the linker region of the Fe-S subunit may be more
vulnerable to proteolytic cleavage by endogenous proteases
(25). Another possibility is that if the Qo site, and in particular
the [2Fe2S] cluster, is more solvent exposed as suggested
by its broadergx transition, then its increased lability may
render the apoprotein less stable.

Second, most of the T288X mutations are defective to
varying degrees for QH2 oxidation, which indicates that a
major role of position 288 on theef loop is on Qo site
catalysis. In most mutants, the interactions of the [2Fe2S]
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cluster with Q were perturbed as revealed by shifted EPRgx

signals. In their revertants a partial restoration of the native
gx ) 1.8 transition was observed concomitantly with a gain
of activity. The basis of the mixed EPR signal observed in
the T288S revertants is unclear at the moment, but further
studies might indicate whether this reflects two distinct
populations of enzymes with their Fe-S subunits in two
different positions not in equilibrium at cryogenic temper-
ature or, simply, partial Q depletion at the Qo site in response
to theef loop mutations. Moreover, the lowerEm values of
the Fe-S subunits in these mutants suggest that their cluster
domains are no longer in their native position. The overall
data, in particular the lowerEm values, suggested that in the
T288N and T288S mutants the [2Fe2S] clusters might be
located in an environment more hydrophilic as compared
with a nativebc1 complex, and the head domain of their
Fe-S subunits was in a more released position, as discussed
previously (42). As also shown in ref42, the Em of the
[2Fe2S] cluster increases when it reaches in the Qo site a
subdomain that is appropriate for catalysis. Thus, a critical
role for the ef loop would be to facilitate this step by
promoting favorable interactions, such as providing additional
hydrogen bonds to the Fe-S subunit. The QH2 oxidation
defects encountered in the T288X mutants are consistent with
various mechanisms proposed previously (7-10), including
the concerted mechanism proposed by Snyder et al. (11)
which stipulates a simultaneous interaction of UQH2 with
His161 on the Fe-S subunit and Glu272 on cytb (Glu295 in
R. capsulatusnumbering). Conceivably, changing the con-
formation of theef loop by T288 mutations could easily result
in altered interactions with Glu295, leading to perturbed QH2

oxidation.
Remarkably, the T288S substitution and its revertants

reveal that in these mutants, in addition to the Qo site catalysis
defect, the movement of the Fe-S subunit cluster domain is
also hindered. This situation is reminiscent of that previously
seen with the+1Ala hinge mutant and its B:L286F revertant
(23, 32), again indicating that theef loop of cyt b can also
interfere with the mobility of the Fe-S subunit during its
large-scale domain movement. Indeed, steered molecular
dynamics simulations of the Fe-S subunit movement per-
formed by Izrael et al. (31) are consistent with this suggestion
as they indicate that theef loop domain (residues 263-268
corresponding to residues 286-291 in R. capsulatusnum-
bering) of cytb may be displaced by about 2 Å when the
Fe-S subunit moves out of the Qo site, with several hydrogen
bonds forming between this loop and the Fe-S cluster
domain.

In summary, this work revealed several important roles
played by surface loopscd and ef of cyt b, which form a
tight gasket at the Qo site to prevent excessive solvent
accessibility, to hold the Fe-S subunit cluster domain in a
position appropriate for productive interactions between the
[2Fe2S] cluster and Qo site occupants, and to ensure stability
of the Fe-S subunit in thebc1 complex. Apparently, this seal
is not too tight in order to allow the Fe-S subunit cluster
domain to reach its proper position at the Qo site and not to
hinder its large-scale movement to donate electrons to the
c1 heme. Various suppressors of T288 indicated that multiple
regions of cytb contribute to finely adjust the Fe-S subunit/
cyt b interface at the Qo site. Further mapping of additional
interactions between these subunits may extend the network

of interactions in terms of stability, catalysis, [2Fe2S] cluster
domain position, and movement of the Fe-S subunit at the
Qo site and better elucidate the various steps of QH2 oxidation
catalyzed by thebc1 complex.
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