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Summary

Summary

The mitochondrial respiratory chain consists of four membrane-embedded redox complexes:
NADH:ubiquinone oxidoreductase (Complex I), succinate:ubiquinone reductase (Complex
II), ubiquinol:cytochrome ¢ oxidoreductase (Complex III), cytochrome ¢ oxidase (Complex
IV), and cytochrome c acting as an electron mediator between the last two complexes. The
soil bacterium Paracoccus denitrificans has frequently been used in the past as a model
system for structure and function of the mitochondrial respiratory chain complexes. In
describing the interaction between these redox proteins in the membrane, Hackenbrock ef al.
(1986) presented a model of random diffusion. The first stable supercomplex from P.
denitrificans was isolated by gel filtration containing Complex III and IV (Berry and
Trumpower, 1985). In addition, supercomplexes were isolated from thermophilic bacteria
(Sone et al., 1987), yeast, mammalian (Schigger and Pfeiffer, 2001) and plant mitochondria
(Eubel et al., 2003). The work of Schigger and co-workers has provided clear evidence for
stoichiometric assemblies of individual respiratory complexes in mitochondria by using
Blue-Native gel electrophoresis after digitonin solubilization of membranes (Schigger and
Pfeiffer, 2001). With this method, they also isolated a supercomplex from P. denitrificans
containing complexes I, III, and IV with a stoichiometry of 1:4:4 and several copies of
cytochrome css; (Stroh et al., 2004). Based on these findings they suggested a model for the
respiratory chain, ‘the respirasome’. Such respiratory supercomplexes may play crucial roles
in substrate channelling, catalytic enhancement, protein complex stabilization and in
generation of mitochondrial cristae morphology.

Different independent approaches were used to further analyze this situation in a native
membrane environment, thus avoiding any perturbation caused by detergent solubilization:
measuring the distance and orientation of the different complexes by multi-frequency EPR
spectroscopy. We started to analyze , the interaction between the Cup fragment derived from
P. denitrificans and various c-type cytochromes by Pulsed X-band (9 GHz) and G-band (180
GHz) EPR. Partner proteins for the Cu, (excess negative surface charge) were (i) horse heart
cytochrome ¢ which contains a large number of positive charges around the heme crevice,
(i) the cytochrome css; soluble fragment (physiological electron donor and positively
charged around heme crevice), and as a control (iii) the cytochrome ¢; soluble fragment
(negative surface potential, derived from bc; complex). For the binding studies by Pulsed
EPR, longitudinal relaxation T, of Cuy was measured using a two-pulse echo sequence and

recording the signal as a function of time t between the pulses. The Cua fragment was
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measured alone and in the presence of different cytochromes, cytochrome css,, horse heart
cytochrome ¢ and ¢, fragment. The measurements were performed at several magnetic field
positions varying temperature between 5 to 25 K.

For orientation studies components of the anisotropic g-tensor can be resolved better using
high-field EPR spectroscopy. For Cua, the g, and g, spectral components cannot be
separated at X-band (9 GHz), but are fully resolved at G-band (180 GHz) frequency. Both
measurements show the existence of a strong relaxation enhancement of the Cu, by the
specific binding of the P. denitrificans cytochrome css, and horse heart cytochrome c. This
relaxation enhancement is dependent on temperature and provides information about the
distance and relative orientation of the two interacting spins within this transient protein
complex.

For the first time Pulse EPR techniques have been successfully used for the study of a
transient protein complex. The spectral division method provides pure dipolar relaxation
traces, which can be analyzed quantitatively to obtain the structure of the protein-protein
complex without the necessity of taking the intrinsic relaxation properties of the observed
paramagnetic species into account. The structural parameters (distance between the two
paramagnetic centers) obtained from fits to experimental data shows two different distances
(simulated with two-fixed distance parameter). One distance was in the range of 18-23 A and
a second long distance was found with approximately 40 A. The smaller distance reflects the
specific binding site for biological electron transfer, although we cannot observe the electron
transfer between these two proteins due their oxidised condition. The longer distances were
ignored in the previous computational docking studies (Flock and Helms, 2000; Bertini et
al., 2005) and the following parameters were taken into consideration: (a) the Fe-Cu distance
should not be more than 18 A for electron transfer, so the authors ignored the larger distance
in their simulation (b) the electron was assumed to pass tryptophan (W121) and (c) the
distance between the Fe atom and the basic patch of cytochrome ¢ and the Cu atom and
acidic patch on Cuy fragment was considered.

