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Abstract

The kinetics of the cytochrome (cyt) components of the bc; complex (ubiquinol: cytochrome ¢ oxidoreductase, Complex III) are traditionally
followed by using the difference of absorbance changes at two or more different wavelengths. However, this difference-wavelength (DW) approach is
of limited accuracy in the separation of absorbance changes of components with overlapping spectral bands. To resolve the kinetics of individual
components in Rhodobacter sphaeroides chromatophores, we have tested a simplified version of a least squares (LS) analysis, based on measurement
at a minimal number of different wavelengths. The success of the simplified LS analysis depended significantly on the wavelengths used in the set.
The “traditional” set of 6 wavelengths (542, 551, 561, 566, 569 and 575 nm), normally used in the DW approach to characterize kinetics of cyt ¢, (cyt
c1tceyt ¢a), eyt by, cyt by, and P870 in chromatophores, could also be used to determine these components via the simplified LS analysis, with
improved resolution of the individual components. However, this set is not sufficient when information about cyts ¢, and ¢, is needed. We identified
multiple alternative sets of 5 and 6 wavelengths that could be used to determine the kinetics of all 5 components (P870 and cyts ¢y, ¢5, by, and by)
simultaneously, with an accuracy comparable to that of the LS analysis based on a full set of wavelengths (1 nm intervals). We conclude that a
simplified version of LS deconvolution based on a small number of carefully selected wavelengths provides a robust and significant improvement
over the traditional DW approach, since it accounts for spectral interference of the different components, and uses fewer measurements when
information about all five individual components is needed. Using the simplified and complete LS analyses, we measured the simultaneous kinetics
of all cytochrome components of bc; complex in the absence and presence of specific inhibitors and found that they correspond well to those expected
from the modified Q-cycle. This is the first study in which the kinetics of all cytochrome and reaction center components of the bc; complex
functioning in situ have been measured simultaneously, with full deconvolution over an extended time range.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The cytochrome (cyt) be; complex (ubiquinol: cytochrome ¢
oxidoreductase, Complex III) plays a central role in free energy
transduction in biomembranes [1-5]. It oxidizes ubiquinol,
reduces cytochrome ¢, and generates a transmembrane electro-

Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhydrazone; cyt,
cytochrome; DW, difference-wavelength; ISP, Rieske iron—sulfur protein; LS,
least squares; RC, photosynthetic reaction center; Qi, Qo, quinone reducing and
quinol oxidizing sites of bc; complex, respectively; by and by, low- and high-
potential hemes of cytochrome b, respectively; Rb., Rhodobacter; DAD, 2,3,5,6-
tetramethyl-p-phenylenediamine
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chemical gradient of protons [1-5] that is used to drive ATP
synthesis, ion transport, and other kinds of work [2]. The cyt bc;
complex is a functional dimer, each monomer of which has four
redox centers (two hemes in cytochrome b (by and by), cyto-
chrome ¢; and an iron—sulfur protein, ISP) and at least two
quinone-binding sites.

The photosynthetic bacterial system has been used for over
30 years as a model system for studying the structure and function
of the general class of bci-type complexes — for two important
and continuing reasons. First, light activation via the reaction
center (RC) allows kinetic studies of the cytochrome components
in situ, on a time scale unmatched by any respiratory system.
Second, the photosynthetic bacterial complex is unusual in having
very distinctive spectra for the by and by hemes, which allows
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discrimination between these components that is much more
difficult and is commonly avoided in other systems, including
mitochondria. As a result, purple bacterial chromatophores have
become a standard model system for functional studies of the bc,
complexes. The bc; complex from Rhodobacter sphaeroides used
in these studies is therefore representative of the general class of
bc-type complexes, and comparative studies have shown that the
functional core, which is structurally conserved across the
bacterial-mitochondrial divide, is also conserved at the level of
basic mechanism.

The kinetics of the cytochrome components of the bc,
complex and of the RC photopigment, P§70, in chromatophores
are traditionally followed by using the difference of absorbance
changes at two or more wavelengths [6—9]. Such a difference-
wavelength (DW) approach has been the de facto method in
studies of the bc; complex [8]. However, we recently reported
that the DW approach can lead to significant errors in the kinetics
of cyts ¢; [10], ¢; [10] and by [11], especially when the concen-
tration changes of the component of interest are relatively small.

Several approaches have been suggested to restore individual
cytochrome components from overlapping spectra (see, e.g.,
[12—16]). To ensure proper deconvolution of the kinetics of
individual components in chromatophores, where significant
spectral interference is observed, we have used least squares
(LS) analysis [11], based on: (i) measured kinetic traces for 36
wavelengths at 1 nm intervals between 540 and 575 nm, and (ii)
newly determined difference spectra of all individual compo-
nents of cyclic electron transport. While providing the best
available accuracy in deconvoluting the individual overlapping
components, this approach is impractical for routine experi-
ments because of the large number of measurements required.

In the present work, we have explored a simplified LS
analysis, utilizing a minimal number of wavelengths that is very
suitable for routine experiments. We found different sets of 5 or
6 wavelengths that could be used to determine simultaneous
kinetics of photochemical reaction center, cyts ¢y, ¢, by, and
by, with an accuracy comparable to that of LS analysis based on
the full set of wavelengths. We conclude that the simplified
version of LS deconvolution provides a robust and simple
improvement on the traditional DW approach. The LS method
automatically takes care of spectral interference of different
components, and needs fewer measurements for determination
of the kinetics of all individual components. To facilitate ap-
plication of the simplified LS approach, we determined the
coefficients needed for calculating the kinetics of the individual
components using simple spreadsheet software. Using the sim-
plified LS analysis, we measured simultaneous kinetics of all 5
components of the photosynthetic chain, including the three
heme centers of the bc; complex, in the absence and presence of
specific inhibitors.

