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ABSTRACT: Typically, c hemes are bound to the protein through two thioether bonds to cysteines and two
axial ligands to the heme iron. In high-potential class Ic-type cytochromes, these axial ligands are commonly
His-Met. A change in this methionine axial ligand is often correlated with a dramatic drop in the heme
redox potential and loss of function. Here we describe a bacterial cytochromec with an unusual tolerance
to the alternations in the heme ligation pattern. Substitution of the heme ligating methionine (M185) in
cytochromec1 of the Rhodobacter sphaeroidescytochromebc1 complex with Lys and Leu lowers the
redox midpoint potential but not enough to prevent physiologically competent electron transfer in these
fully functional variants. Only when Met-185 is replaced with His is the drop in the redox potential
sufficiently large to cause cytochromebc1 electron transfer chain failure. Functional mutants preserve the
structural integrity of the heme crevice: only the nonfunctional His variant allows carbon monoxide to
bind to reduced heme, indicating a significant opening of the heme environment. This range of cytochrome
c1 ligand mutants exposes both the relative resilience to sixth axial ligand change and the ultimate
thermodynamic limits of operation of the cofactor chains in cytochromebc1.

c-Type cytochromes play a central role in biological
electron transfer systems and have been a popular subject
in the probing of the engineering of biological redox
reactions. Unlikeb hemes which are linked to protein by
only one or two axial ligands to the heme iron,c hemes are
commonly bound by an additional pair of thioether bonds
to cysteines. A His-Met ligation to heme iron provides the
common signature for a high-potential class Ic-type cyto-
chrome (1-5).

As one of the subunits of the catalytic core of the
cytochromebc1 complex, cytochromec1 structurally links
the core subunits and provides a pair of surface docking sites
for its two usual redox partners, the mobile iron-sulfur
subunit and cytochromec (cytochromec2 in bacteria). Its
extrinsic domain shares many of the electrochemical and
structural properties of class Ic-type cytochromes with some
distinguishing structure-function related insertions or dele-
tions in the loop region (6-9). Cytochromec1 of some
bacterial species has a unique disulfide bond anchoring loop,
which is not present in the sequences of cytochromec1 of
higher organisms (6-10; Figure 1).

The mature cytochromec1 from Rhodobacter sphaeroides
has 263 amino acids after a 22-residue amino-terminal signal
sequence is removed from the precursor (11, 12; see Figure
1c for the primary structure). The consensus heme-binding
motif (CXXCH) located near the N-terminus provides the
cysteines for the covalent attachment of the heme group and
the invariant histidine as the fifth axial ligand. With respect
to the opposite, carboxyl terminus, the hydropathy profile
of the sequence of the mature polypeptide identifies a single
transmembraneR-helix (from A229 to K249) that can anchor
the subunit to the membrane (11). Truncation of this anchor
yields a soluble form of cytochromec1 (13). A comparison
of the sequences of cytochromec1 from Rb. sphaeroidesand
Rb. capsulatusreveals a very close evolutionary kinship (14).

As for any other redox protein, the redox midpoint
potential (Em)1 is a key property of cytochromec1 that
regulates biological functions via thermodynamic and kinetic
control of electron-exchange reactions. Extensive work has
been devoted to unraveling the complex interplay of mo-
lecular factors that modulateEm, including several studies
aimed at the effect of sixth axial ligand methionine on the
function of cytochromec andc1 in eukaryotic and prokaryotic
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species (see examples in refs5 and15-23). All these studies
indicated that the nature of the sixth axial ligand plays a
critical role in controlling the biological function and
structure in cytochromec and c1 by altering the refolding
pattern in addition to the redox midpoint potential.

