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ABSTRACT: In Rhodobacter sphaeroideschromatophores, cytochromes (cyt)c1 and c2 have closely
overlapping spectra, and their spectral deconvolution provides a challenging task. As a result, analyses of
the kinetics of different cytochrome components of thebc1 complex in purple bacteria usually report only
the sum cytc1 + cyt c2 kinetics. Here we used newly determined difference spectra of individual components
to resolve the kinetics of cytc1 andc2 in situ via a least-squares (LS) deconvolution. We found that the
kinetics of cytc1 andc2 are significantly different from those measured using the traditional difference
wavelength (DW) approach, based on the difference in the absorbance at two different wavelengths specific
for each component. In particular, with the wavelength pairs previously recommended, differences in
instrumental calibration led to kinetics of flash-induced cytc1 oxidation measured with the DW method
which were faster than those determined by the LS method (half-time of∼120 µs vs half-time of∼235
µs, in the presence of antimycin). In addition, the LS approach revealed a delay of∼50 µs in the kinetics
of cyt c1 oxidation, which was masked when the DW approach was used. We attribute this delay to all
processes leading to the oxidation of cytc1 after light activation of the photosynthetic reaction center,
especially the dissociation of cytc2 from the reaction center. We also found that kinetics of both cytc1

and c2 measured by the DW approach were significantly distorted at times longer than 1 ms, due to
spectral contamination from changes in theb hemes. The successful spectral deconvolution of cytc1 and
c2, and inclusion of both cytochromes in the kinetic analysis, significantly increase the data available for
mechanistic understanding ofbc1 turnover in situ.

The cytochrome (cyt)1 bc1 complex (ubihydroquinone:
cytochromec oxidoreductase) is the central enzyme of
respiratory and photosynthetic electron transfer chains; it
oxidizes ubiquinol and reduces cytochromec and, through
the coupled reactions of the Q-cycle, generates a transmem-
brane electrochemical gradient of protons (1-5). Due to the
strong absorption of the cytochrome components, optical
spectroscopic methods have played a major role in the
elucidation of thebc1 complex mechanism.

Chromatophores of purple bacteria suit well the study of
the kinetics and thermodynamics of thebc1 complex. Upon
illumination, the photosynthetic reaction center (RC) reduces
ubiquinone to ubiquinol and oxidizes a water-soluble cyto-
chromec2, thereby creating the natural donor and acceptor
substrates for the cytochromebc1 complex. Rapid light-
induced activation of thebc1 complex by its natural substrates
provides a convenient way of studying the mechanism of
the complex. As a result,bc1 complexes from purple bacteria
are important systems for studying the structure and function
of the general class ofbc1-type complexes. However, in
addition to the absorbance changes associated with the

turnover of thebc1 complex, activation of thebc1 complex
is also accompanied by absorbance changes originating from
RCs and from cytc2.

Kinetic, thermodynamic, and spectroscopic properties of
all the main components of cyclic electron transport have
been extensively characterized in the chromatophore system
(6-11). Individual components of the electron transport chain
have generally been measured using the difference in
absorbance at a small number (usually two) of wavelengths
specific for each component, chosen to minimize the spectral
overlap from other components.

Among all components of cyclic electron transport,
cytochromesc1 and c2 have the most closely overlapped
spectra (Figure 1). The initial characterization of cytc1 in
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FIGURE 1: Difference spectra of cytc2 andc1 in the 540-575 nm
region in Rb. sphaeroideschromatophores (16). The difference
spectra of cytc1 andc2 have maxima at 551.8( 0.1 and 550.3(
0.1 nm, respectively (as determined by fitting the top of the band
with a single Lorentzian).
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Rhodobacter sphaeroides(12) showed a spectrum displaced
by ∼2 nm to the red from that of cytc2. Meinhardt and Crofts
(10) suggested measuring the kinetics of cytc2 at 550-554
nm and cytcl at 552-548 nm, wavelength pairs chosen so
that the extinction coefficients for the cytochrome of interest
were significantly different while the extinction coefficients
for the other were the same.

