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Respiratory complexes III and IV can each bind two molecules

of cytochrome c at low ionic strength
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The transient interactions of respiratory cytochrome c with complexes III and IV is herein investi-
gated by using heterologous proteins, namely human cytochrome c, the soluble domain of plant
cytochrome c; and bovine cytochrome c oxidase. The binding molecular mechanisms of the result-
ing cross-complexes have been analyzed by Nuclear Magnetic Resonance and Isothermal Titration
Calorimetry. Our data reveal that the two cytochrome c-involving adducts possess a 2:1 stoichiom-
etry - that is, two cytochrome c molecules per adduct - at low ionic strength. We conclude that such

extra binding sites at the surfaces of complexes III and IV can facilitate the turnover and sliding of
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cytochrome ¢ molecules and, therefore, the electron transfer within respiratory supercomplexes.
© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

Cytochrome c; (Cc;) is the subunit of mitochondrial complex III
(IIT), or cytochrome bcq (Chcy ), responsible for electron transfer (ET)
to cytochrome ¢ (Cc) and, in turn, to complex IV (IV), or cytochrome
c oxidase (CcO) [1-5]. This function is essential for mitochondrial
respiration, the major source of energy in eukaryotic cells. The
organization of the mitochondrial electron transport chain is a sub-
ject of intense debate at present, where two different models are
being considered: the fluid model, that proposes a random organi-

Abbreviations: CSP, Chemical-Shift Perturbations; Chc;, cytochrome bcy; Cc,
cytochrome c; CcO, cytochrome c oxidase; Ccy, cytochrome cy; (III), complex III; (IV),
complex 1V; DLS, dynamic light scattering; ET, electron transfer; Kp, equilibrium
dissociation constant; HSQC, Heteronuclear Single-Quantum Correlation; hCc,
human cytochrome c; hCcl, human cytochrome c;; IMS, intermembrane mito-
chondrial space; IMM, inner mitochondrial membrane; ITC, Isothermal Titration
Calorimetry; LB, Luria-Bertani; MM, mitochondrial matrix; NMR, Nuclear Magnetic
Resonance; pCc, plant cytochrome c; pCcl, plant cytochrome c;; PCA, Principal
Component Analysis; CcOreq, reduced cytochrome c oxidase; hCceq, reduced human
cytochrome c; pCcireq, reduced plant cytochrome c;
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zation for individual respiratory protein components, and the solid
model, suggesting a stable association between individual com-
plexes [6-8]. Apart their role in respiration, Cc and Cc; are clearly
involved in the development of programmed cell death [9-15].
Such a dual role of Cc is regulated by post-translational modifica-
tions - namely, phosphorylation and nitration of tyrosine residues
- that affect the binding of Cc to its physiological counterparts,
either in the mitochondria or in the cytoplasm [16-23].

The ET reactions between Cc and its partners Chc; and CcO have
been characterized by time-resolved spectroscopy and steady-
state enzyme kinetic studies [24-28]. Both, reduction and oxida-
tion of Cc show multiphasic kinetic traces in polarographic and
spectrophotometric studies. This suggests the presence of at least
two binding sites in the Cc partners: a catalytic ET site, along with
an adjacent, non-productive site. In agreement with this, we have
recently reported that plant Cc (pCc) docks at two binding sites of
plant Cc; (pCcy) [29]: The first, proximal site is suitable for ET
between both hemeproteins and resembles that previously
determined by X-ray diffraction in yeasts [30]; the second, distal
site localizes close to the Rieske subunit and seems to be involved
in channeling of Cc molecules toward CcO [29,31,32]. Classical
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crosslinking assays between Cc and Chc; had already pointed out
that residues from the distal site of Cc; could be involved in the
interaction with Cc [33].

The study of heterologous complexes, also known as cross-com-
plexes, is a widely accepted approach to get insight into the bind-
ing mode of interprotein complexes [34,35]. To provide further
insight into the nature of the interactions between Cc and Ccy,
we analyze here the cross-complex between human Cc (hCc) and
pCcy, and compare it with the natural pCc-pCc; complex in plants
in terms of binding affinity, specificity and dynamics. Actually, the
turnover number for reduction of mammalian Cc by potato Chc; is
similar than that for the mammalian Cc-Cbc; system [28]. As there
are substantial differences in the electrostatic potential surface of
pCc and hCc, the analysis of the hCc-pCc; complex is a very useful
approach to better understand the Cc-Cc; binding mode. In fact,
the major differences between the two Cc orthologs are at their
respective surfaces in contact with pCc; (Fig. 1). Given the rele-
vance of electrostatics in Cc-Cc; complexes, the ionic-strength
dependence of the binding event has also been addressed, so
revealing a crucial role in both the binding affinity between the
partners and the definition of the binding sites on the pCc; surface.
In addition, the hCc-pCc; interaction has been compared with that
between hCc and bovine CcO. Notably, Cc also interacts with two
binding sites on CcO. Altogether, our data provide a better compre-
hension of the molecular recognition processes involved in mito-
chondrial respiration.

2. Material and methods
2.1. Modelling

pCc and pCc; models were built in previous work [29]. hCc
structure was taken from Protein Data Bank (PDB ID: 3zcf) [36].

Human cytochrome ¢, (hCc;) model was built following the same
procedure reported for pCc; model [29]. The electrostatic potential
surfaces of pCc, pCcq, hCc, and hCc; structures were calculated
using DelPhi [37] and Chimera [38]. The electrostatic potential sur-
faces were calculated assuming an ionic strength of 250 mM.

2.2. Protein expression and purification

Escherichia coli BL21 (DE3) cells transformed with pBTR1 plas-
mid were used to produce recombinant hCc [39]. °N-labeled hCc
was expressed in M9 minimal medium for Nuclear Magnetic Res-
onance (NMR) titrations, whereas unlabeled hCc was produced in
Luria-Bertani (LB) medium for Isothermal Titration Calorimetry
(ITC) measurements. Expression and purification protocol was
similar to that recently described for pCc [29], excepting the cell
culture was at 30°C and the elution gradient for the cationic
exchange column, which ranged from 0.036 to 0.36 M NaCl. The
optimization of the expression and purification steps was carried
out according to specific protocols for c-type cytochromes
[40-43]. The yield of hCc was 15-20 mg/L in LB and 10-15 mg/L
in M9 minimal medium.

Unlabeled pCc; was expressed and purified as described previ-
ously [29]. Bovine CcO was purchased from Sigma and used after
exchanging its buffer in Millipore 3 K NMWL centricons to
10 mM sodium phosphate buffer (pH 7.4) containing 0.2% n-Dode-
cyl-B-p-maltoside and 5 mM sodium dithionite. The pH of the buf-
fer was checked before and after the sample preparation. Fresh
samples were used to carry out the experiments. Dynamic Light
Scattering (DLS) assays were performed to evaluate the oligomeri-
zation state of the CcO at the protein concentration used in ITC
titrations, in which CcO was predominantly monomeric (75%).
DLS experiments were conducted at 25 °C in a Zetasizer Nano ZS
(Malvern).

Fig. 1. Electrostatic surface potential of hCc and pCc. Negatively and positively charged regions of hCc (upper) and pCc (lower) surfaces are depicted in red and blue colors,
respectively. The color scale ranges from —5 (red) to +5 (blue) kgT. Some residue numbers have been mapped to better show the orientation of hCc and pCc in the figure. The
arrows highlight two electropositive regions at the hCc surface. The simulation was performed using DelPhi aided by Chimera, assuming an ionic strength of 250 mM. The

interior and exterior dielectric constants were fixed to 2 and 80, respectively.
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