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ABSTRACT: In Rhodobacter capsulatus, the soluble cytochrome (cyt)c2 and membrane-associated cytcy
are the only electron carriers which operate between the photochemical reaction center (RC) and the cyt
bc1 complex. In this work, cytcymediated microsecond time range electron transfer kinetics were studied
by light-activated time-resolved absorption spectroscopy using a mutant strain lacking cytc2. In intact
cells and in isolated chromatophores of this mutant, only∼30% of the RCs had their photooxidized
primary donor rapidly rereduced by cytcy. Of these 30%, about half were reduced with a half-time of
∼5 µs attributed to preformed complexes, and the other half with a half-time of∼40 µs attributed to cyt
cy having to move from another site. This slower phase was affected by addition of glycerol, indicating
its dependence on the viscosity of the medium. Cytcy , despite its rereduction by ubihydroquinone oxidation
in the millisecond time range, remained virtually unable to deliver electrons to other RCs which stayed
photooxidized for several seconds. Furthermore, using two flashes separated by a variable time interval,
it was shown that the fast electron donating complex was reformed in about 60µs, a time span probably
reflecting electron transfer from cytc1 to cyt cy. In the absence of the cytbc1 complex, the steady-state
level of cyt cy in the chromatophore membranes obtained using cells grown in minimal medium was
decreased to∼50%. The remaining cytcy , however, was able to form the fast electron donating complex
with the RC (half-time of∼5 µs), whereas the slower phase with a half-time of∼40 µs was strongly
decelerated. This finding suggests a role for the cytbc1 complex in stabilizing cytcy and providing its
“other” site, possibly via a close association between these components. Taken together, it is concluded
that although cytcy is present in substoichiometric amount compared to the RCs, it supports efficiently
photosynthetic growth ofR. capsulatusin the absence of cytc2 because it can mediate fast electron transfer
from the cytbc1 complex to the RC during multiple turnovers of the cyclic electron flow.

Multisubunit membrane components of photosynthetic and
respiratory electron transport chains are generally connected
to each other by smaller electron carriers. In the purple,
nonsulfur bacteria ofRhodobacterspecies that offer an
excellent model system for studying electron-transfer reac-
tions, photosynthesis is driven by cyclic electron transport
through the photochemical reaction center (RC)1 and the
ubihydroquinone:cytochrome (cyt)c oxidoreductase (cytbc1
complex). The RC is an integral membrane protein complex
that carries the primary donor (P) and a chain of electron
acceptors where the light-induced charge separation across
the membrane takes place (1). Within the lipid bilayer,
electron flow from the RC to the cytbc1 complex is mediated
by ubihydroquinone, which is able to diffuse between the
membrane-bound complexes (2). The secondary electron

donor which rereduces P+ from the periplasmic side of the
cytoplasmic membrane is usually ac-type cytochrome (3),
like the tetraheme subunit ofRhodopseudomonasViridis or
the soluble (cytc2) or membrane bound (cytcy) monoheme
cyt c of Rhodobacter capsulatus(for reviews, see refs4 and
5). Cyt c2 can form a transient complex with the RC, which
allows fast electron transfer (half-time of about 1µs) to P+.
The kinetics of this reaction have been studied in detail using
intact cells (6, 7) or isolated RCs (8-12).
The photosynthetic (Ps) growth of a wild-typeRhodo-

bacter sphaeroidesstrain is dependent on the presence of
cyt c2 as a secondary electron carrier (13) while that ofR.
capsulatuscontinues in its absence (14, 15). In the latter
species, a membrane-bound cytochrome, termed cytcy ,
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functions as an alternate electron donor to the RC (16, 17).
Thus, in R. capsulatustwo independent electron-transfer
pathways capable of connecting the RC and the cytbc1 are
present (17). R. capsulatuscyt cy has recently been purified
to homogeneity by epitope tagging (18), and its detailed
characterization established that it is composed of two
domains (16, 18). Its amino (N)-terminal subdomain con-
tains a hydrophobic uncleaved signal sequence which anchors
to the membrane a carboxyl (C)-terminal domain highly
homologous to mitochondrial cytochromesc (18). The
membrane anchor and the cytc domains are separated by a
linker of about 70 residues rich in alanine and proline
residues. Thus,R. capsulatuscyt cy is a member of a
growing subclass of membrane-boundc-type cytochromes
(16, 19, 20, 21). Most of these cytochromes [e.g., cytc552
of Paracoccus denitrificans(22, 20)] operate in respiratory
electron transport with the exception ofR. capsulatuscyt
cy , which is functional both in photosynthesis (16) and
respiration (23). Interestingly,R. sphaeroidesalso contains
a homologue of cytcy of unknown function (21). It seems
unlikely that this cytochrome takes part in photosynthetic
electron transport since a cytc2- mutant ofR. sphaeroides
is Ps- (13), although it can be complemented to Ps+ growth
by R. capsulatuscyt cy (24). The ability ofR. capsulatus
cyt cy to function both in respiration and photosynthesis
makes it an attractive model for investigating the function
of membrane-anchored electron carriers in general.

Previous spectroscopic and biochemical studies using
severalR. capsulatusstrains (17) indicated that the absence
of the cytbc1 complex affects both the oxidation kinetics
and steady-state levels of cytcy in cytoplasmic membranes.
Here, we used cytc2- and cytc2- cyt bc1- mutants ofR.
capsulatusto analyze in detail the properties of photosyn-
thetic electron transport mediated by cytcy . For the first
time, we were able to fully resolve the microsecond kinetics
of electron donation from cytcy to the primary donor after
its photooxidation by short flashes in both intact cells and
chromatophores. These studies revealed that cytcymediated
electron transfer is as fast as that mediated by cytc2 and,
furthermore, that it is fully functional during shortly spaced
multiple turnovers. The electron-transfer properties of cyt
cy are compatible with its possible supramolecular organiza-
tion with the cytbc1 complex in the context of the proposed
structural model for the RC and its surrounding antenna
complexes (25, 26).