2. Materials and methods
2.1. Growth of cells and isolation of chromatophores

Cells of Rhodobacter sphaeroides Ga (a strain with a reduced complement
of carotenoids, but otherwise wild type photosynthetic apparatus) were grown

photosynthetically at 30 °C in Sistrom’s medium. After cell breakage,
chromatophores were isolated by differential centrifugation [17].

2.2. Spectrophotometric measurements

Flash-induced kinetics of cytochromes, P870, and the electrochromic
carotenoid bandshift were measured with a single beam kinetic spectrophotom-
eter of local design. Excitation of photochemical reaction centers was provided
by a xenon flash (~ 5 ps half-width), with complementary filters to minimize
cross talk between actinic and measuring beams. The monochromator was
calibrated using Hg-vapor lamp emission bands in the a-band region. Slit widths
were set so as to give a spectral bandwidth of 1.8 nm.

The electrogenic activity of the photosynthetic chain was monitored at
503 nm through the carotenoid electrochromic bandshift. Contributions of
electrochromic changes to kinetics of redox centers were minimized by
including 25 pM CCCP and 5 uM gramicidin to catalyze rapid dissipation of the
proton gradient.

2.3. Least squares method

The least squares (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., [13,15,16,18,19]). The LS method is based on
the representation of absorbance changes at each wavelength 4; (i=1...., L), as
the sum of the absorbance changes of each individual component j, j=1....,N,
present in the system:

N

A4(%) M)
—1

A) =
J
in turn, it is assumed that absorbance of each j-th component obeys the Beer—
Lambert Law, i.e., the optical density of unit path length is the product of the
millimolar extinction coefficient s; (with units of mM ! em!) at each
wavelength and the concentration ¢; (in mM) of each component in solution:

4i(%) = 5;(i)¢; (2)

Combining Egs. (1) and (2) we have:

Aumngwmmm> (3)

We assumed that only the concentrations of individual components depend on
time, ¢;=c;(t;), k=1,..., M. In matrix notation, this can be presented as follows:

A=S8C 4)

where 4 = {Ll[k}EA(;»[,tk),(l' = 1, 7L,k = 1, ,M),S = {S,/}ES/()\IL(I = 17
L L =10 N (j=1,..., k=1,...,M). The matrix

C=(5"s)"'s"4 (5)

where superscript “T” indicates the transpose of a matrix, gives the best estimate
of unknown matrix C from known matrix S and measured matrix 4 [19-22].
Solution (5) is valid only when square matrix S'S is invertible (nonsingular).
This is the case if the number of wavelengths is greater than the number of
individual components, and no one component’s spectrum can be expressed as a
linear combination of the other components.

The accuracy of deconvolution was checked by inspecting residuals A-SC.
Additionally, we estimated the condition number of the matrix (S*S)"' ST in
Eq. (5) [23-26], (defined as a product of norms of original and inverse
matrices), which is calculated here as the ratio of the largest and smallest
singular values of the matrix. When the condition number is large, small
changes in the absorbance differences can lead to large relative changes of the
components of the matrix C.

All calculations were performed using Matlab software (The Mathworks,
Inc.).
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2.4. Reagents

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

3. Results

In the traditional DW analysis, the redox state changes of
individual carriers are measured using the difference of
absorbance at two or more wavelengths. Much previous work
has been based on a set of 6 wavelengths, intended to separate
the 4 components P870, “cyt cio”, Cyt by, Cyt b, where cyt cior 1S
the sum of cyt ¢; and cyt ¢, [1,8,27]. However, when knowledge
of kinetics of all these components is needed, i.e., including cyts
c1 and ¢, separately, the number of wavelengths used for their
measurements increases significantly, to at least 9. Since a
significant amount of data using these wavelength sets resides in
the literature, we first attempt to use the “traditional” set of 6
wavelengths to obtain a self-consistent LS solution. Using the
same sets of wavelengths has two-fold advantage: (i) it gives the
opportunity of direct comparison between LS and DW
approaches; (ii) it allows recalculating, if needed, previously
obtained data for wild type and mutant chromatophores. Ini-
tially, we consider the application of the simplified LS analysis
for determination of four individual components, P870, cyt ¢,
cyt by and cyt by . Later, we will extend this analysis to determine
the separate kinetics of cyts ¢; and ¢, as well.

3.1. Determination of P870, cyt ¢, cyt by and cyt by using the
traditional set of 6 wavelengths

To simultaneously characterize 4 unknown components
(P870, cyt cyor, Cyt by and cyt by) the traditional DW approach
employs 6 wavelengths: 551-542 nm for cyt ¢ (cyt ¢; plus cyt
) [6,7], 561-569 nm for cyt by [8], 566—575 nm, minus 1/2 of
561-569 nm for cyt by [9], and 542 nm for P870 [28]. In general,
4 appropriately chosen wavelengths can suffice to recover the
kinetics of 4 spectrally distinct components (assuming there are
no other components with significant absorbance). Measure-
ments at 6 wavelengths could decrease errors in the determina-
tion of their kinetics, but the overall noise level will depend on
the quality of the additional traces.

