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Abstract

The transient electron transfer (ET) interactions between cytochrome c1 of the bc1-complex from Paracoccus denitrificans and its physiological
redox partners cytochrome c552 and cytochrome c550 have been characterized functionally by stopped-flow spectroscopy. Two different soluble
fragments of cytochrome c1 were generated and used together with a soluble cytochrome c552 module as a model system for interprotein ET reactions.
Both c1 fragments lack the membrane anchor; the c1 core fragment (c1CF) consists of only the hydrophilic heme-carrying domain, whereas the c1
acidic fragment (c1AF) additionally contains the acidic domain unique to P. denitrificans. In order to determine the ionic strength dependencies of the
ET rate constants, an optimized stopped-flow protocol was developed to overcome problems of spectral overlap, heme autoxidation and the prevalent
non-pseudo first order conditions. Cytochrome c1 reveals fast bimolecular rate constants (107 to 108 M−1 s−1) for the ET reaction with its
physiological substrates c552 and c550, thus approaching the limit of a diffusion-controlled process, with 2 to 3 effective charges of opposite sign
contributing to these interactions. No direct involvement of the N-terminal acidic c1-domain in electrostatically attracting its substrates could be
detected. However, a slight preference for cytochrome c550 over c552 reacting with cyochrome c1 was found and attributed to the different functions
of both cytochromes in the respiratory chain of P. denitrificans.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The cytochrome bc1-complex (ubiquinol: cytochrome c redu-
ctase, EC 1.10.2.2) is an essential component of the respiratory
chain of prokaryotes and eukaryotes [1,2]. As a multisubunit
integral membrane metalloprotein it catalyzes electron transfer
(ET) from ubiquinol to cytochrome c. This reaction is coupled
Abbreviations: c1CF, soluble cytochrome c1 core fragment from Paracoccus
denitrificans; c1AF, soluble cytochrome c1 acidic fragment from Paracoccus
denitrificans; c552F, soluble cytochrome c552 fragment from Paracoccus
denitrificans; c550, soluble cytochrome c550 from Paracoccus denitrificans;
chh, horse heart cytochrome c; c551Pa, cytochrome c551 from Pseudomonas
aeruginosa; ET, electron transfer
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to proton translocation across the membrane by the Q-cycle
mechanism [3–7] and the generated electrochemical gradient is
used by the ATP synthase to drive ADP phosphorylation. X-ray
structures of several bc1-complexes have been solved [1,8–12]
and allow insight into their structural composition and funtional
aspects. While bc1-complexes of eukaryotes consist of up to 11
different subunits, the composition of prokaryotic bc1-complexes
is much simpler and restricted to the essential catalytic poly-
peptides. The bc1-complex of the gram-negative, metabolically
flexible soil bacterium Paracoccus denitrificans comprises
solely the three redox-active subunits encoded in the fbcFBC-
operon [13]. Its Rieske iron sulfur protein (ISP) consists of 190
amino acids and carries a [2Fe–2S] cluster. FbcB encodes
cytochrome b, a 440 amino acid polypeptide housing hemes
bL and bH. Cytochrome c1, the fbcC gene product, is a poly-
peptide of 450 amino acids carrying a covalently attached
c-type heme. According to hydrophathy and sequence analysis
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Fig. 1. Structure of the fbc operon from Paracoccus denitrificans [13], its
translation products and the soluble c1CF and c1AF domains studied in this
investigation (not drawn to scale).
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[13] cytochrome c1 exhibits a tripartite domain structure: a
C-terminal membrane anchor, a periplasmically oriented
core domain liganding the c-type heme group, and a unique
N-terminal, acidic domain of 150 amino acids showing a
remarkable amino acid composition, with around 40% acidic
residues, 40% alanines and 18% prolines, lacking any basic
amino acids [13,14]. It is thus reminiscent of the small acidic
subunits of eukaryotic bc1-complexes associated with the c1
subunits [15–18] such as the hinge protein of the bovine bc1-
complex [19] or subunit 6 of the yeast complex [11], which
are proposed to participate in the interaction between cyto-
chrome c1 and cytochrome c due to their highly negative
surface charge [20,21].

Cytochrome c552 is the genuine electron mediator between
the bc1-complex and cytochrome aa3-oxidase as demon-
strated by functional studies using anti-c552 antibodies or
c552 deletion strains to block ET between complex III and IV
[22]. Under certain solubilization conditions supercomplexes
containing cytochrome c552, the bc1-complex and cytochrome c
oxidase [23,24] as well as complex I [25] could be isolated
showing high ET rates. The cycM gene coding for cytochrome
c552 has been cloned and sequenced [22]. Cytochrome c552 is a
176 amino acid membrane-bound c-type cytochrome also
comprising a tripartite domain structure derived from sequence
analysis [22]: The N-terminal membrane anchor is followed by a
hydrophilic, flexible, negatively charged linker region and a C-
terminal, hydrophilic domain housing the covalently attached
heme. The latter domain of 100 amino acids has been cloned
and expressed in E. coli [26]. Its three-dimensional structure has
been solved by X-ray crystallography [27] as well as multi-
dimensional heteronuclear NMR spectroscopy [28–30] for both
redox states, and its interactions with the soluble CuA-fragment
of cytochrome aa3-oxidase have been studied [31]. Even
though it has a slightly acidic isoelectric point, it closely
resembles the mitochondrial cytochrome c in its overall
structure and surface charge distribution around the heme cre-
vice, where a total of 9 lysine residues are thought to mainly
govern the interaction with cytochrome c-oxidase [32].