Here we describe a bacterial cytochromec with an unusual
tolerance to the change in the heme ligation pattern. We
constructed three variants: two which could in principle
replace methionine as a sixth ligand, namely, lysine (K) and
histidine (H), and one, namely, leucine (L), that should not
be able provide ligation to the heme iron. We revealed a
very unusual example ofc-type heme protein in which the
sixth ligand can be mutated without a destructive impact on
its Em. Mutating the heme-ligating methionine (M185) to Lys
and Leu yields fully functional variants of the enzymes that,
despite significant changes in spectra and redox properties,
keep the potential of the heme sufficiently high to support
physiologically competent electron transfer. The histidine
mutant drags the potential low enough to render the cyto-
chrome functionally incompetent. Functional mutants main-
tain the structural integrity of the heme crevice, while the
dysfunctional histidine does not. Met-185 mutants inRb.
sphaeroidesreveal a certain resilience of the sixth axial
ligand domain in this cytochromec and define the limits of
this resilience when a redox potential falls too far out of
line with others in a redox chain.

MATERIALS AND METHODS

Bacterial Strains and Growth. Escherichia coliand Rb.
sphaeroidesstrains were grown in the presence of appropriate
antibiotics as described previously (11). Respiratory growth
of Rb. sphaeroidesstrains occurred at 32°C in the dark under
semiaerobic conditions, and photosynthetic growth (Ps)
occurred at the same temperature under continuous light and

anaerobic conditions. BC17 is a cytochromebc1 strain where
the chromosomal copy of thefbc operon has been deleted
(11). Strain BC17C corresponds to BC17 complemented in
trans with the plasmid pRK415-fbc, which contains a wild-
type copy of thefbc operon and a tetracycline resistance
cartridge. This strain is considered the wild-type reference
in this study. Mutant strains M185L/BC17, M185K/BC17,
and M185H/BC17 are identical to BC17C, except that the
codon corresponding to M185 of thefbc operon has been
mutated to encode leucine, lysine, and histidine, respectively.

Molecular Genetic Techniques.The mutations were con-
structed by site-directed mutagenesis using the Quikchange
system from Stratagene and the pbc9 plasmid [a derivative
of pUC9 containing a wild-type copy of thefbcoperon (11)]
as template DNA. The following mutagenic primers were
used to introduce single mutations (F and R denote forward
and reverse, respectively): 5′-CTC GTG GAT CGC CTT
GCC GCC TCC GCT C-3′ (M185L-F), 5′-GAG CGG AGG
CGGCAA GGC GAT CCA CGA G-3′ (M185L-R), 5′-CTC
GTG GAT CGC CCA CCC GCC TCC GCT C-3′ (M185H-
F), 5′-GAG CGG AGG CGGGTG GGC GAT CCA CGA
G-3′ (M185H-R), 5′-CTC GTG GAT CGC CAA A CC GCC
TCC GCT C-3′ (M185K-F), and 5′-GAG CGG AGG CGG
TTT GGC GAT CCA CGA G-3′ (M185K-R). After
sequencing had been carried out, the appropriate DNA
fragments bearing the desired mutation and no other muta-
tions were inserted into pRK415 [the expression vector
containing a tetracycline resistance cartridge (11, 24)] using
the restriction enzymesHindIII and EcoRI. The mutated
variants of pRK415-fbc were introduced into strain BC17
via triparental crosses. The presence of engineered mutations
was confirmed by sequencing the plasmid DNA isolated from
mutatedRb. sphaeroidesstrains.

FIGURE 1: Comparison of the redox active head regions of mitochondrial yeast (42) (a) and bacterial cytochromec1 (6) (b). The heme
(pink) is axially ligated by histidine (blue) and methionine (red). The red ribbons highlighted in bacterial cytochromec1 are the two major
inserts, including a disulfide-anchored loop. Panel c shows the schematic diagram of the primary organization of the cytochromec1 polypeptide.
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Spontaneous Ps+ revertants of the M185H mutant were
obtained on Sistrom’s A plates containing tetracycline over
several days of incubation under selective photosynthetic
conditions. The plasmids of the PS+ revertants were
extracted and sequenced to determine the location and nature
of the suppressor mutations. The entirefbcC gene was
subjected to DNA sequence analysis. The fragment offbcC
containing the reversion (H185Y) was exchanged with its
counterpart on pbc9. The plasmid that was obtained was
conjugated into pRK415 and crossed withRb. sphaeroides
strain BC17 to produce the M185Y mutant that expressed
the cytochromebc1 complex containing the reversion used
to further biochemical analysis.