3.1.1. LS analysis based on traditional set of wavelengths
Fig. 2 shows the flash-induced kinetics of the 4 individual
components determined by LS analysis from the kinetics of the
absorbance changes measured at different wavelengths, includ-
ing the traditional set of 6 (“gray”: 542, 551,561, 566, 569 and
575 nm), a subset of 4 (“black™: 542, 551, 561, and 566 nm), and
36 (“light gray”: from 540 to 575 with 1 nm step intervals)
different wavelengths. One can see that the kinetics of individual
components were similar but not identical for these sets of
wavelengths. The set of 6 wavelengths (542, 551, 561, 566, 569
and 575 nm) reproduces the kinetics of all 4 individual
components with reasonable noise level. In some cases the
gray and light gray traces overlap so completely that they are only
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Fig. 1. Difference spectra of individual components in the 540—575 nm region in
Rb. sphaeroides chromatophores used in this paper for the deconvolution
[7,9,11].

distinguished by their noise levels. The set of 4 wavelengths (542,
551, 561, and 566 nm) was insufficient to properly reproduce the
kinetics of all electron carriers (see Fig. 2B for cyt ¢). The set of 5
wavelengths (542, 551, 561, 566, and 569 nm; not shown) better
reproduces the kinetics of cyt ¢, but has significantly increased
noise level (not shown, but see Fig. 4B below).

We have shown previously that there are some significant
differences between the DW approach and LS analysis based on
the full set of 36 wavelengths. These differences apply equally
well to comparison with the smaller sets used here, but were
fully discussed previously [10,11] and will only be considered
briefly in Section 4.

3.1.2. Error analysis of LS deconvolution based on the
traditional set of wavelengths

The quality of deconvolution shown in Fig. 2 can be
estimated by calculating the difference between the original and
fitted transients at each wavelength, i.c., residuals. Fig. 3 shows
flash-induced absorption changes at four (panel A) and six
(panel B) different wavelengths together with the respective
residuals (shown in gray), based on deconvolution of 4 or 6
“traditional” wavelengths, respectively. The small level of
residuals for the set of 6 wavelengths indicates that the spectra
used in the deconvolution could be fitted well to the observed
absorption changes. However, in the case of 4 wavelengths,
there are significant residuals at each wavelength, but especially
at 551 nm, due to the artificial nature of cyt ¢, (=c; +¢;) and the
inability to deconvolute the kinetics of cyts ¢; and ¢, accurately
in order to generate the cyt ¢, kinetics.

Additional insight into the sensitivity of deconvolution to
errors of measurements at individual wavelengths can be gained
from the noise level of the resolved components, determined for
different sets of wavelengths used for deconvolution (Fig. 4). To
do this we input random noise of the same amplitude at each
wavelength used for the LS analysis, based on the spectra shown
in Fig. 1.

Fig. 4 shows that the errors of deconvolution of individual
components depend significantly on the set of wavelengths
used. The lowest error is observed when all 36 wavelengths are
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Fig. 2. Flash-induced kinetics of P870", cyt ¢, cyt bH, and cyt bL in Rb. sphaeroides chromatophores in the presence of antimycin. The kinetics were determined by
LS analysis from the kinetics of absorbance changes measured at different sets of wavelengths, including sets of 4 (“black™: 542, 551, 561, and 566 nm), 6 (“gray”: 542,
551, 561, 566, 569 and 575 nm), and 36 (“light gray”: from 540 to 575 with 1 nm step) different wavelengths. Chromatophores were suspended in 50 mM Tris—HCl
buffer (pH 7.4) with 10 mM potassium ferrocyanide, 100 uM DAD, 2 mM NaCN, 25 uM CCCP, 5 uM gramicidin, 5 uM antimycin A. Kinetic traces at each
wavelength are the average of 2 traces, with 30 s between measurements and were recorded with an instrument response time of 70 ps. The redox potential was

~280 mV.

taken into account (Fig. 4E). The noise is higher when only 4
wavelengths in the set are used (Fig. 4A). Adding 569 nm to the
set substantially increases the noise level for by and by hemes
(Fig. 4B) because this wavelength does not distinguish strongly
between P870 and cyt by and between cyts ¢ and by. It
therefore acts primarily as a source of noise. However, a second
subset of 5 of the “traditional” wavelengths (Fig. 4C) does not
increase the noise of the deconvolution, and the set of 6
wavelengths (Fig. 4D) suppresses the extra noise introduced by
569 nm alone.

Due to the linear nature of Eq. (5), the error in determining
each component is proportional to the errors in determining
absorbance at each wavelength. For each set of wavelengths, one
can calculate the ratio of the standard deviation of the deter-
mination of each individual component to the standard deviation
of the absorbance measurement (assuming that it is the same at
each wavelength). Knowledge of this ratio would allow an
investigator to determine the accuracy of the absorbance mea-
surement required to reach a given signal to noise ratio and to
choose an appropriate set of wavelengths needed for use in a
simplified LS analysis.

3.1.3. Kinetics of cyt ¢; and ¢, cannot be recovered from the
“traditional” wavelength set

Figs. 2—4 indicate that the simplified LS deconvolution based
on the “traditional” set of 6 wavelengths (542, 551, 561, 566,
569, and 575 nm) can be used to simultaneously characterize cyt
Cror (Fc1tcp), P70, cyt by and cyt by in Rb. sphaeroides
chromatophores. However, our attempts to use these wave-
lengths to extract the kinetics of cyts ¢; and ¢, separately, were

completely unsuccessful (not shown, but see Fig. 8H below).
The failure of determining the kinetics of 5 individual com-
ponents from measurements at 6 different wavelengths clearly
indicates that not only the number of wavelengths employed, but
also, the choice of wavelengths is important for proper LS
deconvolution.