An alternative electron acceptor of the P. denitrificans bc1-
complex is the soluble cytochrome c550 functioning as electron
mediator in several respiratory pathways such as denitrification
[33,34], methanol andmethylamine oxidation [35,36] and acting
as electron donor for the cbb3-and aa3-oxidases [37].

In the study of transient interactions of redox proteins func-
tional approaches have been undertaken in the past revealing a
strong electrostatic component [38]. In the cytochrome c1/cyto-
chrome c couple, conserved lysine residues surrounding the
heme crevice of cytochrome c interacting with acidic residues
of cytochrome c1 were identified [21,39–42]. Soluble fragments
of redox proteins have been used successfully to characterize
ET reactions between redox partners [32,43–47]. In contrast to
this, structural determinations of different redox complexes
revealed small compact contact sites, where direct contacts are
mainly mediated by hydrophobic interactions [31,48–50]. The
reaction interfaces of transient electron transfer complexes, in-
cluding P. denitrificans amicyanin-cytochrome c551 [51,52]
and amicyanin:methylamine-dehydrogenase [53] as well as
yeast bc1:cytochrome c [39,50], cytochrome c-peroxidase:cyto-
chrome c [48,54] and Rhodobacter cytochrome c2:reaction
center [49,55], have been described by functional, structural and
computational studies [56] showing a small contact site of low
atomic packing, mainly consisting of apolar residues engaging in
direct hydrophobic contacts. This area is surrounded by patches
of charged residues at the periphery – complementary charged
for interacting redox partners – which are responsible for fast
electrostatic association and pre-orientation of the redox partners
yielding an encounter complex, followed by hydrophobic fine
tuning yielding the active ET-complex.

Herewe report a functional approach to determine the transient
ET interactions of cytochrome c1 of the bc1-complex of
P. denitrificanswith its physiological redox partners using soluble
fragments as a model system.We show that the ET reaction yields
very fast apparent bimolecular rate constants (107 to 108 M−1s−1)
and approaches the limit of a diffusion-controlled process, with 2
to 3 charges contributing to the interaction.

2. Materials and methods

2.1. Cloning, expression and purification procedures

In order to clone the soluble cytochrome c1 core (c1CF) and the acidic
fragments (c1AF), the complete fbc operon was subcloned into StuI/NcoI
restricted pSelect. The fbc operon from Paracoccus denitrificans is depicted in
Fig. 1 along with the translation products used in this study. After digestion with
SfiI/HindIII a 3515 bp fragment was obtained from the pSelect construct that
served as template for the subsequent PCR, which introduced a restriction site
for NcoI and HindIII using the following primers (mutagenic sequences in bold)
cytc1_HindIII: 5′-CAC CGA GAC GAA AGG CTT TCA CTT GCG ATC
CAT CAT CTT-3′, cytc1(c1CF)_NcoI:5′-ACGAAG CCGCCATGGATC ATG
GCG ACG CGG CCC GCT C-3′ and cytc1(c1AF)_NcoI: 5′-CAG GCG GCG
CCC CAATGG ACG CAA GCA CCG CGC CCG GCA CGA CG-3′.

The amplified PCR fragments – 669 bp (c1CF) and 1170 bp (c1AF) – were
cloned via NcoI/HindIII into pET-22b(+) (Novagen), a T7-based IPTG-inducible
expression plasmid specifying the pelB-leader signal sequence for direction of
the apoprotein to the periplasm for heme incorporation.

For cloning of the soluble cytochrome c550, pUC19-cycA [57,58] was used
as starting vector, carrying the cycA-gene encoding the entire c550.

pUC19-cycA served as template for the following PCR using the primers
cytc550_NcoI: 5′-CTG CCC GCC ATG GCC CAG GAT GGC GAC GCC
GCC AAA-3′ and cytc550_HindIII: 5′-ATC TCG GAG GCG AAG CTT TCA
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GTT CGATTC GCC CTC GGC-3′, which introduced a NcoI and HindIII site
and yielded a 300 bp-product, which was cloned into pET-22b(+). Expression
plasmids were transformed into E. coli BL21(DE3) (Novagen). Cotransforma-
tion with the heme maturation plasmid pEC86 [59] achieved efficient insertion
of the heme cofactor into the apoproteins. Cells were grown at 37 °C in LB
medium containing 100 μg/ml ampicillin and 60 μg/ml chloramphenicol.

Heterologous expression of c1CF and c1AF was induced by 0.4 mM isopropyl-
1-thio-β-D-galactopyranoside (IPTG) at an OD600 of 1.2–1.4. After 4 h the
reddish cells were harvested and the periplasmic fraction prepared [60], followed
by purification of cytochromes at 4 °C via anion exchange chromatography using
Q-Sepharose (Amersham Bioscience) in 50 mM Tris–HCl buffer pH 8, 1 mM
EDTA, 50 mM NaCl (gradients: 50–500 mM NaCl for c1CF and 350 mM–1 M
for c1AF) and gel filtration using Sephacryl S100 (Amersham Bioscience) in
50 mM Tris–HCl pH 8, 1 mM EDTA, 150 mM NaCl. Eluates and purification
steps were analyzed by SDS-PAGE, heme staining and Western blot analysis
(data not shown). The proteins displayed heme–protein ratios very close to 1 and
the 695 nm charged-transfer band typical of c-type cytochromes with His–Met
iron coordination, an indication that the hememoiety was properly inserted in the
recombinant proteins.