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions.The R. cap-
sulatusstrains used in this work are described in Table 1.
Measurements with whole cells and chromatophores were
performed using cells grown “semiaerobically” either in
enriched MPYE medium or in Sistrom’s minimal medium
A (27) as described earlier (16). “Fully aerobic” cell cultures
were obtained with vigorous shaking and using culture
volumes not exceeding 10% of maximal capacity of culture
flasks. Molecular genetic techniques have been described
previously (14, 18).

Biochemical Techniques.Cell cultures were harvested by
centrifugation and washed in 10 mM KCl and 20 mM
MOPS, pH 7.0. For measurements with intact cells, they
were resuspended in a minimal volume of the washing buffer
and used directly. Chromatophores were prepared in the
same washing buffer using a French pressure cell as
described earlier (28, 18). Protein concentrations were
determined by the method of Lowry (29), and 16.5% SDS-
PAGE was done as described (30, 18). The c-type cyto-
chromes were revealed via the peroxidase activity of their
heme group using tetramethylbenzidine (TMBZ) and H2O2

as in ref31. For densitometric analysis, TMBZ stained gels
were digitized using an AlphaImager 950 imaging system
(Alpha Innotech, CA). Several protein concentrations were
used to ensure that relative intensities of differentc-type
cytochromes, determined using NIH-image 1.54 software
(DCRT, NIH), were within the linear range of the CCD
camera used. Where indicated, 2.5 or 5µM myxothiazol
and 1µM valinomycin plus 2µM FCCP were used to inhibit
the turnover of the cytbc1 complex and to uncouple
membrane potential and proton gradient, respectively. Al-
kaline phosphatase andâ-galactosidase activities in cell-free
extracts ofR. capsulatuswere determined as described by
Brickman and Beckwith (32) and Miller (33), respectively.

Light-ActiVated Absorption Spectroscopy.Flash-induced,
time-resolved absorbance changes were measured essentially
as described previously (10, 11). Flash excitation with a 20
ns pulse at 694 nm was provided by a ruby laser, and kinetics
of electron transfer were monitored at 1283 nm in the
absorption band of P+. An optical path length of 10 mm
for the measuring light and 3 mm for the actinic light were
used. For measurements with intact cells, 80µL of a
concentrated cell suspension were filled into a thin (1 mm)

Table 1: RhodobacterStrains Used

strain genotype relevant phenotypes ref

SB1003 RifR wild-type 46
MT-1131 crtD121 RifR wild-typea 47
MT-G4/S4 crtD121 RifR ∆(cycA::kan) cyt c2-, Ps+ 14
MT-GS18 crtD121 RifR ∆(cycA::kan) ∆(fbcBC::spe) cyt c2-, cytbc1-, Ps- 48
FJ2 crtD121 RifR ∆(cycA::kan) ∆(cycY::spe) cyt c2-, cyt cy-, Ps- 16
pFJ631/FJ2 pRK415-cycY/ crtD121 RifR ∆(cycA::kan) ∆(cycY::spe) cyt cy in trans in FJ2, cytc2-,TetR, Ps+ 18
pHM12/MT-1131 PcycY::lacZ/ crtD121 RifR cyt cy::lacZ fusion in MT-1131, Ps+ 18
pHM12/MT-GS18 PcycY::lacZ/ crtD121 RifR ∆(cycA::kan) ∆(fbcBC::spe) cyt cy::lacZ fusion in MT-GS18, Ps- This work
pHM11/MT-1131 pRK415-cycY188::phoA/ crtD121 RifR cyt cy::phoAfusion at position 188 in MT-1131, Ps+ 18
pHM11/MT-GS18 pRK415-cycY188::phoA/ crtD121 RifR ∆(cycA::kan)

∆(fbcBC::spe)
cyt cy::phoAfusion at position 188 in MT-GS18, Ps- This work

pHM10/MT-1131 pRK415-cycY49::phoA/ crtD121RifR cyt cy::phoAfusion at position 49 in MT-1131, Ps+ 18
pHM10/MT-GS18 pRK415-cycY49::phoA/ crtD121 RifR ∆(cycA::kan)

∆(fbcBC::spe)
cyt cy::phoAfusion at position 49 in MT-GS18, Ps- This work

aMT-1131 is referred to as “wild-type” in this work since it is wild-type in terms of the growth phenotypes and cytochromec profile.
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cuvette placed at 45° to the measuring beam and the direction
of the flash excitation light. Absorbance changes in the green
spectral region were measured as described by Drepper and
Mathis (12). The amplified signals were digitized using a
Tektronix (RTD) transient recorder. The 2048 channels of
the data memory were partitioned into segments with
different sampling rates. In double flash experiments, two
identical ruby lasers (pulse width 20 ns, 694 nm) were used
for excitation, and the data memory of the transient recorder
was partitioned into segments with different sampling rates
such that the kinetics in the microsecond and the millisecond
time range induced by each of the two flashes could be
resolved. Unless otherwise specified, the kinetic transients
are the results of single-flash measurements without averag-
ing, except for experiments performed on intact cells where
2-8 individual signals were averaged. The absorption tran-
sients were fitted to a sum of exponentials using a modified
Marquardt algorithm installed by Dr. P. Se´tif. In general,
the half-times and amplitudes for each exponential were
determined in unrestricted fits, except for the final curve-
fitting analysis of the signals induced by a series of two
flashes. In that case, a constant half-time of the fast kinetic
phase was assumed, and its value was kept at a mean value
found in unrestricted fits. This procedure was applied in
order to improve the accuracy in determination of the am-
plitudes of the individual kinetic phases. The validity of
this approach was judged from the residuals computed from
the data and the fitted curves (not shown). No systematic
deviations were visible, and in general, the quality of the fit
was not improved when the rate constant of the fast phase
was varied.