Biochemical and Biophysical Techniques. Chromatophore
membranes and purified cytochromebc1 were prepared as
described previously (25, 26) with a DEAE-Sepharose
column (Amersham Pharmacia). Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was per-
formed according to the method of Laemmli (27) using a
15% linear separating gel. The gels were stained with
Coomassie blue for proteins or with tetramethylbenzidine
(TMBZ) for covalently attached hemes (28).

Optical spectra were recorded on a Perkin-Elmer UV-
vis spectrophotometer (Lambda 20) fitted with an anaerobic
redox cuvette when necessary. The difference spectra forc-
andb-type cytochrome were obtained with samples that were
first oxidized by an addition of potassium ferricyanide and
then reduced by using either sodium ascorbate or fresh
sodium dithionite.

Dark equilibrium redox titrations of the heme groups were
performed as described previously (29). Chromatophore
membranes or the purified cytochromebc1 was suspended
in MOPS buffer (pH 7.0) containing 100 mM KCl and redox
mediators: 2,3,5,6-tetramethylphenylenediamine, 1,2-naph-
thoquinone 4-sulfonate, 1,2-naphthoquinone, phenazine, meth-
osulfate, phenazine ethosulfate, duroquinone, pyocyanine,
indigo trisulfonate, 2-hydroxy-1,4-naphthoquinone, phena-
zine, anthraquinone 2-sulfonate, and benzyl viologen. The
optical changes that accompanied redox potential change
were recorded in theR-band region (500-600 nm) or in the
Soret region (400-450 nm), and theEm values were
determined by fitting the data to ann ) 1 Nerst equation,
with one, two, or three components, as necessary.

Flash-induced single-turnover time-resolved kinetics were
determined according to the method described in ref30using
chromatophore membranes and a double-beam spectropho-
tometer (Biomedical Instrumentation Group, University of

Pennsylvania) in the presence of 2.5µM valinomycin, 8µM
2,3,5,6-tetramethylphenylenediamine, 2.5µM phenazine
methosulfate, 2.5µM phenazine ethosulfate, 6µM 1,2-
naphthoquinone, 6µM 2-hydroxy-1,4-naphthoquinone, 100
µM ferrocyanide, and 70µM benzyl viologen. Transient
cytochromebH reduction kinetics followed at 560-570 nm
were initiated by a short saturating flash (8µs) from a xenon
lamp. The concentrations of antimycin, myxothiazol, and
stigmatellin that were used were 5, 5, and 1µM, respectively,
and the ambient potential was poised at 100 mV.

The carbon monoxide (CO) binding experiments were
performed at room temperature using a sealed anaerobic
cuvette. Purified, intact cytochromebc1 dissolved in 50 mM
Tris-HCl (pH 8.0) containing 100 mM KCl was deoxygen-
ated with argon and then reduced by an anaerobic addition
of sodium dithionite. The CO was then introduced into the
samples by brief bubbling to produce the dithionite-reduced
+ CO versus dithionite-reduced spectra.

RESULTS

We constructed three single mutants of the sixth axial
ligand of hemec1 in cytochromebc1 of Rb. sphaeroidesand
expected severe structural and/or functional consequences.
Similar mutations in yeast (22) had destructive effects on
assembly, while in closely relatedRb. capsulatus, cytochrome
bc1 photosynthetic electron transfer function was lost (16,
20). Surprisingly, two mutants, M185L and M185K, are
capable of photosynthetic growth (Table 1), indicating that
cytochromebc1 is functional in vivo. Only M185H was
unable to support the photosynthetic growth. We employed
a series of biochemical and spectroscopic examinations to
understand the roots of these unexpected phenotypes and
identify physical and chemical changes that turn functional
mutants into nonfunctional mutants.