Cytochrome c550 was expressed constitutively at 37 °C. Cells were har-
vested at an OD550 of around 3 and the protein was purified from the periplasm
via anion exchange chromatography using Q-Sepharose (gradient: 50–350 mM
NaCl) and gel filtration. The soluble cytochrome c552 fragment (c552F) was
expressed and purified as described by Reincke et al. [26].

Cytochrome concentrationswere determined spectroscopically using the same
extinction coefficient for all cytochromesΔɛred-ox, α-peak=19.4 mM−1 cm−1 [22].

2.2. Difference spectra

Since cytochromes c1 and c552 are spectroscopically very similar (Fig. 2) it
was necessary to determine optimal wavelengths to follow the interprotein ET
processes. Difference spectra using double sector cuvettes (DSC) were therefore
recorded, the peaks and troughs of these spectra in the Soret and α-regions
yielding detection wavelengths with minimal overlap and maximal resulting
signal amplitude. The cytochromes were introduced in either sector of the DSC,
with one cytochrome completely reduced (obtained by using N2-flushed Tris
Fig. 2. Absorption spectra of c552F and c1CF. From left to right oxidized c552F and
c1CF and reduced c552F and c1CF, respectively. The spectra have been generated
from the extinction coefficients of 22.83 mM−1 cm−1 (reduced-minus-oxidized at
553–537 nm) for c1CF and of 21.16 mM−1 cm−1 (reduced-minus-oxidized at 551-
535 nm) for c552F, both determined by the pyridine–hemochrome method. Inset.
Double sector cuvette difference spectrum (after-minus-before mixing) of 3.05 μM
ferro-c1CF vs. 3.04 μM ferri-c552F (top spectrum) or 1.50 μM ferro-c1CF vs. 2.6 μM
ferri-c550. In both cases proteins were dissolved in 20 mM Tris–HCl pH 8, 1 mM
EDTA. T=20 °C. 0.7 ml of protein solution was added to both chambers of the
double sector cuvette. Light path: 0.8 cm. See Methods for details.
buffer 20 mM pH 8 and pre-reduction of the cytochrome with dithionite,
followed by Sephadex G25-chromatography to remove the excess reductant)
and the other redox partner oxidized. A “before-mixing” (bm) and an “after-
mixing” (am) spectrum were recorded (375–700 nm) and the difference spec-
trum generated by subtraction (am−bm). The DSC difference spectrum for the
c1CF/c552F and c1CF/c550 couples is shown in the inset to Fig. 2. In the Soret
region the spectrum shows a peak and trough at 412 and 426.4 nm, respectively.
These wavelengths were chosen to follow the ET reaction. Optimal wavelengths
were determined for all the redox couples and yielded similar difference spectra.

2.3. Stopped-flow spectroscopy

All kinetic experiments were carried out using a thermostatted Applied
Photophysics stopped-flow apparatus (Leatherhead, UK) with a 1-cm observa-
tion chamber. Tris buffer (20 mM Tris–HCl pH 8, 1 mM EDTA) was used with
the ionic strength adjusted by adding the appropriate amounts of KCl. All
buffers and cytochrome solutions were flushed with nitrogen for 30 min to
achieve anaerobic conditions to minimize autoxidation of the heme irons.
Cytochrome c1 fragments were pre-reduced with an excess of dithionite and
passed over a Sephadex G25 column at 4 °C to remove the excess reductant.
This is referred to as the dithionite protocol. Cytochrome c552F, c550 and c551
from Pseudomonas aeruginosa (c551 Pa) were diluted in N2-flushed Tris buffer.
The pre-steady state kinetics at fixed ionic strength were performed at I=46 mM
and 4.7 °C to slow down the ET reaction. All syringes were stored on ice before
use and the solutions were equilibrated in the stopped-flow apparatus for 3 min
before the measurements. Cytochrome c552F (or c550 and c551 Pa) concentration
was varied (1–10 μM) and measured against constant c1 concentration (typi-
cally 3–5 μM; all concentrations are after mixing). The ET reaction was
followed at a suitable wavelength as determined by DSC difference spectra (see
above). Three to four kinetic traces were acquired for each individual condition,
averaged and fitted to exponential functions to obtain the observed rate constants
kobs (see below). The apparent bimolecular rate constant was determined by
linear regression of the observed rate constants as a function of the c552F (or c550
and c551 Pa) concentrations.

Ionic strength measurements were performed with concentrations of cyto-
chrome c1CF comparable to its redox partners cytochrome c552F and c550. The
cytochromes were diluted in Tris buffer (20 mM Tris–HCl pH 8, 1 mM EDTA;
I=26 mM) and cytochrome c1CF was pre-reduced as described above. The ionic
strength was varied from 26 to 176 mM by addition of the appropriate amount of
solid KCl. Measurements were carried out at 4.8 °C and followed at 412 nm and
410 nm. Four kinetic traces per salt condition were averaged. The ionic strength
dependency of the observed rate constants was analysed according to the Brøn-
sted law [61], shown in Eq. 1:

log k ¼ log k0 þ 2B zAzB
ffiffi
I

p
ð1Þ

where k is the observed rate constant at ionic strength I, k0 is the rate constant at
I=0, B is a term derived from Debye–Hückel equations with a value of ∼0.5 at
5 °C and the product zAzB the ET-sensitive effective interacting charges on the
protein surfaces.