In P. denitrificans, both cytochrome c¢ss; and cytochrome ¢ oxidase are membrane-embedded
and integrated in a super-complex together with the bc; complex and Complex I (Stroh ef al.,
2004). Considering that the native cytochrome css, has a membrane anchoring domain and
an additional charged domain, it should be pointed out that these structural elements could
further stabilize the supercomplex. The EPR approach for distance determination shows the
possibility to apply relaxation methods to protein complexes, when more than two

paramagnetic centers are involved. Our preliminary experiments on the complex of
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cytochrome ¢ with the four subunit detergent solubilised cytochrome ¢ oxidase showed that
the division method removes all the contributions of heme a, a3, and Cug paramagnetic
centers from oxidase to the Cu, signal and retains only the dipolar relaxation due to external
cytochrome c¢. The next step would be to do this experiment in the presence of lipid
membrane (reconstituted system) and larger protein complexes can be analysed to reach the
goal of supercomplex like situation.

Alternative approach to prove the existence of supercomplexes in the native membrane is
measuring the lateral diffusion of the complexes in the membrane plane by using
fluorescence recovery after photo bleaching (FRAP), and fluorescence correlation
spectroscopy (FCS). The lateral diffusion coefficients of the different complexes are
dependent upon their masses (Reits and Neefjes, 2001). FRAP has been used in the past to
determine the diffusion coefficients of the redox components ubiquinone, Complex III,
cytochrome ¢, and cytochrome ¢ oxidase in the mitochondrial inner membrane (Hochli et al.,
1985). The structure of the cytochrome ¢ oxidase with the monoclonal antibody Fv fragment
was determined by X-ray diffraction and shows the Fv fragment binds to the periplasmic
side of cytoplasmic membrane of P. denitrificans (Ostermeier et al., 1995; Ribrioux et al.,
1995). For the lateral diffusion measurements the labelling of the membrane was done in the
two-step procedure; (a) labelling of the Fv fragments by binding of dye (CyS5 or FITC) which
have surface exposed lysine residues (b) labelled Fv fragment were mixed with the native
membrane and it binds with cytochrome ¢ oxidase in the membrane. Therefore, this is an
indirect labelling of the complex in membrane to measure the diffusion coefficient. The
mass difference between Complex IV and supercomplex is more than 10 fold and FCS can
determine its diffusion coefficient. The lateral diffusion should differ for wild type
membranes and membranes isolated from deletion mutants lacking either Complex III or I.
The initial measurement in a reconstituted system showed promising results. Due to smaller
size of native membrane vesicles, it is not possible to do further experiments by FCS.
Therefore different methods were tried to fuse native membranes to make giant membranes,
such as Ca'" induced fusion, low pH and electrofusion. After optimisation of different pH
and Ca’" concentration, the membranes were fused in the presence of asolectin at pH 6.0.
The diameter of the fused membrane was measured with negative staining electron
microscopy, and changed from 150 to 800 nm. Finally, lateral diffusion experiment was
performed by FCS in the fused native membranes. Data analysis and calculation of diffusion