Assembly of M185 Mutants.Subunit composition analysis
using SDS-PAGE and TMBZ heme staining of the cyto-
chromebc1 isolated from the mutated strains revealed that
the expressedbc1 complexes in all mutants contain four
subunits and the heme group covalently attached to cyto-
chromec1, no different from the native protein (Figure 2).
This excludes the assembly factor as a primary cause of
phenotypic differences seen between the functional (M185L
and M185K) and nonfunctional (M185H) mutants.

Spectroscopic Properties of M185 Mutants.The optical
difference spectra of chromatophores and purified cyto-
chromebc1 showed that all M185 mutants induce significant
changes in the spectral properties of hemec1. While

Table 1: Various Properties ofRb. sphaeroidesCytochromec1 Sixth Axial Ligand Species

strain phenotypea
Em7

(mV)b
bH reduction
rate (s-1)c

CO
bindingd

reversion
to Ps+e

wild type PS+ 268 856 -
M185L PS+ 216 85 -
M185K PS+ 130 20 -
M185H PS- 74 0f + M185Y, M185L
M185Y PS+ 241, 132 62 -

a Ps+ and Ps- denote photosynthetic competence and incompetence, respectively.b Midpoint redox potential of cytochromec1 in chromatophore
membranes.c bH reduction rates were determined by flash kinetics at the ambient potential of 100 mV at pH 7.0 by recording the absorbance
changes at 560-570 nm and fitting them to a single-exponential equation.d + and- indicate the ability of ferrocytochromec1 in isolated cytochrome
bc1 to bind carbon monoxide in a gas-saturated solution.e Spontaneous site suppressor mutations in cytochromec1 that restore the photosynthetic
activity of the cells.f At the standard redox poise of 100 mV, more than half of this mutant cytochromec1 will be oxidized even before flash
oxidation of cytochromec2. In principle, the rate with fully reducedc1 could be even slower.
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chromatophore redox difference spectra (Figure 3A) are
complicated by unavoidable contributions from otherc-type
cytochromes, these contributions are eliminated in the simple
spectra of purified cytochromebc1 (Figure 3B). The wild-
type spectra are characterized by the presence of both
ascorbate and dithionite-reducible components (Figure 3Aa,-
3Ba). In theR-region, the ascorbate-reducible component at
552 nm (dashed line) reflects the reduced state of hemec1,
while the dithionite-reducible (solid line) components include
hemec1 and hemesbL andbH (peak at 560 nm). The only
mutant which has a clear ascorbate-reducible component in
both chromatophores (Figure 3Ac, dashed line) and purified
complexes (Figure 3Bc) is M185K. This mutant exhibits a
clear red shift to 550 nm, similar to the analogous M183K
ligand mutant ofRb. capsulatus(16). On the other hand,
both M185L and M185H mutants show minimal ascorbate-

reducible components in chromatophores (Figure 3Ab,d,
dashed line) and none in the purified cytochrome (Figure
3Bb,d, dashed line). Further reduction of chromatophores
and purified cytochrome from M185L and M185H by
dithionite reveals a conspicuous 560 nm peak corresponding
to reducedb hemes, but only a small shoulder around 552
nm corresponding to hemec1 in the purified complex (Figure
3Bb,d, solid line). This is in contrast to the wild type and
M185K, where the contributions from hemec1 are conspicu-
ous (Figure 3Ba,c, solid line). These simple tests indicate
that hemec1 of M185K is relatively high in redox potential
compared to those of the other mutants and suggest that
M185H may be photosynthetically incompetent because its
potential is too low.

Redox Midpoint Potential of Heme c1 in M185 Mutants.
Although ascorbate provides a rough estimate of relative

FIGURE 2: SDS-PAGE analysis of cytochromebc1 isolated from the wild type and cytochromec1 methionine mutants: M185L, M185K,
M185H, and M185Y. The gels were stained for proteins with Coomassie blue (a) and for hemec with TMBZ (b).