The above experiments were complicated by the spontaneous autoxidation of
the cytochrome c1 fragments (10% by the end of the experiments lasting 2–3 h),
notwithstanding all solutions were carefully N2-flushed. One set of experiments
was therefore carried out according to the ascorbate protocol established for the
P. denitrificans and Thermus thermophilus cytochrome c552/CuA redox couple
interaction [45]. In this protocol c1CF is pre-reduced by ascorbate directly in the
stopped-flow syringe and mixed with c552F. To ensure that ascorbate would not
interfer with the ET reaction of interest, the second-order rate constant for the
reduction of c1CF by ascorbate was determined. The experiment was carried out
in Tris buffer at 4.8 °C and an ionic strength of I=46 mM. c1CF concentration
was kept constant (1.45 μM), with the ascorbate concentration being varied
between 0.5 and 2.5 mM. The kinetics were monitored at 420 nm on a time scale
of 200 s. Averaged time courses were fitted to an exponential function and yielded
observed rate constants of 3.7×10−3 to 9.3×10−3 s−1 as ascorbate concentration
was increased from 0.5 to 2.5mM. Linear regression of the pseudo-first order plot
yielded an apparent bimolecular rate constant of 2.5M−1 s−1, which is 6 orders of
magnitude slower than the ET reaction of interest (see Results). The ascorbate
reduction of c1CF and c1AF turned out to be even slower than ascorbate reduction
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of the soluble Paracoccus c552F with an apparent bimolecular rate constant of
60 M−1s−1 [45]. Using this protocol the apparent second-order rate constant for
the c1CF/c552F interaction was determined as a function of ionic strength in the
range of 68–318 mM. Cytochrome c1CF (3.8 μM) in N2-flushed Tris buffer
(10 mMTris–HCl pH 8, 1 mMEDTA, 50 mMKCl) was pre-reduced with 1 mM
ascorbate for at least 15 min in the stopped-flow syringe and mixed with c552F
whose concentration was varied (1–20 μM). Kinetics were performed at 10 °C
and monitored at 424.6 nm.

2.4. Fitting procedures

In these experiments true pseudo-first order conditions could not be achieved
and the concentrations of each redox couple was comparable (see above). There
are three reasons for this choice. i) all the c-type cytochromes used in this study
obviously share very similar spectra, yielding difference spectra with sharp peaks
and troughs with low extinction changes (see Fig. 2); ii) the absolute absorbance
in the Soret region was already very high under the present experimental con-
ditions (typically 1–2 or higher absorbance units) and the α-band displayed
extremely small changes; if true pseudo-first order conditionswere to be used, we
would have experienced saturation effects of the photomultiplier tube and
deviations from Lambert–Beer's law; and iii) the observed ET processes are
close to the time resolution of the stopped-flow apparatus (dead time ca. 1 ms).
Data fitting was therefore performed by using equations for the analysis of
bimolecular reactions under second-order conditions [62], Eq. 2:

A ¼ A0 þ AEQ
1� e�kOBS t

1þ x e�kOBS t
ð2Þ

where A, A0 and AEQ are the observed absorbances at time t, t =0, and at
equilibrium, respectively, kOBS the observed rate constant and ω a dimensionless
parameter describing the deviation of the experimental conditions from pseudo-
first order (−1bωb1, with ω=0 when true pseudo-first order conditions apply).
The dependence of the observed rate constant of ferrous c1CF oxidation on c552F
concentration was fitted to Eq. 3 [62]:

kOBS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2FOR c1 � cð Þ2þ4kFORkREVc1c

q
ð3Þ

where kFOR and kREVare the forward and reverse second order rate constants and
c1 and c the total c1CF and c552F concentrations, respectively. Data fitting was
carried out by using the Origin 7.5 (OriginLab Corporation) software. The
standard deviation of the fitted parameters never exceeded 10–15% unless
otherwise stated.
3. Results

Soluble modules of redox protein complexes of the respi-
ratory chain have been successfully used before to elucidate
electron transport mechanisms [32,43–47,63]. In such experi-
ments no detergents are required and only the ET reaction of
interest is followed, avoiding kinetic interference by subsequent
internal ET or energy transduction steps. The most likely
mechanism for the interaction of these proteins is depicted in
Scheme I:

c2þ1 þ c3þ⇌
kFOR

kREV
c3þ1 þ c2þ

where c1 represents either c1CF and c1AF and c the c552F fragment
or soluble cytochrome c550 from Paracoccus denitrificans, horse
heart cytochrome c (chh) or cytochrome c551 from Pseudomonas
aeruginosa (c551Pa). kFOR and kREV are the second order rate
constants. In this work we focus on the ET reaction of
P. denitrificans cytochrome c1 with its physiological and non-
physiological redox partners to address the following issues:
i) what general features characterize the ET between cytochrome
c1 and its substrates?, ii) is there a specificity or preference of c1
for one of the twomajor physiological redox partners, cytochrome
c552 or c550?, iii) in what way does the unique N-terminal acidic
domain of the P. denitrificans cytochrome c1 influence the ET
reactions?