coefficients are underway.
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Further approach to get the quantitative information about respiratory complexes in the
membrane by measuring the rotational diffusion of oxidase in the native membrane. Optical
absorption spectroscopy at microsecond resolution was used to determine for the
translational mobility of oxidase in membrane vesicles (Kawato and Kinosita, 1981) and
carbon monoxide (CO) used as a mobility probe for flash photolysis experiments.
Experimental conditions were adjusted to get the optimal signal to monitor the reorientation
of oxidase in the membrane plane. CO binds to the cytochrome ¢ oxidase under reduced
condition to the a3-Cug site and the effect was monitored in the Soret region of the spectra.
The initial experiments were performed with oxidase in a reconstituted system. The
experiment was carried out at different temperatures and varying incubation time of CO with
oxidase. The data was analyzed with the method of Chizhov et al., 1996. The rebinding
kinetics of CO shows two time constant of 1us and 20 ms. The 20 ms time will be used for
the rotational measurement of oxidase in native membrane. The measurements also
performed with the native membrane but due to low amount of oxidase in the membrane, the
signal to noise ratio was high. To overcome this problem the cells were grown in
methylamine medium and the membranes further purified by sucrose gradient centrifugation
to get higher heme contents. After optimization, the next step would be to use non-polarized
and polarized light to investigate the rotational mobility of complex organization in native

membrane.
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Zusammenfassung

Zusammenfassung

Die mitochondriale Atmungskette besteht aus vier membrangebundenen, redoxaktiven
Proteinkomplexen: der NADH:Ubichinon Oxidoreduktase (Komplex I), Succinat:Ubichinon
Oxidoreduktase (Komplex II), Ubichinol:Cytochrom ¢ Oxidoreduktase (Komplex III) und
Cytochrom ¢ Oxidase (Komplex IV), sowie Cytochrom c als Elektroneniibertridger zwischen
den beiden letztgenannten Komplexen.

Das Bodenbakterium Paracoccus denitrificans wurde bereits in der Vergangenheit haufig als
Modellorganismus fiir Struktur und Funktion der mitochondrialen Atmungskette
herangezogen. Die Interaktion zwischen den oben genannten Proteinkomplexen wurde von
Hackenbrock et al. 1986 mit dem random diffusion Modell beschrieben. Ein stabiler
Superkomplex bestehend aus Komplex III und IV von P. denitrificans konnte erstmals durch
Gelfiltration isoliert werden (Berry and Trumpower, 1985). Nachfolgend konnten
Superkomplexe auch aus anderen Organismen, wie thermophilen Bakterien (Sone et al.,
1987), Hefe- und Séugetiermitochondrien (Schigger und Pfeiffer, 2001) sowie
Planzenmitochondrien (Eubel et. al., 2003) isoliert werden. In den Arbeiten von Schigger et
al. konnte mittels blue-native Gelelektrophorese nach Digitoninsolubilisierung die
Assemblierung stochiometrischer Superkomplexe in Membranen aus Mitochondrien gezeigt
werden. Mittels dieser Methode konnte auch ein Superkomplex bestehend aus Komplex I,
Komplex IIT und Komplex IV mit einer Stochiometrie von 1:4:4 sowie einer unbestimmten
Zahl von Cytochrome css; -Molekiilen aufgereinigt werden (Stroh et al., 2004). Aufgrund
dieser Ergebnisse wurde das Modell des Respirasoms entwickelt, wobei den respiratorischen
Superkomplexen eine wichtige Rolle bei der Stabilitit der Einzelkomplexe,
Substratkanalisierung und Umsatzsteigerung sowie bei der Bildung der Cristae in
Mitochondrien zugeordnet wird.

Untersuchungen der Superkomplexe in nativen Membranen sind notwendig, da dabei der
moglicherweise storende Effekt durch die Solubilisierung von Membranen vermieden wird.
Diese Uberlegungen bilden die Grundlage dieser Arbeit.