Using these pairs, they showed that the fast component
of cyt ctot oxidation mostly contributed by cytc2, while the
slow component mostly corresponded to cytc1. However,
significant spectral overlap of all cytochromes in chromato-
phores, as well as the high sensitivity of the chosen
wavelength couple to small shifts in the spectra (and
variations in the calibration of monochromators), has pre-
vented wide use of these wavelength pairs. Most studies
report only the sum cytc1 + cyt c2 ()ctot), measured at 551-
542 nm where bothc-type cytochromes have approximately
equal absorbance.

Konishi et al. (13) used a deconvolution procedure and
the spectrum of water-soluble cytc1 to determine the kinetics
of cyt c2 and soluble cytc1 in mutant cells ofRb. sphaeroides
expressing the water-soluble heme-binding domain of cyt
c1. However, these authors did not include other absorbing
components, such as cytb, in the deconvolution. Shinkarev
et al. (14) used an extended least-squares (LS) deconvolution
procedure to include all absorbing components and were able
to separate the kinetics of cytc1 and cytc2. However, it has
since become clear that some of the component spectra that
were used were normalized to an inappropriate baseline (15),
which, although not important for separation of the compo-
nent by simple subtraction, renders them unsuitable for
deconvolution. Recently, we re-determined the difference
spectra of individual components in chromatophores and
isolatedbc1 complex (16), and this allowed further develop-
ment of the deconvolution procedure. Our original work used
only 10 different wavelengths for the analysis (14), but it is
not clear a priori how many different wavelengths need be
used for good deconvolution. In addition, no comparison
between the traditional difference wavelength (DW) approach
and LS analysis for cytc1 and cyt c2 has been provided
before.

Here we use the corrected difference spectra of individual
components (16) to determine the kinetics of cytc1 andc2

in situ via LS deconvolution from kinetic traces measured
at 31 different wavelengths between 540 and 570 nm. The
resulting kinetics of cytc1 andc2 are compared with those
determined by the traditional DW approach, using thesame
data set. We found that the traditional DW analysis gives
incorrect kinetics of cytc1 andc2, due to significant spectral
overlap of all cytochromes in chromatophores. In addition,
the high sensitivity of the chosen wavelength pairs to small
offsets in monochromator settings makes it necessary to
calibrate the wavelength settings carefully. We conclude that
LS deconvolution is an innovation that is necessary for proper
measurement of the kinetics of cytc1 andc2 in situ.

MATERIALS AND METHODS

Growth of Cells and Isolation of Chromatophores.Cells
of wild-type Rb. sphaeroidesGa were grown photosyntheti-
cally at 30 °C in Sistrom’s medium. After cell breakage,
chromatophores were isolated by differential centrifugation
(17).

Spectrophotometric Measurements.Absorption spectra
were measured using an Agilent 8453 diode array spectro-
photometer. Kinetics of cytochromes were measured with a
single-beam kinetic spectrophotometer of local design. Light
pulses were provided by a xenon flash (∼5 µs half-duration).

In the DW method, the redox changes of cytc1 plus cyt
c2 ()ctot) were followed at 551-542 nm (9, 10). Redox
changes of the individual cytochromes were measured at
552-548 nm for cytcl and at 550-554 nm for cytc2 (10).
The kinetics ofc1 andc2 were determined using the least-
squares (LS) method, similar to that described in ref18, but
utilizing kinetic traces measured for all wavelengths from
540 to 570 nm. The LS method used in this paper is based
on the new set of spectra of all essential absorbing species
in Rb. sphaeroideschromatophores in the 540-575 nm
region (16).

The monochromator [Triax 180 (JobinYvon), 1200 groves/
mm grating] was calibrated using Hg vapor lamp emission
bands in theR-band region. The wavelength resolution was
0.3 nm, and the reproducibility was 0.06 nm. The slit width
used in kinetic measurements was set at 0.5 mm to give a
bandwidth of 1.8 nm.

Least-Squares Method.The LS method minimizes the sum
of the squares of the deviations of experimentally measured
values of absorbance changes from a theoretical expectation
(see, e.g., refs13, 14, and18-20). The LS method is based
on the representation of absorbance changes at each wave-
length as the sum of the absorbance changes of each
individual component. Because the spectra that are used are
scaled in terms of extinction coefficients and the traces that
are used as input are scaled in absorbance units, the output
of the LS fit is also in absorbance units.