3.1. Cloning, expression and purification of soluble ET
fragments

Two different soluble fragments of the P. denitrificans cyto-
chrome c1 were cloned (Fig. 1): the 23.5 kDa c1 core fragment
(c1CF), which only consists of the hydrophilic, redox-active
heme-containing core domain and lacks the N-terminal acidic
domain as well as the C-terminal membrane anchor. This core
fragment represents the minimal functional redox unit of cyto-
chrome c1. The soluble 40.7 kDa cytochrome c1 acidic fragment
(c1AF) lacks the C-terminal membrane anchor as well, but
comprises in addition the unique, highly negatively charged,
acidic domain of 150 amino acids.

As physiological redox partners of P. denitrificans cyto-
chrome c1, cytochrome c550 and a soluble fragment of cyto-
chrome c552 (c552F) were used. Cytochrome c550 is a small
soluble cytochrome of 14 kDa and has been shown to play a
major role in the respiratory pathways of denitrification [33,34],
methanol oxidation and methylamine oxidation [35,36], but
also to transfer electrons to the terminal cytochrome aa3- and
cbb3-oxidases [37,58,64]. Cytochrome c552 is a membrane-
bound cytochrome of 22 kDa. A cytochrome c552 mediated ET
between the bc1-complex and the aa3 oxidase was confirmed
by several studies on different supercomplexes containing the
bc1-complex, cytochrome c552, aa3-oxidase [23,24] and addi-
tionally complex I [25], as well as functional studies using
antibodies against purified c552 and mutational studies working
with c552 deletion strains [22]. Here a soluble, 100 amino acid
fragment of cytochrome c552 (c552F) was used [26].

All cytochromes were expressed heterologously in E. coli
under aerobic conditions and yielded expression rates around
6 mg/L culture medium for both c1-fragments (c1CF and c1AF)
and up to 15mg/L for cytochrome c550. Purificationwas achieved
by anion exchange chromatography and gel filtration. The purity
of the cytochromes was determined by SDS-PAGE and im-
munologically characterized by Western blot analysis. Covalent
heme incorporation was confirmed by heme staining, whereas
redox activity and absorption properties were characterized spec-
troscopically (data not shown).

3.2. ET kinetics at constant ionic strength

Following redox reactions between two spectroscopically
similar c-type cytochromes revealed the problem of spectral
overlap (Fig. 2) and required the identification of suitable
detection wavelengths. Recording difference spectra for each
individual redox couple using double-sector cuvettes overcame
this problem (see inset to Fig. 2 and Methods). Nevertheless,
recording kinetic traces at these wavelengths meant to follow



Table 1
Bimolecular rate constants and relative specificity derived from pre-steady state
kinetics at fixed ionic strength (46 mM) for the ET reactions of c1CF and c1AF
with c552F, c550, chh and c551Pa

Redox couple k (M−1s−1) a k (c1CF) /k(c1AF)

c1CF /c552F 3.4×107 1
c1AF /c552F 3.3×107 0.97
c1CF /c550 9.1×107 1
c1AF /c550 9.3×107 1.02
c1CF /chh 1.3×108 1
c1AF /chh 9.7×107 0.75
c1CF /c551 Pa 3.5×103 1
c1AF /c551 Pa 1.9×104 5.43

a All fitting errors in the second-order rate constants are within 10–15%.
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ET on top of very high absorption levels due to high heme
extinction in the Soret region (Fig. 2), so that the concentration
range of the cytochrome being varied was restricted to low total
heme concentrations for both redox proteins.

For a comparative study on the ET reactions of c1CF and c1AF
with their redox partners, the ET reaction with cytochrome c552F
or c550 as physiological substrates was determined. Also, as non-
physiological substrate used widely in turnover studies with the
bc1 complex, the highly positively charged horse heart
cytochrome chh, and as a negative control, cytochrome c551Pa
from Pseudomonas aeruginosa [65] were used. Fig. 3 shows the
time course of ET between c1CF and c552F as followed at 412 and
424.6 nm which correspond to peak and trough of the difference
spectra, respectively (see inset to Fig. 2). The data could be fit to
an exponential relaxation only poorly since in this experiment
and in the following ones the concentrations of reagents were
comparable in magnitude. Thus, the data were fit (solid lines in
Fig. 3) to a second-order equation (Eq. (2)) which takes into
account the prevalent non-pseudo first order conditions, i.e.
stringent second-order conditions. The time course is complete
within ca. 30–40 ms, thus the ET process is very fast with a loss
of ca. 50% of the absorbance change, as determined from the fits
(see solid lines in Fig. 3). Application of the Lambert–Beer law
to the reaction mechanism in Scheme I implies that (Eq. 4):

DA412 nm ¼
De412 nm

c552 � De412 nm
c1

� �

De424:6 nm
c552 � De424:6 nm

c1

� �DA424:6 nm ð4Þ

where the Δɛs are the reduced-minus-oxidized difference
extinction coefficients at wavelengths 412 and 424.6 nm. The
Fig. 3. Electron transfer between c1CF (1.46 μM) and c552F (1.18 μM) as
followed at 412 (bottom trace) and 424.6 (top trace) nm. Concentrations are after
mixing. Solid lines represent the fits according to Eq. (2). The fits were carried
out simultaneously at the two wavelengths with the parameters kOBS andω being
shared: kOBS=113.0±7.1 s