RESULTS

Kinetics of P+ Reduction in Intact Cells.The kinetics of
P+ reduction induced by a series of two saturating laser
flashes were measured as the absorption changes in the band
of P+ at 1283 nm for intact cells of the strains MT-1131
(wild-type), pFJ631/FJ2 (cytc2-), FJ1 (cytcy-), and FJ2 (cyt
c2- cyt cy-) (Figure 1, traces a-d). As previously reported
for intact cells and for chromatophores missing cytc2 (15,
17), in the presence of cytcy and in the absence of cytc2,
only about 30% of total P+ rereduction proceeds in the
microsecond domain (Figure 1, trace b) (similar data were
also obtained using the strain MT-G4/S4 (cytc2-), not
shown). After the first flash, two dominant kinetic phases
indicating electron donation from cytcy to P+ with half-
times (t1/2) of 4-5 µs and 40-50 µs, and each accounting
for about 15% of the total amplitude, could be identified.
The remaining 70% of P+ decays very slowly with a
characteristic time of typically several seconds (not shown
in Figure 1). This slow decay is attributed to RCs being
devoid of any secondary electron donor, and, presumably,
in these RCs, back-reaction from the acceptor side or P+

reduction by ascorbate occurred. The extent of rapid P+

reduction after the second flash (trace b) indicates that
reduced cytcywas rapidly recovered in the microsecond time
scale as a secondary donor to the RC. For example, 200µs
after the second flash, the extent of P+ reduction was about
90% of that observed at the same time interval after the first
flash. This fast recovery of cytcy is analyzed in more detail
later.

Figure 1 also shows P+ rereduction kinetics induced by
cyt c2 in the presence (trace a) or absence (trace c) of cytcy.
A comparison of the kinetics of P+ reduction in cells having
only cyt cy (Figure 1, trace b) with those having only cytc2
(Figure 1, trace c) as a secondary electron donor indicates
that both the cytscy and c2 reduced P+ in a microsecond
time range (detailed analyses of cytc2 mediated electron
transfer will be presented elsewhere). In wild-type cells
(Figure 1, trace a) about 90% of P+ decayed within about
300µs after the first flash. These kinetics show a complex
behavior in the microsecond time domain, as expected due
to the presence of both cytc2 and cyt cy in these cells.
Assuming that these electron-transfer pathways operate
independently, it appears that in wild-type cells about 30%
of P+ was rereduced by cytcy and about 60% of P+ by cyt
c2 in the microsecond time range. In the strain FJ2 missing
both cytc2 andcy (Figure 1, trace d), no rereduction of P+

in the microsecond and millisecond time ranges was ob-
served, in agreement with earlier reports (34, 35a, 17).
Kinetics of P+ Reduction in Chromatophores.The kinetics

of P+ rereduction were also measured in chromatophores
isolated from the strains MT-1131 (wild-type) and MT-G4/
S4 (cytc2-) (Figure 2) in the absence (dotted traces) or in
the presence (solid traces) of 2.5µM myxothiazol, a Qo site
inhibitor of the cytbc1 complex. In chromatophores of MT-
G4/S4 (Figure 2B) or in pFJ631/FJ2 (data not shown) both
lacking cytc2, P+ reduction kinetics were similar to those
observed in whole cells (Figure 1, trace b). In the micro-

FIGURE 1: Absorption changes at 1283 nm ofR. capsulatusintact
cells of a wild-type strain (MT-1131, trace a) and strains missing
cyt c2 (pFJ631/FJ2, trace b), cytcy (FJ1, trace c) or both cytc2 and
cy (FJ2, trace d). Cells were resuspended in 10 mM KCl, 20 mM
MOPS, pH 7.0, and 40 mM sodium ascorbate. Kinetics were
induced by two saturating laser flashes delivered 380µs (trace a),
290µs (trace c), or 220µs (traces b and d) apart, indicated by the
vertical arrows.
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second time range, the kinetics of electron donation from
cyt cy to P+ again exhibit two dominant phases with half-
times (t1/2) of 5 and 40µs both having relative amplitudes
of about 15% of the total signal. A minor contribution
having at1/2 of 0.5-1 ms is clearly visible in Figure 2 and
accounts for about 3% of total P+. The remaining P+ decays
very slowly with a half-time of several seconds (not fully
resolved in Figure 2) and is again attributed to the RCs being
reduced by ascorbate or by back electron flow from QA or
QB. By contrast, in chromatophores from wild-type (Figure
2A), the extent of P+ rereduction in the microsecond time
range is much smaller (about 35%) than that (about 90%)
observed in intact cells (Figure 1, trace a), indicating that
cyt c2 was partly lost during the isolation of the chromato-
phores whereas the membrane-bound cytcywas not. Indeed,
the microsecond kinetics in wild-type chromatophores (Fig-
ure 2A) resemble those in chromatophores from MT-G4/S4
(Figure 2B). However, additional kinetic components, which
are absent in the kinetics of P+ reduction by cytcy in MT-
G4/S4, were observed in wild-type chromatophores. A small
contribution (<10% relative amplitude) to the kinetics in the
microsecond time range, a kinetic component with at1/2 of
1 ms (13%), and a slow kinetic component with at1/2 of 30
ms (15%) are present. The only difference between the
strains used in these experiments being the presence of cyt
c2, these additional contributions are attributed to partial
rereduction of P+ by this cytochrome.
Cyclic Electron TransferVia cyt cy . In chromatophores

from both wild-type and MT-G4/S4 (cytc2-) strains, the
kinetics for time ranges shorter than 5 ms were not affected
by addition of myxothiazol, an inhibitor of the Qo site of
the cytbc1 complex (Figure 2). On the other hand, only for
the wild-type strain the slow kinetic component with a half-