The absorbance change at wavelengthλi (i ) 1, ...,L) is
the sum of the absorbance changes for each individual
componentj (j ) 1, ...,N) present in the system:

In turn, it is assumed that absorbance of eachjth
component obeys the Beer-Lambert law; i.e., the optical
density of a unit path length is the product of millimolar
extinction coefficientsj (with units of mM-1 cm-1) at each
wavelength and concentrationcj (in mM) of each component
in solution:

Combining eqs 1 and 2, we have

We assumed that only the concentrations of individual
components depend on time, socj ) cj(tk) (k ) 1, ..., M).

In matrix notation this can be presented as follows:

whereA ) {aik} ≡ A(λi,tk) (i ) 1, ...,L; k ) 1, ...,M), S )
{sij} ≡ sj(λi) (i ) 1, ...,L; j ) 1, ...,N), C ) {cjk} ≡ cj(tk)

A(λi) ) ∑
j)1

N

Aj(λi) (1)

Aj(λi) ) sj(λi) cj (2)

A(λi,tk) ) ∑
j

N

sj(λi) cj(tk) (3)

A ) S‚C + E (4)
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(j ) 1, ...,N; k ) 1, ...,M), andE ) {eik} (i ) 1, ...,L; k )
1, ...,M). E is the error matrix, which contains the random
errors.

If matrix S is known (i.e., spectra of individual components
are known), the unknown concentrations can be found by
minimizing the sum of the squares of the deviation of the
experimentally measured values of absorbance changes from
the theoretical one given by eq 4; i.e., it minimizesEET )
(A - S‚C)(A - S‚C)T, where the superscript T indicates
the transpose of a matrix. As usual, this involves setting the
derivatives to zero with respect to each unknown parameter.

Matrix Ch (below) gives the best LS estimate of unknown
matrixC from known matrixSand measured matrixA (21-
23):

where the superscript T indicates the transpose of a matrix.
Equation 5 is valid only when square matrixSTS is invertible
(nonsingular).

Ordinarily, this approach gives a unique solution when
the number of wavelengths is greater than the number of
individual components. However, a set of wavelengths will
suffice only if they discriminate effectively between the
components, and the choice of wavelengths is therefore
critical to success and to the resulting signal-to-noise ratio.

All calculations were performed using Matlab (The Math-
works, Inc.).

Reagents.Antimycin A, azolectin, gramicidin, myxothia-
zol, stigmatellin, DAD, PMS, CCCP, MOPS, and Tris were
obtained from Sigma-Aldrich (St. Louis, MO). Inhibitors and
uncouplers were dissolved in ethanol and stored at-20 °C.

RESULTS

Kinetics of Cyt ctot, c1, and c2 in the Presence of Antimycin
Alone. In the presence of antimycin A, an inhibitor of the
Qi site, the oxidation of reduced cytb is inhibited, and as a
result, one can expect significant amplitudes of cytb
reduction and, therefore, spectral interference from this
component.

Figure 2 shows the flash-induced kinetics of cytc1, c2,
and ctot, determined by LS deconvolution of time series
measured at 31 different wavelengths from 540 to 570 nm.
These kinetic traces are shown together with kinetics of
cytochromectot measured at 551-542 nm (A), as well as
kinetics at the wavelength pairs previously suggested for
measurement of cytochromesc1 andc2, at 552-548 nm (B)
and 550-554 nm (C), respectively (shown in gray). Here
we use a time scale split into fast (<1 ms) and slow (>1
ms) ranges, to better distinguish the kinetics of the cyto-
chromes determined by different methods. The density of
points is significantly different for fast and slow time scales
(∼102 points on the fast time scale and∼104 points on the
longer time scale). As a result, the noise appears to be higher
for the longer time scale.

The kinetics of oxidation of cytctot ()c1 + c2) measured
at 551-542 nm are very similar to those determined by LS
deconvolution. As described in ref16, the small difference
in the re-reduction phase, observed at longer times, arises
from spectral contamination from cytbH. However, com-
parison of the individual kinetics of cytc1 andc2 obtained
using the wavelengths suggested by Meinhardt and Crofts

(10) with those determined by LS deconvolution indicates
that there are more substantial differences in the kinetics
revealed by the two methods.