−1, ω=−0.86±0.02. At 412 nm the fitted amplitudes
are: A0=−0.037±0.002, AEQ=0.036±0.002; at 424.6 nm the fitted amplitudes
are: A0=0.021±0.001 AEQ=−0.021±0.001. The first 5 time points (ca. 2 ms) of
the total of 400were excluded from the fits since this represents the flow period of
the stopped-flow apparatus. T=4.7 °C, I=46 mM. Inset: plot of the absorbance
at 412 nm vs. the absorbance at 424.6 nm. Solid line is the linear regression of the
data points with a slope of −1.80±0.03 and a Y-intercept of 0±7 10−5.
difference extinction coefficients were calculated from the data in
Fig. 2: for c1, Δɛ 412 nm=−0.41 mM−1 cm−1 and Δɛ 424.6 nm=
46.47 mM−1 cm−1; for c552F,Δɛ 412 nm=27.40 mM−1 cm−1 and
Δɛ 424.6 nm=32.66 mM−1 cm−1. Thus the expected dependence
of the instantaneous absorption changes at one wavelength on the
corresponding changes at a second wavelength is: ΔA412 nm=
−2.01∙ΔA424.6 nm. After plotting the absorbption changes at
412 nm vs. those at 424.6 nm (inset to Fig. 3) we obtain a slope of
−1.80±0.03 which is in good agreement with the expected slope
of −2.01. These results strongly suggest a 1:1 stoichiometry of
the reagents and products in Scheme I.

In general the ET reaction of c1CF and c1AF with their sub-
strates turned out to be very fast (apparent bimolecular rate
constants of 107 to 108 M−1s−1), approaching the limit imposed
by diffusion (see Table 1). The mechanism of ET between two
partners must involve a binding reaction, the actual ET process
in which an electron is exchanged within the collisional com-
plex, and the dissociation of products. In the present experi-
ments what we measure is the overall ET rate with a very fast
ET event within the collisional complex.

For a direct comparison of the ET of c1CF and c1AF with the
same substrate, the measured apparent bimolecular rate constant
k of c1AF is normalized to the corresponding rate constant of
c1CF (Table 1). The reaction of cytochrome c1CF and c1AF with
their physiological redox partner cytochrome c552F yielded
apparent bimolecular rate constants of 3.4×107 M−1s−1 and
3.3×107 M−1s−1 for c1CF and c1AF, respectively, indicating no
preference of the acidic fragment over the core fragment. The
ET reaction of c1CF or c1AF with cytochrome c550 revealed
similar rates and displayed likewise no preference for c1AF over
c1CF at all. This finding indicates no direct contribution of the
acidic domain to the interactions with the physiological redox
partners cytochromes c552 and c550.

To assess the specificity of the ET interactions, the c1 frag-
ments were also probed, under identical conditions, with two
non-physiological cytochromes c proteins: horse heart cyto-
chrome c (chh), a highly positively charged soluble cytochrome,
and Pseudomonas aeruginosa cytochrome c551 (c551Pa). In the
case of chh the ET with both cytochrome c1-fragments was
accelerated 3- to 4-fold when compared to c552F (1.3×10

8 and
9.7×107 M−1s−1 for c1CF and c1AF, respectively, see Table 1).
This is likely to be due to the higher positive surface charge of
chh which enhances the driving force of the reaction.
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Similar to the situation in the yeast cytochrome c1 [50]
modeling approaches for the Paracoccus c1 core fragment (data
not shown) display surface exposed patches of negatively charged
residues in the peripheral surrounding of the heme crevice. This
indicates a strong electrostatic component in the ET reaction.
Although c550 has just a slightly higher pI than c552F (4.85 and
4.59, respectively), it reacted more than twice as fast with c1CF/
c1AF, suggesting that also non-polar forces contribute to the
interaction and have a strong influence on forming a proper ET
complex.

The reaction of chh with c1AF is decreased by approximately
25% compared to c1CF (Table 1). This effect was unexpected
assuming the high surface charge of both proteins would drive
the interaction and confirms the proposal discussed above that
the acidic domain does not contribute directly to the ET inter-
actions.We speculate that the acidic domain may sequester some
fraction of the chh by locking it into a tight electrostatic complex
unavailable for efficient ET, reducing the effective chh con-
centration and therefore the apparent bimolecular rate constant.

Cytochrome c551 from Pseudomonas aeruginosa is a small,
soluble cytochrome. Its heme crevice is dominated by hydro-
phobic side chains, conferring a rather apolar character [65].
When mixed in the stopped-flow apparatus with both c1 frag-
ments under otherwise identical conditions, the experiments
yielded apparent bimolecular rates of 3.5d 103 M−1s−1 for c1CF
and 1.9d 104 M−1s−1 for c1AF (Table 1), which are between 3–4
orders of magnitude slower than the ET reaction between the
physiological redox partners. This effect can be explained by
Fig. 4. ET reaction of c1CF with c552F in the presence of ascorbate. 1.9 μM c1CF
pre-reduced with 0.5 mM ascorbate was mixed in the stopped-flow apparatus
with 0.5–10 μM c552F and the time courses followed at 412 or 424.6 nm at an
ionic strength of 61 mM and T=9.8 °C. All concentrations are after mixing.The
averaged time courses were fitted to Eq. (2) and the determined rate constants
plotted as a function of c552F concentration. The solid line is the best fit to
Eq. (3). The slope of the linear portion of the plot yields the apparent second-
order rate constant kFOR and the non-linearity at low c552F concentrations is due
to the deviation from pseudo-first order conditions. The fitted value of kREV
displayed a very large fitting error and is not given here. Inset: Ionic strength
dependence of the apparent second-order rate constants.