Meinhardt and Crofts [7] suggested measuring the kinetics of
cyt ¢ at 550-554 nm and cyt c¢; at 552-548 nm. Thus, to
determine the kinetics of all 5 individual components in Rb.
sphaeroides chromatophores (P870, cyts ¢, ¢», by, and by)
using the DW approach, one needs to measure kinetics of ab-
sorbance changes at 9 different wavelengths. In the next section,
we investigate the possibility of reducing the number of wave-
lengths needed to determine the kinetics of all individual com-
ponents in chromatophores using simplified LS analysis.

3.2. New minimal sets of wavelengths needed to characterize 5
unknown components (P870, cyt c;, cyt c;, cyt by and cyt by)

Our noise analysis (Fig. 4) clearly indicates that the quality of
LS deconvolution significantly depends on the choice of wave-
lengths used for the deconvolution. This is expected because
only particular wavelengths exhibit distinct differences in the
spectra of individual components presented in Fig. 1.

3.2.1. Wavelengths suited for LS deconvolution of 5 individual
components

There are many different ways to choose wavelengths for
deconvolution. For example, one can choose wavelengths
corresponding to the maxima in the original difference spectra,
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Fig. 3. Flash-induced absorption changes at four (A) and six (B) different
wavelengths. Also shown are the residuals (gray). Conditions as in Fig. 2.

or wavelengths corresponding to maximal differences between
difference spectra of individual electron carriers. A more formal
approach is to choose wavelengths in the set by minimizing the
condition number of the matrix of Eq. (5) (defined as a product of
norms of original and inverse matrices), responsible for the
upper estimate of error propagation [25]. For a given number of
wavelengths, n, the condition number indicates the quality of the
deconvolution. Fig. 5 shows the 10 smallest values of condition
numbers for different sets of 5, 6 and 7 wavelengths, with
integral wavelength values. One can draw the conclusion that
there are many different sets of wavelengths that give similarly
small values of the condition number, and all can be used for
deconvolution with similar errors. However, there are many
other sets of wavelengths for which the condition numbers are
large (some >10%); the sets with large condition number are
useless for the LS deconvolution.

For sets of 5 wavelengths, the lowest condition number
(k=4.69) was observed for 540, 548, 555, 563 and 568 nm. The

set of 5 “traditional” wavelengths, 542, 551, 561, 566 and 569
gave condition number k=47.3. This large condition number
reflects the substantially greater noise level seen for this set
(Fig. 4B).

The lowest condition number, k=4.55, for the set of 6
wavelengths was observed for 540, 548, 555, 563, 569, and
575 nm. The set of “traditional” wavelengths, 542, 551, 561,
566, 569, and 575 nm gives condition number £=15.03. This
relatively large value accounts for the inability to recover the
separate kinetics of cyts ¢; and ¢, from this set.

Sets with 6 wavelengths had the lowest condition numbers,
k<4.7, while the lowest values for sets of 7 wavelengths were
rather invariant around £=5.15. The non-monotonic dependence
of lowest condition number on the number of wavelengths in the
set arises from two opposing trends. Increasing the number of
wavelengths in the set should generally decrease the condition
number, because it effectively increases the number of repe-
titions (averaging). On the other hand, if an added wavelength
does not improve the separation of individual components, the
condition number increases.

3.2.2. Kinetics of cyts c¢;, ¢ and c;, determined by the
simplified LS deconvolution based on small sets

The signal to noise ratio for the deconvolution of cyts ¢, and ¢,
was improved significantly by wavelength sets with low
condition number. Fig. 6 shows flash-induced kinetics of cyts
Ciop €1 and ¢,, determined by LS analysis from the kinetics of
absorbance changes measured with different sets of wavelengths.

AA (Relative units)

Ctot

Fig. 4. Noise levels in the kinetics of cyt ¢, P870", cyt bH, and cyt HL
determined by LS analysis, using the traditional wavelength set or subsets.
Random noise generated with uniform distribution on the interval (—0.05, 0.05)
was applied to each of the following wavelengths used for the LS analysis: 542,
551, 561 and 566 nm in panel A (4 wavelengths), 542, 551, 561, 566 and
569 nm in the panel B (5 wavelengths), 542, 551, 561, 566, and 575 nm in panel
C (5 wavelengths), 542, 551, 561, 566, 569 and 575 nm in panel D (6
wavelengths), and 36 wavelengths from 540 to 575 nm with 1 nm step in panel
E. Curves are shifted vertically to improve visibility. The standard deviation in
the measurement of cyt ¢,,,, P870, cyt bH, and cyt AL is equal to that of the
absorption measurements (assuming that the standard deviation of the
absorption changes is the same for each wavelength) multiplied by 1.16, 0.88,
1.55, and 1.49 in panel A, 1.33, 0.85, 2.73, and 4.42 in panel B, 1.34, 0.80, 1.66,
and 1.31 in panel C, 1.33, 0.78, 1.54, and 1.22 in panel D and 0.55, 0.29, 0.73,
and 0.62 in panel E, respectively.
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Fig. 5. The 10 smallest condition numbers of matrix (S” $)”'S for data sets
including 5, 6, and 7 wavelengths. The set 540, 548, 555, 563 and 568 nm has
lowest condition number (k=4.69) of all sets with 5 wavelengths. The set 540,
548, 555, 563, 569, and 575 nm has lowest condition number (k=4.55) from all
sets with 6 wavelengths. The set 540, 549, 554 556, 563, 566, and 570 nm has
lowest condition number (k=5.15) from all sets with 7 wavelengths.