For thesamedata set, the half-time of cytc1 oxidation
determined by LS deconvolution is significantly longer
(∼235 µs) than that based on the 552-548 nm wavelength
pair (∼120 µs). The LS deconvolution also reveals the
presence of a delay of∼50µs in the kinetics of cytc1, which
is not apparent when determined via 552-548 nm. This
discrepancy originates from several sources, including
uncertainties in calibration of the monochromator used in
previous work. In principle, the DW method should provide
compensation of cytc2 changes, but it depends on a good
correspondence between the recommended wavelength pair,
552-548 nm, and the spectrum returned by the monochro-
mator used. Indeed, inspection of the corrected spectra used
here (16) indicates that the wavelength pair of 552-548 nm
gave rise to inclusion of a significant fraction of cytc2. When
552-549 or 552-549.5 nm were used instead of 552-548
nm, the kinetics observed on the fast time scale were similar
to those obtained via LS deconvolution (not shown) and
similar to those originally reported (10), but with an increased
noise level due to a decrease in the amplitude of absorbance
changes. This is consistent with the error range given in the
earlier work (10) but emphasizes the sensitivity of the DW
method to the precision and calibration of the wavelength
setting.

There are also substantial differences in the kinetics of
cyt c2 andc1 determined by DW and LS methods for times

Ch ) (STS)-1STA (5)

FIGURE 2: Flash-induced kinetics of cytc1, c2, andctot ()c1 + c2)
in Rb. sphaeroideschromatophores in the presence of antimycin,
determined by LS analysis using kinetic traces measured at 31
wavelengths from 540 to 570 nm, with a 1 nmstep (black), and
using the traditional DW approach (gray). In the DW approach,
the kinetics of cytctot, c1, andc2 were determined from 551 to 542
nm, from 552 to 548 nm, and from 550 to 554 nm, respectively.
Chromatophores were suspended in 50 mM Tris-HCl buffer (pH
7.4) with 5 mM potassium ferrocyanide, 100 mM KCl, 100µM
DAD, 50 µM sodium ascorbate, 2 mM NaCN, 20µM CCCP, 10
µM gramicidin, and 5µM antimycin A. Kinetic traces at each
wavelength are the average of eight traces, with 15 s between
measurements, and were recorded with an instrument response time
of 10 µs. In the case of the DW approach, kinetics of cytc1 andc2
are normalized at 1 ms. Arrows indicate the time of the flash
excitation.
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of >1 ms (Figure 2B), due to “contamination” from changes
of the b heme absorbance. These cannot be avoided with
minor adjustments of the wavelengths used in the DW
measurements.

Kinetics of Cyts ctot, c1, and c2 in the Presence of Antimycin
and Myxothiazol.To eliminate the spectral interference from
cyt b, we studied the kinetics of cytochromes in the presence
of antimycin and myxothiazol, when the flash-induced
kinetics of theb hemes are inhibited. Figure 3 shows the
flash-induced kinetics of cytc1, c2, andctot ()c1 + c2) in
Rb. sphaeroideschromatophores in the presence of both
antimycin and myxothiazol. Comparison of the data in
Figures 2 and 3 shows that the large difference between LS
and DW approaches observed at longer times (>1 ms) in
the presence of antimycin alone was due mostly to the
spectral contamination from cytb.

Time-ResolVed Spectra of Cytochrome Components Mea-
sured in the Presence of Antimycin.The flash-induced
kinetics of cytochromesc1 andc2 are significantly faster than
those of cytbL andbH, which, when the Q-pool is initially
oxidized, do not change their state till∼0.5 ms. Therefore,
the oxidation kinetics of cytc2 and c1, which occupy the
range of<1 ms, can usually be measured without significant
interference from cytb. Furthermore, spectral interference
from cyt b can be excluded in the presence of specific
inhibitors for both Qi and Qo sites of thebc1 complex (Figure
3).