Fig. 5. Ionic strength dependency for the ET reaction of cytochrome c1CF (filled
circles) and c1AF (open circles) with P. d. c552F (A) and c550 (B). According to
the Brønsted law the logarithm of the observed rate constants is plotted as a
function of the square root of ionic strength, the product zAzB is derived from the
slope and reflects the product of effective interacting charges on each protein
surface. The concentrations were c1CF (3.04 μM) vs. c552F (6.02 μM), c1AF
(3.04 μM) vs. c552F (5.23 μM) c1AF (3.01 μM) vs. c550 (5.29 μM) c1CF
(2.86 μM) vs. c550 (4.05 μM). All ET reactions were followed at 412 nm at
4.7 °C. Solid and dashed lines are best fits to Eq. (1).
the hydrophobic character of the c551Pa heme hemisphere and
the lack of the highly positive charge cluster around its heme
cleft required to electrostatically direct the association of both
redox partners. Taken together the kinetic results of the ET
reaction of c1CF and c1AF with their different redox partners
(c552F, chh and c551Pa) demonstrate that i) the charge distribution
around the heme cleft plays a major role in association of both
redox partners due to the overall electrostatic dipole momen-
tum. ii) the pI-value of the proteins as a general surface charge
parameter does not reflect the relative specificity, and iii) direct
hydrophobic contacts and the interface properties may be im-
portant for a proper ET complex formation.

In the above experiments the c1 fragments were initially
reduced with dithionite and the excess reductant removed by gel
filtration. This procedure allowed to mix the fully reduced
proteins with various electron acceptors. Nevertheless,
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cytochrome c1 fragments autoxidized spontaneously over
several hours of time. Although in each experiment the
concentrations of ferrocytochrome c1 fragments were deter-
mined at the end of the experiments (autoxidation never
exceeded 10%) it was of interest to study the same reactions in
the presence of a slow reductant such as ascorbate. Following a
previously used experimental protocol [45,46] cytochrome c1
fragments were reduced with 1 mM ascorbate directly in the
stopped-flow syringe and ET followed as described above
(ascorbate protocol, see Methods). The results of a typical
experiment, carried out at an ionic strength of 61 mM are shown
in Fig. 4 for the c1CF/c552F couple. At this ionic strength the
measured apparent bimolecular rate constant is 2.8d 108 M−1s−1

and decreased to 1.1d 107 M−1s−1 at I=311 mM. The inset to
Fig. 4 shows that the second-order rate contants display an ionic
strength dependence very similar to that obtained when using the
experimental protocol in the absence of exogenous reductants
with an extrapolated rate constant of 2.1×109 M−1s−1 at zero
ionic strength and a zAzB product of ca. 2.1.

3.3. Ionic strength dependencies

To further investigate the electrostatic character of the ET
reaction and to clarify the issue of the contribution of the acidic
domain to ET-complex formation, the ionic strength depen-
dency of the ET rates for the c1CF and c1AF reactions with their
physiological redox partners c552F and c550 were probed and
analyzed according to Eq. (1) (see Methods). Each ET couple
yielded rates decreasing linearly with increasing ionic strength
when plotted according to Eq. (1). The resulting slopes (zAzB
product in Eq. (1)) are negative, indicating interacting charges
of opposite sign on either protein. The results are presented in
Fig. 5 and the Brønsted parameters listed in Table 2. According
to this analysis there are 2.3 (c1CF/c552F couple) and 2.1 (c1AF/
c552F couple) effective charges on each protein surface and a
somewhat higher charge contribution of the core fragment
compared to the acidic (Fig. 5A). The reaction of c1CF and c1AF
with c550 displayed similar Brønsted slopes (Fig. 5B) with 2.5
(c1CF) and 2.3 (c1AF) effective charges and a slightly higher
charge contribution of c1CF over c1AF as well. Taken together,
2–3 charges are involved in ET interactions of the cytochrome
c1 fragments with c552F and c550, clearly indicating Coulombic
forces in association. These values are in good agreement with
the number of 2–3 effective charges interacting for the P.
denitrificans c552F/CuA redox couple [45,46] supporting the
idea that native c552 mediates the ET reaction between
Table 2
Brønsted parameters of the ionic strength dependencymeasurements of c1CF /c1AF
with c552F /c550 in comparison

Redox couple zAzB Effective charges

c1CF /c552F −5.21±0.10 2.3
c1AF /c552F −4.14±0.08 2.0
c1CF /c550 −5.24±0.61 2.3
c1AF /c550 −3.92±0.37 2.0
cytochrome c1 and aa3-oxidase in an oriented way using the
same interaction interface for both redox partners.

The rates for the ET reaction of c1CF/c1AF with c550 com-
pared to the c552 were increased, pointing at a more efficient ET
with c550 and confirming the different functional role of c550 in
the branched respiratory chain of P. denitrificans. No evidence
could be found for any direct involvement of the acidic domain
to the ET process.

Finally, engineering of the c1 soluble domains exposes an
additional heme edge to the solvent corresponding to the surface
which interacts with the Rieske protein in holo-bc1. This site,
referred to as the R-side (as opposed to the C-side), is a potential
site for ET to or from c552F and c550. We have carried out a
structural modeling of the P. denitrificans cytochrome c1 se-
quence onto the yeast c1 structure (pdb: 1KYO). From this
analysis (not shown) it appears that on the R-side the heme edge
is enclosed within an anular cluster of basic residues, whereas
the C-side displays a less evident cluster of acidic residues. The
C-side carries, therefore, the proper structural determinants to
interact favourably with the extensively basic c552F [27] (pdb:
1QL4) and c550 surfaces and leaving the R-side as an unlikely
though not excluded target candidate.