These sets include one or two additional wavelengths, corres-
ponding closely to the largest differences in the cyts ¢; and ¢,
difference spectra. These new sets of wavelengths (panels A—E)
gave good descriptions of the c-type cytochromes, comparable to
those determined using the full set of wavelengths (panel F). Only
in panel D (with k=12.66) are the relative amplitudes of cyt ¢,
and ¢, substantially different from those in panel F.

For all the traces shown, the kinetics of cyt ¢ are slower than
those of cyt ¢,. Our deconvolution supports the conclusion of
Meinhardt and Crofts [7] that the fast component of cyt ¢
oxidation (at <50 ps) is contributed almost entirely by cyt ¢,
while the slow component mostly comes from cyt ¢;. The kinetics
of cyt ¢y have a delay ~ 50 ps, which reflects all processes leading
to the oxidation of cyt ¢; after P870 photooxidation [10].

The higher noise observed in panel E is mostly due to the
presence in the deconvolution of the noisy kinetics of absor-
bance changes at 575 nm, originating from the lower light
intensity due to high absorption of the complementary optical
filters used to block the actinic light.

3.2.3. Kinetics of P870 and cyts by, and b;, determined by LS
deconvolution with small wavelength sets

Fig. 7 shows the flash-induced kinetics of P870, cyts by; and
by in Rb. sphaeroides chromatophores determined for the same
wavelength sets as in Fig. 6. As before, these sets of wave-
lengths (panels A—E) gave excellent correspondence of the
kinetics of the P870 and b hemes with those determined using
the full set of 36 wavelengths (panel F). However, the noise
level for some deconvolutions is larger than for others (compare
heme by kinetics in panels A and B).

3.2.4. Error analysis of the LS deconvolution based on new,
minimal sets of wavelengths

Many different types of errors can affect the final LS decon-
volution. These include errors in measurement of the kinetics of
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Fig. 6. Flash-induced kinetics of cyts ¢, ¢; and ¢,, determined by LS analysis from the kinetics of absorbance changes measured at different sets of wavelength,
including 5 (A: 542, 548, 554, 561, 566), (B: 540, 548, 555, 563, 568), 6 (C: 542, 548, 554, 561, 566, 569), (D: 542, 548, 551, 561, 566, 569), (E: 540, 548, 555, 563,
569, 575) and 36 (F: from 540 to 575) different wavelengths. Condition numbers are 6.01 for set A, 4.69 for set B, 6.42 for set C, 12.66 for set D, 4.55 for set E, and
6.82 for set F. Chromatophores were suspended in 50 mM Tris—HCI buffer (pH 7.4) with 3 mM potassium ferrocyanide, 100 uM DAD, 2 mM NaCN, 25 uM CCCP,
5 uM gramicidin, 5 uM antimycin A. Kinetic traces at each wavelength are the average of 4 traces, with 15 s between measurements and were recorded with an

instrument response time of 70 us. The redox potential was 280+30 mV.
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Fig. 7. Flash-induced kinetics of P870, cyts bH, and AL, determined by LS analysis from the kinetics of absorbance changes measured at different sets of wavelength
used in Fig. 6, including 5 (A: 542, 548, 554, 561, 566), (B: 540, 548, 555, 563, 568), 6 (C: 542, 548, 554, 561, 566, 569), (D: 542, 548, 551, 561, 566, 569), (E: 540,
548, 555, 563, 569, 575) and 36 (F: from 540 to 575) different wavelengths. Conditions are as in Fig. 6.

absorbance changes at different wavelengths (signal to noise
ratio, spectral resolution and wavelength calibration), errors in
the reference spectra of individual components (e.g., Fig. 1), as
well as errors originating from inability to distinguish between
spectra of individual components (the matrices used in LS
analysis could be ill-conditioned, meaning that small changes in
the elements of the coefficient matrix cause large changes in the
solution). The latter can be estimated by calculating the con-
dition number. It also can be estimated by applying random noise
at each wavelength of the set and analyzing the noise appearing
in each individual component during LS deconvolution.

Fig. 8 shows the noise originating in all individual com-
ponents after LS deconvolution, using different sets of wave-
lengths. At each wavelength of a set, we generated random
noise on the interval (—0.1, 0.1), which was used as the input for
the deconvolution. One can see that the error (noise) depends
significantly on the set of wavelengths used. The smallest errors
were observed for 30 and 36 different wavelengths (Fig. 8K, L).
However, even in this case, one can see the extra noise in cyts ¢,
and ¢, reflecting their spectral similarity The noise level in cyts
¢y and ¢; is larger for smaller sets of wavelengths. For example,
for the classic set of wavelengths (previously used to obtain the
kinetics of ¢, Cyt by, cyt by and P870) the noise obliterates the
kinetics of cyts c¢; and ¢,, even though the other components are
resolvable (Fig. 8H). This is due to the ill-conditioned nature of
the matrix based on this set of wavelengths. All sets for which
we were able to recover the kinetics of cyt ¢; and cyt ¢, have
additional wavelengths, closely corresponding to the maximum
differences between the difference spectra of cyts ¢; and c,,
which are at 548 and 555 nm. There are many “minimal” sets of