FIGURE 3: Optical difference spectra of various chromatophore membranes (A) and purified cytochromebc1 (B). Spectra were recorded
using samples at the same concentration in 50 mM MOPS (pH 7.0) and 100 mM KCl with a 1 cmoptical path length. Solid and dashed
lines correspond to dithionite minus ferricyanide and ascorbate minus ferricyanide spectra, respectively.

14250 Biochemistry, Vol. 45, No. 48, 2006 Zhang et al.



redox potentials, the ascorbate/dehydroascorbic acid redox
couple suffers from an often irreversible degradation of the
dehydroascorbic acid and the interference of oxygen (31);
this prevents an accurate setting of the redox poise and a
dependable measure of the redox midpoint potentials. These
problems are prevented by performing conventional equi-
librium redox titrations under anaerobic conditions with
redox mediator dyes. Redox titrations of the cytochrome
R-band region of chromatophores (Figure 4) include con-

tributions from hemec1 and other high-potential cytochromes
(predominantly cytochromec2 with anEm value of 350 mV
(32)). The second component with a lowerEm value, clearly
separable from cytochromec2 in all mutants, is assigned to
cytochromec1. The wild-typeEm of cytochromec1 is 268
mV in chromatophores. A similarEm is seen in the
cytochromec2-free preparations of purified cytochromebc1

(data not shown). In the sixth ligand mutants, theEm is
lowered by approximately 50, 140, and 200 mV (M185L,
M185K, and M185H, respectively). Unexpectedly, M185L
exhibits a higher redox midpoint potential than M185K, even
though M185L is more difficult to reduce with ascorbate.
We consider this discrepancy an example of the difficulty
of accurately establishing redox potentials in the simple and
popular aerobic ascorbate addition assay. The 200 mV drop
in M185H is apparently large enough to result in the loss of
function reflected in the Ps- phenotype, while the smaller
drops of the other mutants apparently allow sufficient
electron throughput for maintenance of the Ps+ phenotype.

Large drops in potentials in cytochromes are typically
associated with significant alterations in the structure and
integrity of the heme-binding pocket, which in turn might
render the heme more prone to binding by an exogenous
ligand such as carbon monoxide (CO), azide, or cyanide.
Figure 6 shows dithionite-reduced spectra of purified cyto-
chromebc1 before and after exposure to CO in the wild type
and selected mutants. The disappearance of the 552 nm peak
upon CO binding is clearly seen only in the M185H mutant
(Figure 6b). M185K, M185L, and the wild type do not bind
CO (Table 1). Thus, the largest drop in redox potential is
correlated with CO binding. It appears thatRb. sphaeroides
maintains more robust heme pocket integrity or heme sixth
ligand binding after mutation than the relatedRb. capsulatus,
where all three corresponding mutants, M183L, M183K, and
M183H, exhibit hemec1 redox potentials comparable to or
lower than that of M185H inRb. sphaeroides,along with
ready binding of CO and loss of photosynthetic competence
(Figure 6d and refs16 and20). If photosynthetic incompe-
tence is associated with lower redox potentials, this should

FIGURE 4: Redox titration of various chromatochrome mem-
branes: (a) BC17C (wild type) monitored at 551-570 nm, (b) the
M185L mutant monitored at 550-570 nm, (c) the M185K mutant
monitored at 550-570 nm, (d) the M185H mutant monitored at
551-570 nm, and (e) the M185Y mutant monitored at 550-570
nm.

FIGURE 5: Comparison of the cytochromec2 (thin lines) and
cytochromec1 (thick lines) redox difference spectra in chromato-
phores of wild-type (M) and mutants M185K, -L, and -H.
Cytochromec2-dominated spectra reflect the first half of the
reductive titrations shown in Figure 4 and cytochromec1-dominated
spectra the second half. Amplitudes of the titrations were normalized
according the cytochromec2 R-band intensity. Cytochromec1
spectra include a progressively greater contribution from hemebH
reduction at 560 nm as the redox midpoint potential of cytochrome
c1 approaches that ofbH in the mutants. There is no obvious low-
spin to high-spin transition of cytochromec1 in these spectra.
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be visible in flash-induced electron transfer kinetics.
When the redox titrations of chromatophore preparations