Figure 4 shows time-resolved spectra measured 50µs, 100
µs, 200µs, 300µs, 1 ms, and 10 ms after the flash. One can
see that at times shorter than 1 ms, the observed changes
mostly correspond to P870+, cyt c1, and cytc2. In chromato-
phores, the concentration of cytc2 is usually lower than the
concentration of reaction centers. As a result, there is always
a fraction of oxidized P870 after the flash. The contribution

of P870 in this spectral region is seen clearly as the time
dependence of the positive absorbance near 542 nm and the
skewing of the spectra of cytc components.

The precise fraction of cytc1, c2, and P870 in the observed
spectra can be obtained only by deconvolution. The spectrum
measured 50µs after the flash has a peak at∼550.8 nm (as
determined by fitting with a single Lorentzian) and is mostly
due to cytc2. The approximate difference spectrum of cyt
c1 can be found from the difference of spectra measured at
300 and 50µs. Indeed, the kinetic data of Figure 2 indicate
that only cytc2 is oxidized at 50µs, while cytc1 begins to
be oxidized after a delay of 50µs. Such spectra are shown
in the inset of Figure 4. The minimum of the spectrum is at
552.2 nm, reflecting the increased contribution of cytc1.

At 10 ms, there is a significant increase in absorbance at
560 nm, corresponding to cytbh reduction.

Time-ResolVed Spectra of Cytochrome Components Mea-
sured in the Presence of Antimycin and Myxothiazol.Flash-
induced changes in cytbL and bH can be prevented when
both quinone processing sites, Qi and Qo, are occupied by
specific inhibitors. Figure 5 shows the flash-induced spectra
of chromatophores measured different lengths of time after
a flash in the presence of antimycin and myxothiazol, specific
inhibitors of the Qi and Qo sites, respectively, and with both
b hemes initially oxidized. Under these conditions, P870,

FIGURE 3: Flash-induced kinetics of cytc1, c2, andctot ()c1 + c2)
in Rb. sphaeroideschromatophores in the presence of antimycin
and myxothiazol, determined by LS analysis using kinetic traces
measured at 31 wavelengths from 540 to 570 nm, with a 1 nmstep
(black), and using the traditional DW approach (gray). Special
analysis methods and experimental conditions are as described in
the legend of Figure 2, but in the presence of 5µM myxothiazol.
Arrows indicate the time of the flash excitation.

FIGURE 4: Flash-induced spectra measured inRb. sphaeroides
chromatophores at different times after the flash (symbols) and
theoretical spectra (solid lines) calculated using LS deconvolution
based on pure spectra of all individual components (P, cytsc, and
cyts b). The inset shows the spectrum measured at 50µs, mostly
corresponding to cytc2, and the spectrum obtained as the difference
of two traces measured at 300 and 50µs, mostly corresponding to
cyt c1. Experimental conditions were as described in the legend of
Figure 2.

FIGURE 5: Flash-induced spectra measured inRb. sphaeroides
chromatophores at different times after the flash in the presence of
both antimycin and myxothiazol (symbols) and theoretical spectra
(solid lines) calculated using LS deconvolution based on pure
spectra of all individual components (P, cytsc, and cytsb). The
inset shows the spectrum measured at 50µs, mostly corresponding
to cyt c2, and the spectrum obtained as the difference of two traces
measured at 1 ms and 50µs, mostly corresponding to cytc1.
Conditions were as described in the legend of Figure 3.
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cyt c2, and cytc1 are the only species contributing significant
spectral changes in this region and there are no significant
changes in cytb after the flash, even at 10 ms.

DISCUSSION

Kinetics of Cyts c1 and c2 Determined by the Traditional
Difference WaVelength Method and by Least-Squares Analy-
sis.Cytochromesc1 andc2 have closely overlapped spectra,
and their separate analysis provides a challenging task.
Meinhardt and Crofts (10) attempted to separate the kinetics
of cyt c2 and cytcl by the DW approach. They suggested
using wavelength pairs, which have significantly different
extinction coefficients for the cytochrome of interest and
equal extinction coefficients for the other. However, such a
DW approach, though often effective with appropriate
controls, gives inadequate characterization of the kinetics of
cyt c2 andc1 in chromatophores, as specified below.