5 wavelengths that allow deconvolution of the kinetics of all 5
components, i.e., successfully separating cyts ¢; and ¢, (Fig.
8B—-D). Many other sets of wavelengths also give comparable
errors of deconvolution of individual components, some of
which are shown in Fig. 8.
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Fig. 8. Noise levels (relative units) in the kinetics of cyt 5, cyt ¢;, P870", cyt bH,
and cyt bL determined by LS analysis. The random noise generated from
uniform distribution on the interval (—0.1, 0.1) was applied to each wavelength
of the set. Set A: 542, 551, 561, 566, and 569 nm (condition number, k=47.30);
Set B: 542, 548, 554, 561, and 566 nm (k=6.01); Set C: 542, 548, 555, 561, and
566 nm (k=5.74); Set D: 540, 548, 555, 563, and 568 nm (k=4.69); Set E: 542,
548, 554, 561, 566, and 569 nm (k=6.42); Set F: 542, 548, 551, 561, 566, and
569 nm (k=12.66); Set G: 540, 548, 555, 563, 569, and 575 nm (k=4.55); Set H:
542,551,561, 566, 569, and 575 nm (k=15.03); Set I: 540, 549, 555, 562, 568,
and 570 nm (k=4.94); Set J: 540, 549, 554, 556, 563, 566, and 570 nm
(k=5.15); Set K: 30 wavelengths from 540 to 569 nm (k=6.74); Set L: 36
wavelengths from 540 to 575 nm (k=6.82); Set M: 542, 548, 551, 554, 561, and
566 nm (k=7.57); curves are shifted vertically for better visibility.
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Fig. 9. Flash-induced absorption changes at five (542, 548, 554, 561, and
566 nm; set B in Fig. 8) and six (542, 548, 551, 554, 561, and 566 nm; set M in
Fig. 8) different wavelengths together with the differences between measured
and predicted changes (shown at the zero level of each curve). Conditions are as
in Fig. 2.

Altogether, Fig. 8 indicates that for all analyzed data sets the
spectral deconvolution of cyts ¢; and ¢, has the largest uncer-
tainty and the noise level in determination of ¢ is always less
than the noise levels in cyts ¢; and ¢,. Fig. 8 also indicates that
the noise in individual components can be larger even when
condition number is smaller. For example, the condition
number in the panel D (k=4.69) is smaller than that in the
panel E (k=6.42). Nevertheless, the noise level in cyts by and
by in panel E is smaller than in the panel D. This is due to the
fact that condition number reflects the quality of the
deconvolution in terms of the worst-case component. Thus,
the larger value of the condition number in the panel E is due to
the greater sensitivity of the cyt ¢; deconvolution, not cyt by, to
the perturbations.

Fig. 9 shows flash-induced absorption changes at five and
six different wavelengths together with the differences between
measured and deconvolved changes for each individual wave-
length. The small magnitude of these differences indicates that

the spectra used in the deconvolution can be fitted well to the
observed absorption changes. Only two typical examples are
shown, but we conclude that several sets of 5 and 6 carefully
chosen wavelengths can be used successfully for the LS
deconvolution.

4. Discussion

4.1. LS analysis based on small sets of wavelengths is superior
to the traditional DW approach

Recently, we compared the kinetics of individual compo-
nents determined by the traditional DW approach with the
results of LS deconvolution [10,11], and found that in certain
cases the DW approach was unreliable in extracting accurate
kinetic traces for individual components. This failure originates
from the inability of the DW method to deal with spectral
interference of different components, and it is especially at risk
in the separation of the kinetics of cyts ¢; and ¢,, and resolution
of the kinetics of cyt by.

In our original approach [11], we used LS analysis based on
the kinetic traces for 36 wavelengths equally spaced over the
range between 540 and 575 nm. While providing a high degree
of accuracy (partially because of the large number of measure-
ments), this approach demands significant time, making the
analysis impractical for routine experiments.

Here, we considered a simplified LS approach based on
smaller sets of wavelengths. The LS method inherently takes
into account the spectral interference between different compo-
nents, but it also allows a substantial decrease in the number of
wavelengths needed for kinetic measurements (minimally 5 in
LS analysis versus 9 in the DW method). Notably, the quality of
this simplified LS approach is similar to that for the LS analysis
based on the full set of 36 wavelengths. Such simplified LS
analysis allows recovery of all the main components of the cyclic
electron transport in chromatophores from a minimal number of
wavelengths. It is at least as simple as the traditional DW
approach, is accurate and highly robust, and can be performed
using simple spreadsheet software (see Section 4.3 below).
Thus, the simplified LS analysis provides a substantial improve-
ment on the traditional DW method.

4.2. Coefficients for calculating the kinetics of 4 individual
components for traditional set of wavelengths

Because of the difficulty of separating the two c-type cyto-
chromes, a substantial amount of work in the literature refers
only to 4 components, with cyt ¢; +cyt ¢, combined as cyt ¢
Therefore, we briefly consider the impact of LS analysis on the
kinetic resolution of these 4 components, with special attention
to set of 6 traditional wavelengths used in most previous DW
work. The more complete case of 5 components is considered in
Section 4.3 below.