shown in Figure 4 are divided into high- and low-potential
halves to separate the spectral signatures dominated by
cytochromec2 andc1, respectively (Figure 5), the conspicu-
ousR- andâ-bands associated with low-spin heme remain
for all the mutants, with no obvious band shift or shape
change that is typically associated with loss of a sixth strong
field ligand and conversion to a high-spin heme form (5).
This is true even for M185H which binds CO and may be
expected to have weakened sixth ligand binding. The
cytochromec1 to c2 R-band peak ratio is smaller for this
mutant, which leaves open the possibility that a minor
population of low-spin heme with a broader absorption band
may be present. On the other hand, M185H may instead have
a smaller extinction coefficient or the cytochromec2:
cytochromebc1 ratios may differ slightly in the different
strains. The absence of visible spectral evidence of high-
spin character was also reported in comparable CO binding
mutants inRb. capsulatus(16, 20).

Kinetic Properties of M185 Mutants.If chromatophores
are redox poised with the quinone pool reduced, electron
transfer in cytochromebc1 can be initiated by flash activation
of the photosynthetic reaction center to oxidize cytochrome
c2 and deliver oxidants to the high-potential chain of heme
c1 and FeS. Figure 7 shows the time course of flash-induced
oxidation of reduced QH2 at the Qo site with reduction of
hemebH. In the presence of antimycin, which eliminates the
Qi site activity and reveals the full extent of reduced heme
bH, the reduction of hemebH takes place on a millisecond
time scale in the wild type, M185L, and M185K, but not in
M185H. The 10- and 40-fold deceleration of hemeb
reduction in M185L and M185K relative to that in the wild
type (Table 1) correlates with the increasing drop in heme
c1 midpoint potential. The absence ofbH heme reduction on
this time scale in M185H indicates that a 200 mVEm drop

imposes such a large thermodynamic barrier that physiologi-
cal electron relay function is lost.

Spontaneous ReVersion of the M185H Mutant to the Ps+
Phenotype.When incubated under photosynthetic conditions,
the Ps- strain carrying the M185H mutation spontaneously
reverts to Ps+. DNA sequence analysis of several of the
revertant strains reveals that H is replaced with either L, a
Ps+ strain we have already described, or Y (Table 1). Further
characterization shows that M185Y assembles all four
subunits with the heme group covalently attached to cyto-
chrome c1 (Figure 2). The difference absorption spectra
reveal that M185Y reversion raises the midpoint potential
of cytochromec1 so it becomes partially reducible by
ascorbate (Figure 3Ae,3Be). Redox titration shows that the
hemec1 in M185Y has moved back up to the redox range
displayed by other Ps+ mutants, M185K and M185L,
although the redox behavior is heterogeneous, splitting into
two components of 132 and 241 mV (Figure 4e and Table
1). The inability of M185Y to bind CO shows that the
revertant restores the integrity of the heme-binding pocket
and axial ligation (Table 1). The increase inEm also restores
electron transfer activity (Figure 7e) with flash-induced
reduction of hemebH at a rate comparable to those seen in
other Ps+ mutants (Table 1).

DISCUSSION

Of the physical factors associated with determining the
redox midpoint potential ofc hemes in proteins, the nature
of the sixth ligand is primarily important. The electron
withdrawing ability of the sulfur of Met as a ligand to the
Fe tends to stabilize the reduced form and hence increase
the Em. The electron donating ability of the N of His tends
to stabilize the oxidized form and lower theEm (1, 4, 33).
Thus, from sixth ligand concerns alone, we expect that
removing the Met should allow theEm to drop and that
introducing a His will actively lower theEm. This pattern
describes what is seen inRb. capsulatus(16, 20).