Cyt c2. The redox changes in cytc2 in chromatophores
are usually determined from the rapid phase measured at
551-542 nm as the sum cytc1 + cyt c2, or from the kinetics
of P870 re-reduction. Meinhardt and Crofts (10) suggested
that the kinetics of cytc2 be measured at 550-554 nm. The
kinetics of cyt c2 determined from these wavelengths for
times of<1 ms are close to the kinetics determined by LS
deconvolution. However, we observed a significant difference
at longer times due to spectral interference from cytbH and
bL. In contrast, the LS approach provides a correct description
of the kinetics of cytc2 for both fast and slow time scales.

Cyt c1. Meinhardt and Crofts (10) suggested that the
kinetics of cytcl be measured at 552-548 nm, assuming
that the difference in the extinction coefficients for cytc2 at
these wavelengths was zero, as determined by reference to
the spectra they measured. However, we found significant
residual differential absorbance of cytc2 at these wave-
lengths, leading to modification of the measured kinetics of
cyt c1 on the fast time scale. The extent of the discrepancy
depends on the calibration of the monochromator wavelength,
and this reveals a weakness of the DW approach, which can
however be corrected by careful calibration. For thesame
data set, the LS deconvolution reveals a delay of∼50 µs in
the kinetics of cytc1 that was “masked” in the DW analysis
due to the use of a wavelength pair that was not appropriate
for the calibration that was used. As a result, the half-time
of cyt c1 oxidation based on the DW analysis (∼120 µs)
appears to be significantly faster than that determined by
the LS deconvolution (∼235 µs).

There is also a significant difference in the kinetics of cyt
c1 determined by DW and LS methods on slower time scales,
originating from significant differential absorbance of both
cyt b hemes at the wavelengths used. We conclude that while
separation between cytc1 andc2 at fast time scales can be
achieved by small adjustments of the wavelength pair
suggested by Meinhardt and Crofts (10), for example to
552-549 nm, this wavelength pair still does not accurately
measure the kinetics of cytc1 for longer times (>1 ms),
where interference with cytb cannot be avoided.

Delay before the Onset of Cyt c1 Oxidation.The observed
delay in cytc1 oxidation reflects all processes leading to the
oxidation of cytc1 after P870 photooxidation and includes
the time of oxidation of cytc2 by P870+, the dissociation of
oxidized cytc2 from the RC, the diffusion of cytc2 to the

bc1 complex, and functional binding to thebc1 complex. In
addition, the stoichiometry requires a recycling of cytc2 to
complete the oxidation of both ISP and cytc1 in the absence
of stigmatellin. Thus, the delay can also be influenced by
fast electron transfer from the Rieske iron-sulfur protein
(ISP) to cytc1. The time of oxidation of cytc2 by P870+ is
∼1 µs, for cytc2 which is already bound to the RC (24, 25).
The time of dissociation of cytochrome from the complex
with RC depends significantly on the ionic strength of the
medium (26, 27) and pH (26-28), and different values from
30 µs (high-salt conditions) to 2 ms (low-salt conditions)
have been reported (26, 27, 29-33). In our experiments, the
reaction medium contained 100 mM KCl, approaching the
high-ionic strength conditions used in the RC studies. The
similarity of the time of delay measured here and the time
of dissociation of cytc2 from the RC for a high salt
concentration indicates that the delay could reflect this
dissociation. However, the time for diffusion of cytc2

between the RC and nearestbc1 complex, and the time of
binding to thebc1 complex in the formation of a functional
unit, could both possibly be on the same time scale as the
lag phase. Resolution of this question will therefore require
further study of pH and ionic strength dependence to establish
the dominant process. Nevertheless, our studies presented
here show that LS deconvolution can provide unique insights
into processes such as complex dissociation between different
electron transfer proteins in situ.