time of about 30 ms (dotted trace in the right panel of Fig-
ure 2A) disappeared almost completely upon addition of
myxothiazol (solid traces). This indicates that, in the absence
of myxothiazol, electrons rereducing cytc2 via oxidation of
ubihydroquinone by the cytbc1 complex were delivered to
some RCs that remained still in the P+ state (obviously others
than those already reduced by the cytscy andc2 during the
microsecond and millisecond kinetic phases following the
flash). The myxothiazol-dependent phase of P+ reduction
was not observed when cytcy was the sole electron carrier
(Figure 2B). Although in MT-G4/S4, 70% of the RCs
remained in the P+ state at 10 ms after the flash, these centers
were not reduced by electrons coming through the cyclic
electron transport pathway via ubihydroquinone and cytbc1
complex.
Effect of Glycerol on P+ Rereduction. Measurements

similar to those described above were carried out in the
presence of varying amounts of glycerol in the chromato-
phore suspensions of MT-G4/S4 (Figure 3 and data not
shown). When glycerol was added up to 50% (v/v), the rate
and relative amplitude of the fast phase (i.e.,t1/2≈ 5 µs) of
P+ reduction were not changed while the rate of the slower
phase (i.e.,t1/2 ≈ 40 µs under standard conditions) was
markedly slowed. In the presence of 50% glycerol (Figure
3, solid trace), this latter phase reached a half-time of about
150µs, indicating a strong effect of some physicochemical
property of glycerol containing buffers. Using data obtained
with various glycerol concentrations (not shown), this effect
of glycerol was assumed to contribute to changes in the
apparent viscosity as described in ref35(b), although
additional dehydration effects cannot be excluded. The
glycerol-independent fast phase was attributed to RCs with
a preformed “proximal” complex with cytcy being competent
in fast electron transfer to P+ as it has been shown to be the
case for cytc2 (reviewed in ref4 and5). On the other hand,
the glycerol (viscosity)-dependent slower phase presumably
involves either a diffusional bimolecular reaction between
the RC and cytcy or a reorientation of this cytochrome from
an “other” position into a “proximal” one, where it is
competent for rapid electron donation.
Reformation of the Cyt cy-RC Complex.Excitation by

two laser flashes given at variable time intervals was used

FIGURE 2: Kinetics of P+ reduction in chromatophores from wild-
type strain MT-1131 (A) and from cytc2 deletion strain MT-G4/
S4 (B) monitored in the absence (dotted traces) or in the presence
(solid traces) of 5µM myxothiazol. Chromatophores were resus-
pended in 20 mM MOPS, pH 7.0, 4 mM sodium ascorbate at a
final concentration of 20 OD units at 855 nm. Regions recorded
with different sampling rates are separated by thin vertical lines.
P+ reduction was monitored as in Figure 1, and for MT-G4/S4,
the two curves are superimposed. The signals are normalized to
the amplitude of the initial flash-induced absorption change.

FIGURE 3: Kinetics of P+ reduction induced by a laser flash in
chromatophores isolated from the strain MT-G4/S4 (cytc2-)
measured in the presence (solid trace) and in the absence (dotted
trace) of 50% (v/v) glycerol in the medium. Other conditions were
as described in Figure 2, and the signals are normalized to the
amplitude of the initial flash-induced absorption change. Note the
expanded scale in the upper part of the ordinate axis for a better
visualization of theµs and ms kinetics.
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to study the turnover of cytcy . Using chromatophores of
MT-G4/S4 (cytc2-), when the second flash was given at a
relatively short interval of 40µs after the first one, the
kinetics of P+ reduction in the microsecond time range
showed an almost monophasic decay with a half-time of 50-
60µs (Figure 4A). By contrast, when the second flash was
given at 320µs after the first flash, the P+ rereduction again
exhibited a contribution from the faster (t1/2 ≈ 5 µs) phase
(Figure 4B). The level of photooxidation observed after the
second flash given at a delay of 40µs was similar to that
seen after the first flash (Figure 4A), indicating that reoxi-
dation of the primary quinone acceptor QA was almost
complete during the 40µs between the two flashes. A
complete analysis of kinetic traces induced by a second flash
given at varying time intervals after the first flash are
summarized in Figure 5. For an accurate determination of
the amplitudes of individual phases, the final curve-fitting
analysis of the signals induced by the second flash was
carried out using a constant value for the half-time of the
fast phase as described in Experimental Procedures. The
amplitude of thet1/2≈ 5 µs phase as a function of the delay
time between the first and the second flash is shown in Figure
5A. After a delay of about 300µs, the amplitude of the fast
phase after the second flash reached about 80% of that
induced by the first flash, and corresponded almost to the
maximal recovery in the millisecond time range. These data
can be approximated by a fast exponential recovery with a
t1/2 of about 60µs which has an extrapolated intercept with
the abscissa of about 10µs (solid line in Figure 5A). This
intercept being greater than zero indicates that the data are
consistent with a sigmoidal time course for delay times
shorter than 40µs. A slight decrease in the amplitude of
the fast kinetic phase, the significance of which was not
established, was observed for delay times between 1 and 40

ms. It is noteworthy that using the chromatophores of FJ1
(cyt cy-) excited by double flashes spaced by submillisecond
time intervals, no comparable recovery of the fast phase
indicative of a rereduction of the RC by cytc2 was observed
(data not shown). Furthermore, in whole cells of FJ1 this
recovery was about two to three times slower than the fast
recovery seen in Figure 5A (F. Drepper, et al., unpublished
experiments).

The amplitude of the slower phase (t1/2 ≈ 50 µs) of the
signal obtained after the second flash is shown in Figure
5B. The data are presented in units relative to the amplitude
of the same kinetic phase observed after the first flash. The
average half-time for this phase was slightly higher in the
signals following the second flash (50( 5 µs) than for those
seen after the first flash (40( 5 µs), and the solid line in
Figure 5B is a fit of the data points to a single-exponential
yielding a t1/2 of 45 µs.
Possible contributions to the rereduction of cytcy in the

submillisecond time range due to ubihydroquinone oxidation,
or to TMPD used as a mediator, were also checked. Control
experiments without any mediator are shown by filled
squares, and those recorded in the presence of a saturating
concentration of myxothiazol (2.5µM) as a Qo site inhibitor
of the cytbc1 complex are shown by open squares. In these
controls, no significant change in the amplitude of the

FIGURE 4: P+ reduction kinetics in chromatophores from the strain
MT-G4/S4 (cytc2-) induced by two laser flashes given 40µs (A)
or 320µs (B) apart. Experimental conditions were as in Figure 2
except that 20µM TMPD was added. The positions of the flashes
are indicated by vertical arrows, and the upper part of the ordinate
axis is shown with an expanded scale for a better visualization of
theµs kinetics.