However, the pattern of redox midpoint modulation in
sixth ligand mutants inRb. sphaeroidesis conspicuously
different from that ofRb. capsulatus. Except for the His
mutants, theEm did not drop down to the low and
photosynthetically incompetent level characteristic of all sixth
ligand mutants inRb. capsulatus. This suggests that there
are other factors operating inRb. sphaeroidesthat support
the high redox potential.

The second physical factor classically associated with
modulation of theEm of c hemes is solvent accessibility:
restricting the approach of water to the heme helps maintain
a relatively low polarity of the heme environment which
destabilizes the highly charged oxidized heme and thus raises
theEm (34). Another factor related to polarity is the relatively
tight packing or “contraction” of the residues around the
heme, perhaps through a hydrogen-bond network, which
similarly tends to increase theEm (4, 33, 35). L, K, and H
substitutions for M inRb. capsulatusall seem to open or
loosen the heme pocket, as witnessed by CO accessibility
and binding, and all show a conspicuous drop inEm to
nonfunctional values. InRb. sphaeroides, only the H
substitution seems to have sufficiently disrupted the orga-
nization of the pocket to allow CO binding. It appears that
Rb. sphaeroideshas some additional heme pocket integrity

FIGURE 6: CO optical spectra of 2µM cytochromebc1 isolated
from the wild type (a), M185H (b), and M185K (c) fromRb.
sphaeroidesand M183K (d) fromRb. capsulatus. Insets show
enlarged spectra in theR-band region. The solid lines are the
dithionite-reduced spectra, and the dashed lines are the dithionite-
reduced+ CO spectra.
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maintaining motifs not present inRb. capsulatus. A sche-
matic view of this model is shown in Figure 8, which also
summarizes the midpoint changes of the various mutants in
the two species.

The wild-type form ofRb. sphaeroidescytochromebc1

has two identifiable motifs that have been associated with
Em increasing solvent inaccessibility and packing: a disul-
fide-secured loop immediately preceding the sixth axial
ligand position (also present inRb. capsulatus) and aâXM
motif. The latter motif with aâ-branched amino acid two
residues before the sixth ligand position is associated with
the high-potentialc hemes of cytochromec8 and mitochon-
drial cytochromec (5, 36). Theâ-branch motif is not present
in wild-typeRb. capsulatusbut was spontaneously introduced
as a revertant from a low-potential, photosynthetically
incompetent mutant in which the disulfide bond was removed
(10). It seems possible that theâ-branched amino acid motif
may promote a more secure packing in the heme pocket and
help maintain a higherEm in Rb. sphaeroideseven when
the liganding M is replaced. Wild-typeRb. capsulatus
achieves a higherEm thanRb. sphaeroidesbut cannot avoid
collapsing to low potential when the Met is lost, a fate the
apparently more resilientRb. sphaeroidesheme packing
avoids.

The importance of the disulfide-secured loop in supporting
high hemec1 redox potentials has been established inRb.
capsulatus(10). Breaking the disulfide reduces theEm to
incompetent levels which can be repaired, for example, by
theâXM revertant just discussed. However,Rb. sphaeroides
once again appears to be more resilient thanRb. capsulatus
in maintaining a high, physiologically competentEm in heme
c1. Not only can the disulfide be mutationally broken (37),
but a double mutant that both breaks the disulfide and
removes theâXM motif is also physiologically competent
(H. Zhang et al., manuscript in preparation). Thus the redox
resilience ofRb. sphaeroidesmust include other elements
beyond these disulfide andâXM motifs.