Once a set of wavelengths for LS analysis has been specified,
one can calculate coefficients needed to describe the kinetics of
individual components in situ from the kinetics measured at
each wavelength of the set. These coefficients already take into
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Table 1

Coefficients needed to restore the concentrations (mM) of individual
components in Rb. sphaeroides chromatophores from measurements of
absorbance changes at 6 “traditional” wavelengths

Table 3

Coefficients for 6 different wavelengths (panel I in Fig. 8) needed to restore the
concentration (in mM) of individual components in Rb. sphaeroides
chromatophores, calculated from spectra of individual components

542 551 561 566 569 575 540 549 555 562 568 570
Cyt Cior —0.88 0.98 —-0.14 0.08 —0.03 0.01 Cyt ¢ 0.43 —0.80 1.56 —0.55 —-0.27 —0.49
P870 0.76 0.05 0.04 0.03 0.12 0.07 Cyt ¢; —1.43 1.52 -1.03 0.29 0.53 0.14
Cyt by —0.71 0.14 1.13 —0.37 —0.47 0.47 P870 0.73 0.16 —0.05 0.07 —0.09 0.28
Cyt by, 0.01 0.02 -0.32 0.68 0.36 -0.89 Cyt by -0.13 0.10 —0.16 1.16 —0.63 -0.38
Cyt b —1.01 —0.18 0.66 —-0.33 1.06 0.03

account the spectral interference of all components included in
the analysis. It is clear that to determine the kinetics of four
components (P870, cyt ¢y, cyt by and cyt byy) the number of
the wavelengths in the set should be at least 4. However, we
found that the kinetics of individual components determined
from a subset of 4 “traditional” wavelengths deviate signifi-
cantly from curves obtained with more complete LS analysis at
36 wavelengths.

Table 1 gives the coefficients to be used to determine the
kinetics of the individual components (P870", cyt cior, Cyt by,
and cyt by) in chromatophores using the 6 “traditional”
wavelengths. With this set, the results of LS deconvolution
can be compared directly with the traditional DW approach for
the same data sets. The values in Table 1 depend only on the
static spectra of the individual components shown in Fig. 1 and
do not depend on the flash-induced kinetics of measured absor-
bance changes. These coefficients can be used to determine the
time dependence of individual components. For example, the
concentration of P870" at time T can be restored from individual
traces measured at these wavelengths at time 7 as follows:

Cyt cior(1) = —0.88A4545(7)
+ 0.98AA55] (T)_0.14AA561 (T)
+ 0.08AA566(T)_0.03AA569(T)
+ 0.01AA575 (‘L’) (6)

The coefficients in Table 1 allow re-evaluation of existing
data taken at these wavelengths, taking into account the spectral
interference of individual components. Comparing the results
based on DW and LS analyses can provide insight into the effect
of spectral interference. The coefficients also can be used to
characterize individual components of the bc; complex using
data sets for chromatophores obtained previously from wild type
and mutant cells, as long as the latter do not involve changes in
reference spectra.

Table 2

Coefficients for 5 different wavelengths (panel C in Fig. 8), needed to restore the
concentrations (mM) of individual components in Rb. sphaeroides
chromatophores

542 548 555 561 566
Cyt ¢ 0.29 -0.97 1.65 —-0.39 —0.57
Cyt e, —1.65 1.92 -0.99 0.13 0.54
P870 0.86 0.05 —0.03 0.03 0.12
Cyt by —0.49 0.17 —-0.10 1.24 —-0.78
Cyt b —0.76 —0.04 0.47 —0.48 0.99

4.3. Coefficients for determining the kinetics of all 5 individual
components with new wavelength sets

Our attempts to use only the “traditional” (542, 551, 561, 566,
569, and 575 nm) wavelengths (see above) for extracting
kinetics of cyts c¢; and ¢, using simplified LS analysis were
unsuccessful (see panel H in Fig. 8). However, the deconvolu-
tion of cyts ¢; and ¢, was improved significantly with new sets
that included one or two wavelengths, corresponding to the
largest differences in the cyts ¢; and ¢, spectra (548 and 555 nm).
The best additional wavelengths were found by estimating the
condition numbers (Fig. 5). The chosen wavelength sets give
good differentiation between cyts ¢; and c¢,, with reasonable
error.

Tables 2 and 3 give coefficients that can be used to determine
the kinetics of a// 5 individual electron carriers using new sets of
wavelengths. Only the smallest sets that give good differenti-
ation between cyts c¢; and c,, with reasonable error, are shown
here. These tables provide the simplest sets that take into
account possible spectral interference between all individual
components.

These tables can be used to determine kinetics of individual
components similar to that given by Eq. (6), using simple
spreadsheet software.

An obvious caveat is that wavelengths sets providing maxi-
mal difference between components may often involve measure-
ments on the steep part of an absorbance curve. It is therefore
essential that the monochromator calibration and bandwidth
agree with the basis spectra used here to ensure that the coef-
ficients of Tables 1-3 are appropriate.

4.4. Comparison of the kinetics of individual components
obtained by LS and DW approaches

It is important to recognize that the number of wavelengths,
the choice of wavelengths and how they are used (LS vs. DW)
are all important for proper deconvolution. The main difference
between the DW and LS approaches is the use of the balance
Egs. (1) and (2) in the LS approach and its omission in the DW
approach.

Table 4 compares the results of LS and DW analyses and
summarizes conditions where the DW method is most prone to
error. Substantial differences are seen in the kinetics of indi-
vidual components measured by DW and LS approaches. Inac-
curacies in previous determinations of the kinetics of individual
components call for reevaluation of some quantitative properties
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Table 4
Summary of differences in the kinetics of individual components between LS
and DW approaches

Component LS deconvolution in comparison to DW approach

by heme Generally, a good correspondence between LS and DW ap-
proaches is observed, but significant differences between LS and
DW kinetics can be observed in experiments where changes of cyt
by are small. These include the following frequently employed
conditions:

(a) During the initial lag and early onset kinetics of cyt by
reduction, the concentration changes are small, and contributions
from cyt ¢y, P870 and residual electrochromic changes can
significantly modify the measured kinetics [11].