FIGURE 5: Relative amplitude of the fast (t1/2≈ 5 µs, panel A) and
the intermediate (t1/2≈ 50 µs, panel B) kinetic components of P+

reduction following a second flash as a function of the time interval
between the first and the second flash. Chromatophores were from
strain MT-G4/S4 (cytc2-). Data obtained under the experimental
conditions described in Figure 4 are indicated with filled circles.
The data obtained in the absence of TMPD are shown with filled
(no myxothiazol) and open (with 5µMmyxothiazol) squares. Data
are given in units relative to the amplitude of the corresponding
kinetic phase in the signal induced by the first flash. Calculated
time courses are shown by solid lines (see the text and the
Experimental Procedures for details).

Electron-Transfer Properties ofR. capsulatuscyt cy Biochemistry, Vol. 37, No. 16, 19985505



microsecond kinetic phases was observed (Figure 5). There-
fore, the observed rapid recovery of the fast P+ reduction
kinetics reflected electron transfer from cytc1 and the FeS
center of the cytbc1 complex to cytcy and reformation of
the RC-cyt cy complex.
Why Myxothiazol Has No Effect on cyt cy-Dependent

Cyclic Electron Transfer?The data presented in Figure 2
indicate that horizontal exchange of electrons between the
different cytcy independent cyclic electron transport chains
does not take place as revealed by the lack of effect of
myxothiazol when cytc2 is absent. However, to address
directly the question of at which point this exchange is
prevented, flash-induced kinetics of cytc photooxidation and
subsequent rereduction were also measured at 550 nm, where
both cytscy andc1 absorb similarly in their reduced state.
Figure 6 shows the oxidation and subsequent reduction of
cytochromesc (cytscy andc1) in chromatophores from the
strain MT-G4/S4, monitored as the difference of absorption
changes at 550 and 540 nm. In Figure 6A, cytsc oxidation
was recorded with microsecond (left panel) and millisecond
(right panel) time resolution. The data indicate that the cyts
cwere oxidized in less than 100µs, as suggested previously
by Prince et al. (15). The time course observed with MT-
G4/S4 (cytc2-) (Figure 6A, dotted trace) was consistent with
biphasic kinetics witht1/2 of 3-5 µs and∼20 µs, although
the deconvolution of the kinetic components is less accurate
in this case than in the P+ reduction kinetics described above.
Figure 6B indicates that the rereduction of the cytscy andc1

occurred with a half-time of about 30 ms (control trace) and
that this rereduction was sensitive to the cytbc1 complex
inhibitor myxothiazol. Thus, the cytsc1 andcywere reduced
by electrons flowing via the cytbc1 complex after about 100
ms as has been described previously (15, 17, 34). However,
both in the whole cells (Figure 1; trace b) and chromato-
phores (Figure 2B), the fully reduced cytscy are unable to
deliver electrons to other RCs which remain in the P+ state
for several seconds. These data clearly indicate that in vivo
all functional cytcy are committed to interact solely with
those RCs that are rapidly reduced in the microsecond time
domain.
Cyt cy Kinetics in the Absence of the cyt bc1 Complex.

The possibility that the cytbc1 complex plays a structural
role in the formation of electron-transfer complexes between
the RCs and cytscy has been suggested earlier (17). This
possible role was further probed here by measuring the
kinetics of the cytscy andc1 oxidation (Figure 6A) and of
P+ reduction (Figure 7) in strains missing either the cytc2
(MT-G4/S4) or both the cytc2 and the cytbc1 complex (MT-
GS18). For these experiments, chromatophores were from
cells grown in Sistrom’s minimal medium since cytcy is
not detected in the absence of the cytbc1 complex on MPYE

FIGURE 6: (A) Kinetics of flash-induced cytochromec photooxi-
dation in chromatophores isolated from the strains MT-GS18 (cyt
c2- cyt c1-; solid traces) and MT-G4/S4 (cytc2-; dotted traces)
monitored as difference of the absorption changes measured at 550
and 540 nm. Kinetics were recorded with an electrical bandwidth
of DC to 1 MHz (left graph) or DC to 100 kHz (right graph). (B)
Effect of myxothiazol (Qo site inhibitor of the cytbc1 complex) on
the kinetics of cytochromec rereduction in MT-G4/S4 (cytc2-)
chromatophores. Experimental conditions were as in Figure 2,
except that the chromatophore concentrations were 10 (Figure 6A)
or 20 (Figure 6B) OD units at 855 nm. Valinomycin (1µM)/FCCP
(2 µM) and 2.5µM myxothiazol were used in all cases, except in
the control measurement in Figure 6B which did not contain any
myxothiazol. An average of six experiments were recorded at each
wavelength with a dark interval of 3 min between the experiment.