At this point, we cannot be certain about the identity of
the heme ligands in theRb. sphaeroidesmutants. We do
know that the analogous M183K and M183H mutants inRb.
capsulatuswere shown by MCD and EPR to be mostly
amine- and histidine-ligated, respectively (38, 39). However,
in purified complexes, it appeared that there was enough
flexibility in the sixth ligand region to accommodate a minor,
variable amount of bis-His ligation in both the wild-type and
M183K forms (39). Indeed, in theRb. capsulatusM183L
mutant, in which the leucine can provide neither an amine
nor an imidazole ligand to the heme iron, conformational
flexibility of this sixth ligand loop is enough to allow a
remote histidine to be recruited as the sixth ligand and
depress theEm significantly, at least in purified cytochrome
bc1. This bis-histidyl geometry ofRb. capsulatuscytochrome
c1 may be a folding intermediate akin to that seen in
mitochondrial cytochromec (16, 40, 41). The observation
here inRb. sphaeroidesthat the redox midpoint potential
does not drop down to characteristic bis-His levels upon
removal of the Met ligand is an indication of the relative
robustness and generally lower conformational flexibility of
the protein loops on the sixth ligand side ofRb. sphaeroides.
Even the unligatable Leu replacement seems to have little
tendency to attract a remoteEm-lowering histidine. The
revertant M185Y, which increases theEm from the nonfunc-
tional M185H level to a photosynthetically competent level,
may have slightly more conformational flexibility in the
heme pocket, as the only example of a sixth ligand mutant
in this species that displays the heterogeneity of two redox
potentials for hemec1. However, even this revertant is
apparently not so open and flexible to allow CO to bind and
is included in the upper “closed” heme pocket category of
Figure 8 along with all other sixth ligand mutants ofRb.
sphaeroidesexcept M185H.

Although Rb. sphaeroideshas used multiple motifs to
ensure a high redox midpoint potential for hemec1, when

FIGURE 7: Flash kinetics of hemebH reduction in chromatophores from the wild type (a), M185L (b), M185K (c), M185H (d), and M185Y
(e). The ambient redox potential was poised at 100 mV and pH 7.0. The kinetics of the flash-induced reduction of hemebH were followed
at 560-570 nm. Qi site reaction is inhibited with antimycin (black); in the control, both Qi and Qo site activity is inhibited with antimycin
and myxothiazol (gray).

FIGURE 8: Schematic illustration of structural integrity and redox
potential changes of cytochrome (cyt)c1 in Rb. sphaeroidesand
Rb. capsulatus(10, 16, 20). Cytochromec1 midpoint potentials fall
into two categories, photosynthetically functional (red) and non-
functional (blue) which are associated with potentials above and
below an∼100 mV threshold and a “closed” and “open” heme
environment that forbids or allows CO binding.
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the Em drops below the threshold somewhere between 140
and 200 mV below that of the wild type, the photosynthetic
competence is seriously compromised. Presumably, this
reflects the tendency of relatively low-potential hemec1 to
sequester oxidizing equivalents in the high-potential chain
and to make it more difficult for the higher-potential FeS
cluster to offer an oxidant to the Qo site for quinone oxidation
and energy transduction when oxidizing equivalents are
limiting. At pH 7 in the wild type, hemec1 is already almost
50 mV below theEm of FeS and is 6 times more likely to be
oxidized than FeS under oxidant-limited conditions. How-
ever, this redox difference still allows the FeS to be
sufficiently oxidized transiently so that the rate of Qo site
turnover is not limited by FeS oxidation. The rate of Qo site
oxidation begins to become conspicuously slow when heme
c1 falls ∼100 mV below the FeS midpoint in the M185L
mutant, and hemec1 is ∼50 times more likely to hold the
oxidant compared to FeS. A detailed modeling of the electron
tunneling network in response to mutant driving force
changes will be provided in another report. Even the
approximately 180 mV difference in FeS and hemec1 Em

values in M185K which favorsc1 oxidation by 3 orders of
magnitude can still muster enough electron transfer through
cytochromebc1 to support photosynthetic growth. This is
near the limit, however, because pushing the redox equilib-
rium between FeS and hemec1 to the next order of magnitude
results in failure. It appears that the robust design of redox
components in the high-potential chain of cytochromebc1

places them close enough so that rapid (normally microsec-
ond) electron tunneling can distribute oxidizing and reducing
equivalents as required for electron transfer relay and
catalytic function under a remarkably wide range of condi-
tions but that a 3-4 order of magnitude unfavorable redox
equilibrium represents the limit of accommodation for this
design.
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