(b) When by is reduced by multiple flashes in the presence of
antimycin, the first flash induces almost complete cyt by
reduction, and subsequent flashes cause only small changes of
cyt by. Therefore, the relative contribution from uncompensated
components increases, leading to a greater distortion of the cyt by
kinetics in the second and later flashes in the DW approach [11];
(c) The reduction of cyt by via the Qi site in the presence of
inhibitors of the Qo site is usually small at pH <8 [28,29], and
distortion due to input from other components can be significant.
Cyt by, is the most difficult component to measure by both LS and
DW approaches, because its reduction is small in most
experiments. Correspondence is generally poor but can be
improved by additional ad hoc compensation in the DW
approach for components other than cyt by [11].

LS analysis provides significant improvement in the measurement
of by heme [11].

If the published wavelength pairs [7] are used, the kinetics of flash-
induced cyt ¢; oxidation determined by the LS approach are
slower than those determined by the DW approach for the same
data set (halftime ~235 ps compared to ~ 120 ps in the presence
of antimycin). In addition, the delay of ~50 us in the kinetics of
cyt ¢, oxidation, seen using the LS approach, is masked in DW
approach [10].

The correspondence between LS and DW for fast time scales is
good if, in the latter, care is taken to match reference spectra and
wavelengths calibration. However, even in this case a considerable
difference between LS and DW approaches is observed for longer
times (>0.5 ms), due to interference from cyt » in DW
measurements.

LS analysis therefore provides a significant improvement in
measurement of cyt ¢; both for fast and slow time scales [10].
LS and DW approaches show generally good correspondence for
short times [10].

A considerable difference at longer times (>0.5 ms) is due to
interference from cyt b in DW measurements, as for cyt c;.

LS analysis provides significant improvement in measurement of
cyt ¢;.

P870 Good correspondence is usually observed between LS and DW
approaches [11]. Under unusual circumstances, such as in the case
of cyt ¢, superproducing mutant, the difference between DW and
LS can be significant.

Good correspondence between DW and LS analyses is usually
observed [10,11]. Some differences between LS and DW analyses
can be seen for times >0.5 ms due to the interference with cyt b in
the DW approach.

by heme

cyt ¢

cyt ¢

CYt Ciot

of the bc; complex (halftimes, amplitudes, delays, etc.), espe-
cially under conditions when changes of the species of interest
are relatively small and other components, with weaker absor-
bance at the same wavelengths used, can contribute significant-
ly. These are conditions that will often be necessary for further
exploration of the mechanism of the bc; complex.

The DW approach has been the de facto method of spectral
and kinetic analysis in the development and testing of the Q-
cycle mechanism of the bc; complex. However, the DW
approach can significantly distort the kinetics of individual
components due to its neglect of absorbance changes of other
components present in the system and its poor capability to
separate absorbance changes of components with overlapping
spectral bands [10,11]. This raises the question whether the LS
analysis undermines any of the previous evidence in favor of the
Q-cycle. Detailed comparison of the kinetics of individual com-
ponents obtained by DW and LS analyses has been provided
previously for cyt » hemes [11] and for cyt ¢; [10]. Both the full
LS analysis described earlier [10,11], and the simplified LS
analysis presented here, indicate that the previously determined
kinetics of individual components are in qualitative correspon-
dence with the expectations of the Q-cycle. We conclude from
this that none of the basic features of Q-cycle mechanism are
called into question by the improved kinetic resolution provided
by the LS approach.

However, the comparison of Table 4 emphasizes the need for
better resolution of individual components to make further pro-
gress in understanding the function of the cyt bc; complex. An
additional need in the chromatophore system is to incorporate
corrections for electrochromic changes from carotenoids and to
allow an extension of the LS analysis to coupled conditions,
when these non-linear changes in the light-harvesting pigments
further complicate the spectrum [18,29].

4.5. Applicability of the approach to the analysis of kinetics of
bc; complex from different sources

To take into account overlapping of absorbance bands we
have used a standard LS approach (sometimes called “classical
least squares”). In the present paper, we have explored a
simplified LS analysis based on small sets of wavelengths. The
application depends on knowledge of the difference spectra of
the individual components, in this case the spectra of P870, by,
by, cyt ¢; and cyt ¢q in Rb. sphaeroides. In other bc; complexes,
the spectra of by and by; hemes will show variation from those
measured in this work. Use of the simplified LS analysis in other
organisms will require acquisition of similar reference spectra,
for example in applications using Rb. capsulatus, also frequently
employed in bioenergetics studies [30,31], in mitochondrial
complexes from different species, and in oxygenic photosyn-
thesis, where the b6f complex has a similar mechanism but
different component spectra.

Without resolution of the kinetics of the separate components
ofthe bcy complex, especially the b-hemes, detailed mechanistic
analysis is, obviously, not possible. For the purple bacteria, the
spectral separation of hc; components has been attempted in
considerable detail using different protocols, generally with
significant success. Even here, however, the simplified LS
analysis presents a significant improvement over the DW
method. In other systems, most notably the mitochondrial bc,
complexes, the methods of spectral separation are significantly
less evolved and the LS approach should provide a substantial
advantage, well worth the effort of developing the high quality of
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component spectra needed to apply it. The simplified LS
approach based on small numbers of carefully chosen wave-
lengths could obviously be applied to the study other complex
cytochrome systems.
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