FIGURE7: (A) Kinetics of P+ reduction in chromatophores isolated
from the strains MT-GS18 (cytc2- cyt bc1-; solid traces) and MT-
G4/S4 (cytc2-; dotted traces). Experimental conditions were as in
Figure 2. The signals are normalized to the amplitude of the initial
flash-induced absorption change which, for MT-GS18, was 95%
of that in MT-G4/S4 (approximately 0.01). In panel B the upper
part of the ordinate axis is shown with an expanded scale for a
better visualization of theµs kinetics. For comparison of the
individual kinetic phases, the vertical axis for MT-GS18 (right
ordinate in panel B) is expanded by a factor of 2.7 relative to that
for MT-G4/S4 (left ordinate axis) in order to show the two traces
with equal absolute sizes of the 5µs phase (see the text for details).
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grown cells (17). The kinetics of P+ reduction in chromato-
phores from MT-GS18 (Figure 7A, solid trace), monitoring
electron donation from cytcy to the RC in the absence of
the cytbc1 complex, exhibited a fast phase with a half-time
(t1/2 ≈ 5 µs) similar to that seen in MT-G4/S4 (Figure 7A,
dotted trace). However, its relative amplitude was decreased
from about 15% in the presence of the cytbc1 complex to
about 5% in its absence. A better comparison of these two
signals is achieved by compensating this smaller amplitude
by use of an expanded scale (Figure 7B). This comparison
reveals that thet1/2 of 40 µs phase observed in the presence
of the cytbc1 complex (dotted trace) was markedly slowed
(t1/2 > 150µs) in its absence (solid trace). The fraction of
P+ reduced by the cytscy andc1 within 40 ms after the flash
was decreased from 30% of total P+ in the presence of the
cyt bc1 complex (Figure 7A, MT-G4/S4, dotted traces) to
approximately 15% in its absence (Figure 7A, MT-GS18,
solid traces). The remainder of P+ decayed very slowly (t1/2
≈ 2 s) and was not accompanied by the oxidation of cytsc
(Figure 6A). A behavior quantitatively similar to those
observed with P+ reduction (Figure 7) is also visible in the
kinetics of oxidation of cytcy and c1 (Figure 6A, dotted
traces) and cytcy (Figure 6A, solid traces) measured in
chromatophores from MT-G4/S4 and MT-GS18, respec-
tively. Again the amplitude of the fast phase (t1/2 ≈ 5 µs)
was diminished in the absence of the cytbc1 complex to
about 40% of that found in its presence, and no∼20µs phase
was observed in the case of MT-GS18. Instead, a slower
cyt cy oxidation was completed within 40 ms after the flash,
reaching an amplitude of only about 65% of that detected in
MT-G4/S4.
Ratio of cyt cy to cyt c1 of the cyt bc1 Complex. To gain

further insight into the decreased amplitude of electron
donation from cytcy to the RC in the absence of the cytbc1
complex, the steady-state amount of cytcy in chromatophores
of the strains studied above was investigated by using TMBZ/
SDS-PAGE. Densitometric analysis of such a gel indicates
that the steady-state level of cytcy in cells grown semiaero-
bically in Sistrom’s minimal medium was approximately 40-
50% lower in MT-GS18 in comparison to that detected in
MT-G4/S4 (Figure 8A, lanes 1 and 2). Moreover, consider-
ing that theâ-galactosidase and alkaline phosphatase fusions
to cycYencoding cytcy (18) exhibited similar amounts of
activities in the presence and absence of the cytbc1 complex
in these mutants (Table 2), it appears that the absence of the
cyt bc1 complex decreases postsecretionally the amount of
cyt cy in the cytoplasmic membranes, possibly by affecting
its steady-state stability. In addition, these studies also reveal
that the relative amounts of the cytscy and c1 detected in
cells grown by “fully” aerobic respiration or by anaerobic
photosynthesis are different (Figure 8B). For example,
“fully” aerobic cultures of SB1003, an isogenic parent of
the strains used throughout this work, contained three to four
times more cytc1 than cytcy , while its Ps cultures contained
similar amounts of them. Finally, it is also noteworthy that,
in Ps grown cells ofR. capsulatus, the cytscp andco subunits
of the cytcbb3 oxidase (28) are not detectable by TMBZ/
SDS-PAGE (Figure 8B). These data clearly establish that,
in R. capsulatus, the amounts of the membrane-boundc-type
cytochromes are tightly regulated with the growth conditions
used, and they should only be compared using cells grown
under similar conditions.

DISCUSSION

In this work, the pathway of cyclic electron transport via
the membrane-anchored cytcy in R. capsulatuswas studied
in detail using mutants lacking the soluble cytc2. Kinetic
data obtained and their analyses allowed a detailed inter-
pretation of this electron transfer in terms of molecular
reaction mechanisms. Previous kinetic studies have shown
that a fraction of the RCs are connected to cytcy which
functions as a rapid electron donor to P+. However, prior
to this work, this “fast phase” of cytochrome oxidation had
not been resolved kinetically (15). Here, we have studied
the single-turnover kinetics of electron donation from cytcy
to the photooxidized RC (P+) in the microsecond time range.
In contrast with what we find for cytc2, the same kinetic
behavior was found in cells and in chromatophores, indicat-
ing that cyt cy was not lost during the preparation of
chromatophore vesicles, in agreement with its membrane
attachment. Further, excitation by a series of two flashes
delivered at varying intervals was used to monitor the
rereduction of cytcy and the reformation of the functional
complex with the RC within cyclic electron transport through
the cytbc1 complex. In addition, we have also demonstrated
that the electron-transfer properties and the steady-state
stability in the cytoplasmic membranes of cytcy are affected
by the absence of the cytbc1 complex.
Docking and Electron Transfer from cyt cy to the RC.The

two kinetic phases of P+ reduction by cytcy , with half-times
of approximately 5 and 40µs and accounting for 30% of
the RCs, show striking differences. The fast phase (t1/2≈ 5
µs) is attributed to electron donation within a “proximal”
complex between the RC and cytcy since its rate and
amplitude not depend on the viscosity of the medium. It is
noteworthy that the same half-time, although with a smaller
amplitude, was also observed in the absence of thebc1
complex (Figure 7). Thus, the formation of a “proximal”