4. Discussion

When the apparent bimolecular rate constants of both c1-
fragments with each electron acceptor (c552, c550, chh and c551Pa)
are compared, it follows that the ET reaction of c1CF or c1AF with
c550 is approximately 3 times faster than the reaction with c552F
(Table 1). Thus c550 is a more efficient electron acceptor than
c552F, suggesting different roles for these cytochromes in the
respiratory chain of P. denitrificans. As has been determined
previously [22–25,37], cytochrome c552 is the genuine electron
mediator between the bc1-complex and aa3-oxidase, a respira-
tory branch operative under high oxygen concentrations. Al-
though cytochrome c550 is predominantly expressed under
anaerobic conditions with nitrate as the terminal electron ac-
ceptor [57,58], it is also present under aerobic conditions to some
extent and able to accept electrons. Under microaerophilic and
thus potentially denitrifying conditions, however, when the ex-
pression of the cbb3-oxidase and the nitrite reductase is induced,
cytochrome c550 is the essential electron mediator and readily
available to transfer electrons. The more efficient reaction be-
tween cytochrome c1 and c550 supports efficient ET, eventually
allowing energy transduction even under energetically unfa-
vourable conditions by switching the ET in the redox chain
immediately to the denitrifying branch. In the native cytochrome
c552 the heme domain is not only recruited to the membrane by
its membrane anchor, but the protein has also been shown to be a
component of a supercomplex of defined stoichiometry com-
prising the bc1-complex, aa3-oxidase and complex I [23,25],
thus allowing efficient ET.

At variance with this situation, under a shift from micro-
aerophilic to anaerobic conditions, ET reactions suffer from the
fact the final electron acceptor oxygen is scarce or almost
absent, making the aa3-type oxidase with its very low affinity
for oxygen [69] a poor player in energy transduction processes,
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while on the other hand the cbb3 terminal oxidase optimized for
such low O2 conditions [70] lacks an efficient supply of elec-
trons. If this cbb3 oxidase (and, e.g. also the nitrite reductase) is
ET-linked to the soluble c550 only by a diffusion-based mecha-
nism, the preponderance of a supercomplex-based ETefficiency
(via the cytochrome c552) needs to be overcome by a more
efficient ET reaction from cytochrome c550 to its interaction
partners to efficiently maintain ET-coupled energy transduction
under such conditions.

All kinetic experiments involving the two soluble cytochrome
c1-fragments and their homologous redox partners reveal high
ET rates, approaching the limit of a diffusion-controlled reaction.
This indicates transient and short-lived ET complexes but spe-
cific and therefore very fast and efficient ET. A strong positive
Coulomb effect on complex association is exerted both by the
two physiological redox partners, cytochrome c550 and c552 of
P. denitrificans, as well as by the highly positively charged horse
heart cytochrome c (positive control), but is absent in the reaction
with the P. aeruginosa cytochrome c551 providing an apolar
docking site (used as a negative control). Even though displaying
a slight negative overall charge, both Paracoccus cytochromes,
along with the non-physiological horse heart cytochrome chh,
share a highly positive surface charge around their heme crevices.
The electrostatic nature of the interaction is further quantified by
ionic strength dependency measurements, showing a number of
2–3 effective charges of opposite sign present on each of the two
interacting protein surfaces. The unique acidic domain of the
Paracoccus cytochrome c1 does not directly contribute to ET
interactions, for no drastic difference in the ionic strength be-
haviour of the c1AF relative to c1CF is observed. This may suggest
a function of the acidic domain other than guiding the positively
charged heme crevices of cytochromes c552 or c550 via long-
range electrostatics as some kind of “docking platform” to the
correct reaction interface of cytochrome c1, in contrast to the
“hinge” function of subunit 6 in yeast or subunit 8 in bovine bc1-
complex [15,16,19,50]. The fast bimolecular rates (ca.
108 M−1s−1) for the ET reactions of cytochrome c1 with its
redox partners together with the ionic strength dependencies and
the number of 2–3 effective charges derived from Brønsted
analysis confirm previous observations regarding Paracoccus
native cytochrome c552 and aa3-oxidase [32] and fit very well to
the results of Maneg et al. [45] for the P. denitrificans CuA/c552F
redox couple, underlining the existing complex-formation model
for transient ET complexes [32,44,45,66,67]. The results of this
investigation are also consistent with the findings of [68] in
which a photooxidized ruthenium-cytochrome c derivative was
used to study the electron transfer kinetics with yeast cytochrome
c1 within the entire complex III. Comparing rate constants of
cytochrome c1CF/c1AF with both their physiological redox part-
ners c552 and c550, a preference of cytochrome c550 over cyto-
chrome c552 is observed which underlines the different functions
of both cytochromes within the respiratory chain of P. denitri-
ficans. It should be kept in mind, though, that this study has been
performed with soluble fragments, providing a higher degree of
diffusional freedom for the proteins to interact in solution,
compared to the c1 domain beingmembrane-anchored, integrated
in a bc1 complex and organized in a supercomplex assembly,
where much higher physical constraints are exerted in terms of
directionality of ET interactions.
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