Kinetics of Cyt c1 Oxidation.The observed lifetime of cyt
c1 is clearly not the time for electron transfer betweenc2

andc1 in the c2‚bc1 complex, which can be expected to be
less than 0.1µs (34). On the basis of in vitro studies (7,
24-33, 35, 36; reviewed in ref37), the measured time of
cyt c1 oxidation might be assumed to arise from the diffusion
of the cyt c2 from the RC and formation of the complex
between cytc2 and c1. However, at the concentrations
estimated in vivo (7, 38), formation of the bimolecular
complex should be at least an order of magnitude faster than
the observed rate of oxidation. It is certainly possible that
the unbinding of cytc2 from RC is the origin of the slow
kinetics, but the in vivo kinetics have never been character-
ized in this way. Furthermore, because the content of cytc2

is normally substoichiometric with respect to reaction centers,
completion of the high-potential reactions between RC and
bc1 requires multiple shuttles of cytc2, giving rise to slower
phases of cytc1 oxidation. Proper characterization of the cyt
c2 shuttle and the different kinetic components of cytc1

oxidation will require spectral and temporal separation ofc2

and c1, and quantitative inclusion of the binding partition
for cyt c2 between RC andbc1 at the time of the flash. This
can now be attempted with the LS analysis described here.

Significance.Comparison of cytc1 andc2 kinetics mea-
sured by DW and LS approaches reveals that in many cases
the kinetics of both cytochromes are significantly distorted
in the former approach due both to incomplete separation
of cyt c1 andc2 and to spectral interference from cytb. As
a result, any conclusion about mechanism drawn from DW
measurements should be treated with caution, and a reevalu-
ation of some underlying processes may be in order.
Examples of issues that can be addressed with the kinetic
resolution provided by the LS method include (i) discrimi-
nating between two very different models to account for why
the apparent equilibrium constants in the high-potential chain
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differ from those expected from redox midpoint potentials
[supercomplex formation (39) or chromatophore heterogene-
ity (40)]; (ii) accurate measurement of electron delivery and
throughput in the high- and low-potential chains, e.g.,
matching the kinetics of cytc1 and cyt bH during quinol
oxidation at the Qo site (41); (iii) discrimination of bH and
bL hemes in normal turnover and in reverse function via the
Qi site; (iv) clarification of the effects of different inhibitors
(stigmatellin and UHDBT) and separation of their effects
on cytc1 andc2; and (v) mechanism of exchange of electrons
between thebc1 complex and the reaction center facilitated
by cytc2, including determination of kinetics of binding and
unbinding of cytc2 and the RC in situ. More generally, the
LS method provides the basis for greatly improved resolution
of events in cytbc1 turnover, and the results of this paper
demonstrate the essential methodology for more challenging
measurements of the true kinetics and thermodynamics of
the c1 andc2 hemes in situ.

Limitations of the LS Analysis.Least-squares analysis
provides a natural way of deconvoluting overlapping spectral
bands when the spectra of individual components are known,
and no other absorbing species contribute to the observed
changes. The main advantage of the LS approach is the use
of the balance equations (eqs 1 and 2), which are not used
in the DW approach.

In the current application of the LS method for analysis
of the kinetics of cytc1 and c2, we did not consider the
possible dependence of the spectra of individual components
on the presence of inhibitors, on the redox state of other
components, on changes in the protein environment, for
example, during the docking of cytc2 to the RC or cytc1,
or on membrane potential. These dependencies are difficult
to address properly in both LS and DW approaches.
However, in many cases, these dependencies induce rela-
tively small changes in spectra, and as a first approximation,
one can ignore these effects.

Need for a Simplified Version of LS Analysis Based on
Smaller Sets of WaVelengths.To separate the kinetics of cyt
c1 andc2, we measured kinetic traces for all 31 wavelengths
between 540 and 570 nm. While providing a very high
accuracy, this approach demands significant time, making
it impractical for routine experiments. From this point of
view, it would be desirable to develop a simplified LS
approach, based on a smaller set of wavelengths but with a
quality of deconvolution similar to that based on the full set
of wavelengths. The quality of deconvolution can be
characterized in terms of both the difference between the
original and fitted transients at each wavelength and the noise
level of individual components determined for different sets
of wavelengths. Such a simplified LS approach for recovering
all main components of the cyclic electron transport in
chromatophores from a minimal number of wavelengths
requires extensive additional analysis of these parameters and
will be presented elsewhere.
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