FIGURE 8: TMBZ/SDS-PAGE analysis ofc-type cytochromes in
variousR. capsulatusstrains. (A) Lane 1, MT-G4/S4 (cytc2-);
lane 2, MT-GS18 (cytc2- cyt c-). In each case, 50µg of membrane
proteins prepared from cells grown “semiaerobically” in Sistrom’s
minimal medium were used. (B) Lane 1, “fully aerobic” culture of
SB1003; lane 2, Ps culture of SB1003. In each case, 75µg of
membrane proteins prepared from cells grown in enriched MPYE
medium were used.
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RC-cyt cy complex does not appear to depend on the
presence of the cytbc1 complex. On the other hand, the
second phase (t1/2≈ 40 µs) was slowed both in the absence
of the cytbc1 complex and upon addition of glycerol (i.e.,
with increasing viscosity), indicating a molecular movement
as a rate-limiting process. This is interpreted as cytcy
moving from “another” site, possibly in contact with the cyt
bc1 complex, into the “proximal” position before fast electron
donation to P+ can occur. An alternative interpretation of
the t1/2 of 40 µs phase is a bimolecular reaction between
unbound cytcy and RC which have no cytcy bound prior to
the flash. However, since under our experimental conditions
cyt cy is unable to reach about 70% of the RCs even in the
time scale of seconds, its mobility relative to the RC appears
to be limited, and consequently, we consider the latter
interpretation unlikely. In addition, the former interpretation
is also consistent with earlier findings where oxidation of
cyt cy was analyzed as a function of RC oxidation under
conditions of varying excitation light intensity (36). These
results also revealed that cytcy is essentially immobile
relative to cytc2 within the microsecond time scale of these
experiments.
Rapid Rereduction of cyt cy within the Isolated Electron

Transport Chains.Cytochromec oxidation kinetics indicate
that cytscy andc1 are rereduced in less than 100 ms via the
oxidation of ubihydroquinone by the cytbc1 complex (t1/2
≈ 30 ms) (Figure 6B). Yet, cytcy still remains unable to
deliver these electrons to other RCs which remain in the P+

state for several seconds, as revealed by the absence of any
effect of myxothiazol on the kinetics of P+ reduction (Figure
2B). Therefore, all functional cytcy is restricted to those
RCs that are rapidly reduced in the microsecond kinetics.
In our studies, two kinetic processes which monitor the

rapid delivery of a second electron by cytcy to the same RC
were also resolved. First, the recovery of the amplitude of
the fast phase induced by the second flash monitors the
reformation of a functional complex between reduced cytcy
and the RC. For this process the data obtained suggest a
time course consistent with a short lag phase (∼10 µs) and
an exponential increase with a half-time of∼60 µs (Figure
5A). On the other hand, if a second flash is given after a
time interval longer than what is needed for electron transfer
within the “proximal” complex (t1/2≈ 5 µs) induced by the
first flash (e.g., after 40µs), then almost monophasic kinetics
of P+ reduction with a half-time of 50-60 µs are observed
(Figure 4A). Since this half-time is close to that of the 40
µs phase of P+ reduction observed following the first flash,
this latter phase can be expected to contribute to the
apparently monophasic rereduction of P+. Indeed, the
amplitude of that phase is about 1.7-fold larger after the

second flash than after the first flash. Thus, in addition to
those P+ that give rise to the 40µs phase following the first
flash, a large proportion of the RCs which had been
rereduced during the 5µs phase do also contribute to this
phase with an effectivet1/2 of 50-60 µs after the second
flash. This half-time therefore estimates the time for delivery
of the second electron to the RCs in which two charge
separations (i.e., two turnovers) have occurred. It is likely
that both of the aforementioned processes reflect the same
rate-limiting step, that is the movement of cytcy from the
“other” position apparently close to the cytbc1 complex to
the “proximal” position on the RC, resulting in the∼40 µs
phase of P+ reduction.
Role of the cyt bc1 Complex for the Function of cyt cy.

Deletion of the cytbc1 complex has two effects on the
kinetics of P+ reduction by cytcy . The amplitude of the 5
µs phase decreases whereas the 40µs phase decreases in
amplitude and is slowed markedly. Both of these effects
can be rationalized by the observation that the steady-state
level of cytcy in MT-GS18 (cytc2- bc1-) grown in Sistrom’s
minimal medium is 40-50% of that in MT-G4/S4 (Figure
8). Reporter gene studies indicate that the decreased steady-
state level of cytcy in the absence of the cytbc1 complex is
a postsecretional effect (Table 2), suggesting that inR.
capsulatusthe cytbc1 complex stabilizes cytcy , possibly
by eliminating its degradation or decreasing its turnover via
structural interactions.
Stoichiometry of the RC and the Secondary Donors.The

data reported in this work provide biophysical and biochemi-
cal evidence that the cytcy pathway is organized in isolated
electron-transport chains allowing rapid rereduction of P+

by cytcy. In turn, cytcy is also rapidly rereduced by electrons
originating from the cytbc1 complex, i.e., cytc1 and the
FeS (“Rieske”) center, as observed earlier (17, A. Vermeglio
et al., unpublished experiments). A simple model that can
account for such isolated electron-transfer chains working
efficiently would involve a close association of stoichiometric
amounts (i.e., 1 to 1 or 2 to 2) of RC and cytcy per cytbc1
complex. However, whether this situation is specific toR.
capsulatusand cytcy or whether it also exists in other species
is unknown. For example, inR. sphaeroides, whether the
analogous electron transport via cytc2 occurs within isolated
“supercomplexes” or involves a diffusion of cytc2 is
currently debated. Joliot et al. (6, 37) have proposed that in
the latter species electron-transport chains form supercom-
plexes containing two RCs, one cytc2, and one cytbc1
complex. A different interpretation has been reported by
Fernandez-Velasco and Crofts (38), who proposed a rapid
equilibration of cytc2 between individual cytbc1 complexes.
Furthermore, inR. sphaeroidesthe soluble isocytc2 has also

Table 2: Absence of the Cytbc1 Complex Does Not Affect the Expression of Cytcy

â-galactosidase alkaline phosphatase

reporter construct
MT-1131
(wild-type)

MT-GS18
(cyt c2- bc1-)

MT-1131
(wild-type)

MT-GS18
(cyt c2- bc1-)

pHM12 (cycY::lacZ) 100( 3.8%a 112( 5.1% NDb ND
pHM10 (cycY49::phoA) ND ND 100( 7.2%c 119( 9.7%
pHM11 (cycY188::phoA) ND ND 100( 1.0% 136( 6.5%

a 100% corresponds toâ-galactosidase activity (1688( 65.3 Miller units) (33) using strain MT-1131. Values given are an average of four
independent measurements( SD. bNot determined.c 100% corresponds to alkaline phosphatase activities in MT-1131 using either pHM10 (517
( 37.3 units) or pHM11 (840( 7.3 units). Values were calculated using a formula described in ref32 and are an average of four independent
measurements( SD.
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been described as an alternative secondary donor to the RC
(39), but unlike the cytc2, it is not organized into kinetic
supercomplexes (40).
To address the question of the stoichiometry between those

RCs associated with cytcy and their secondary donors inR.
capsulatus, the number of electrons that can be delivered to
the RC in the submillisecond time range following one or
two saturating flashes were quantified. The kinetic traces
obtained using intact cells (Figure 1, trace b) and chromato-
phores (Figure 4B) revealed that the extent of P+ reduction
by cyt cy following the second flash is clearly larger than
half of that after the first flash. If the second flash is
delivered at a delay time where P+ reduction induced by the
first flash is>90% completed (e.g., 220µs in Figure 1b),
the extent of P+ reduction after this second flash approaches
about 90% of that observed at the same time interval after
one single flash. Assuming two RC, one cytcy , one cytc1,
and one FeS center (i.e., 1.5 secondary donors per RC), the
amount of P+ reduction following a second flash would be
at most 50% of that following one single flash. By contrast,
in our experiments, over 1.9 secondary donors per RC in
intact cells or chromatophores of the cytc2- strains pFJ631/
FJ2 and MT-G4/S4, respectively, were observed in the
submillisecond time range. This value is too high to account
for two RC, one cytcy , one cytc1, and one FeS center.
Furthermore, no contribution from ubihydroquinone oxida-
tion is visible in this time interval, since myxothiazol has
no effect on the amplitude of P+ reduction induced either
by one (Figure 2B) or two flashes (Figure 5). Finally, in
photosynthetically grown wild-type cells ofR. capsulatus,
approximately equal amounts of the cytsc1 andcywere found
using TMBZ/SDS-PAGE (Figure 8B). The data taken all
together support the presence of the same amounts of RC
and cytcy per cytbc1 complex in isolated electron-transport
chains inR. capsulatus. Clearly, isolation of the putative
structural supercomplexes should shed further light to both
their composition and the stoichiometry of their components.
Why some Photosynthetic Bacteria HaVe cyt cy. One of

the main findings of this work is that, due to its membrane
attachment, the relative mobility of cytcy with respect to
the RC and cytbc1 complex is limited in comparison to cyt
c2. In wild-type chromatophores, a kinetic phase of P+

reduction, which is sensitive to myxothiazol, indicates that
under our experimental conditions cytc2 is mobile, unlike
cyt cy (Figure 2). While this behavior of cytc2 is in
agreement with the earlier reports suggesting that cytc2 can
diffuse between several electron-transport chains inR.
sphaeroides(38), that of cytcy is clearly different in that it
is restricted to interact with a limited number of RCs. Yet,
despite the relatively low amount of RCs connected to the
cyt bc1 via cytcy , these interactions provide efficient cyclic
electron flow to support the Ps growth ofR. capsulatus
lacking cytc2 (16).
The observed electron-transfer properties of cytcy raise

several interesting issues with respect to the recent structural
models for the photosynthetic apparatus in purple bacteria
(41). Analyses of two-dimensional crystals of dissociated
subunits of light-harvesting complex I (LHI) (25) and units
of LHI and RC complexes (26) indicate that LHI complexes
are organized into ring-like structures in cytoplasmic mem-
branes inRhodospirillum rubrumand that the RC is centrally
located within these structures. The interiors of these rings

are large enough to accommodate a monomeric, but not
dimeric, RC (25). Considering the large size of approxi-
mately 100 kDa ofR. capsulatuscyt bc1 complex (42), it
seems unlikely that both the RC and the cytbc1 complex
would be located within these structures. That the cytbc1
complex is located outside of these rings is in accordance
with the observations that, in the presence of the LHI com-
plex, a gene product ofpufX is needed for an efficient
exchange of ubiquinone/ubihydroquinone between the QB

site of the RC and the cytbc1 complex in bothR. capsulatus
(43) andR. sphaeroides(44, 45). Since the data presented
in this work suggest close interactions between the cytcy
and the cytbc1 complex, it could be proposed that the
relatively long linker domain ofR. capsulatuscyt cy is to
facilitate the movement of its cytc domain across the LHI
ring structures to mediate electron transfer between the
complexes. It is noteworthy that the corresponding linker
region ofR. sphaeroidescyt cy , which is unable to support
Ps growth in bothR. sphaeroidesor R. capsulatus(Myl-
lykallio and Daldal, unpublished observations), is consider-
ably shorter in comparison to that ofR. capsulatuscyt cy. If
this proposal is correct, then the shorter “linker” domain of
R. sphaeroidescyt cymay restrict its movement between the
“proximal” and “other” positions of cytcy as described above,
thus preventing electron transfer from the cytbc1 complex
to the RC. In this respect, it was previously observed that
in R. capsulatusa cytc2- mutant is more impaired than its
wild-type parent for Ps growth under nonsaturating light
intensities (14), possibly reflecting that increased antenna
sizes under these conditions restrict the access of cytcy to
the RCs.
In summary, the work described here demonstrates that

in R. capsulatuselectron transfer from the cytbc1 complex
to the RC via the membrane-attached cytcy is a fast process
which functions efficiently during multiple turnovers of the
cyclic electron-transport chain to sustain adequate Ps growth
even in the absence of the soluble electron carrier cytc2.
Further biochemical and structural studies are necessary to
investigate the involvement of cytcy in the proposed
structural complexes constituted of the RC and the cytbc1
complex.
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