Ein Ansatz hierbei ist die Untersuchung der Abstinde und Orientierungen zwischen den
einzelnen Redoxzentren mittels multi-frequency EPR Spektroskopie. Aufgrund der grof3en
Zahl der Redoxzentren in einem Superkomplex wurde zundchst mit einem einfachen System
begonnen, wobei die Interaktionen zwischen dem ldslichen Cua Fragment der Cytochrom ¢
Oxidase aus P. denitrificans und verschiedenen c-Typ Cytochromen mittels Pulsed X band

(9 GHz) and G-Band (180 GHz) EPR untersucht wurden. Als Bindungspartner fiir das Cua
A%



Zusammenfassung

Fragment mit negativer Oberflichenladung wurden (i) Cytochrom ¢ aus
Pferdeherzmitochondrien, (ii) das 16sliche Cytochrom css, Fragment aus P. denitrificans
(positive Oberflachenladung) und (iii) als Kontrolle das 16sliche Cytochrom ¢; Fragment des
Komplex III aus P. denitrificans (negative Oberflichenladung) verwendet. Fiir die
Untersuchungen mit Pulsed EPR wurde die logitudinale Relaxation T, des Cus Fragments
gemessen, hierzu wurde eine two-pulse echo Sequenz verwendet und das Signal als Funktion
der Zeit T zwischen den Impulsen aufgezeichnet. Die Messungen erfolgten mit dem Cuy
Fragment alleine und sequenziell mit den drei oben genannten Bindungspartnern bei
verschiedenen Magnetfeldpositionen und in einem Temperaturbereich zwischen 5 und 25 K.
Die Untersuchungen zur Orientierung konnen besser durch high-field EPR Spektroskopie
durchgefiihrt werden, da hier eine hohere Auflésung der Komponenten des anisotropen g-
Tensor moglich ist. Die spektralen Komponenten von g, und g, des Cua Fragments kdnnen
nur im G-Band, jedoch nicht im X-Band aufgeldst werden. Messungen in beiden Bereichen
zeigen temperaturabhidngige Verstirkungen der Relaxation durch Bindung des Cytochrom
¢ssy Fragments und des Cytochrom c¢. Das erhaltene Signal beinhaltet Informationen iiber
den Abstand und die relative Orientierung der beiden im transienten Komplex
wechselwirkenden Spins.

In diesen Experimenten konnten erstmals gepulste EPR Messungen von transienten
Komplexen beobachtet werden. Die division method liefert reine dipolare
Relaxationsspektren, die quantitativ ausgewertet werden konnen und so eine Aussage iiber
die Struktur des Proteinkomplexes ermdglichen, ohne dass intramolekulare
Wechselwirkungen der untersuchten paramagnetischen Zentren beriicksichtigt werden
miissen. Die erhaltenen Daten ergaben nach mathematischer Anpassung zwei
unterschiedliche Datensétze fiir den Abstand zwischen den Zentren. Die Werte hierfiir lagen
einmal im Bereich zwischen 18-23 A und um 40 A. Der kleinere Abstand spiegelt die
Situation im nativen Komplex wider bei der Elektronentransfer stattfinden kann, aufgrund
der Redoxzustinde der beiden Bindungspartner kann hier jedoch kein Elektronentransport
beobachtet werden. Der groflere Abstand wurde in vorangegangenen Modellrechnungen zur
Komplexbildung ignoriert und nur die folgenden Parameter wurden in die Rechnungen mit
einbezogen: (a) der Abstand zwischen Eisen und Kupfer, der 18 A fiir einen erfolgreichen
Elektronentibertrag nicht iiberschreiten darf, (b) die Rolle des Tryptophan 121 (W121) als
Elektroneneintrittspunkt und (c) der Abstand zwischen zwischen den Atomen des basischen
Bereichs des Cyt ¢ und den Seitenketten des sauren Bereichs des Cua Fragments (Flock and

Helms, 2000; Bertini et al., 2005).
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Zusammenfassung

Der oben erwédhnte Superkomplex aus P. denitrificans beinhaltet auch Cytochrom css,.
Natives Cytochrom c¢ss; liegt durch seinen Membrananker ebenfalls in der Membran
gebunden vor und besitzt eine weitere geladene Doméne. Diese beiden Elemente tragen
wahrscheinlich zur weiteren Stabilisierung des Superkomplexes bei.

Um dieser nativen Form Rechnung zu tragen, sollen weitere Experimente folgen, welche mit
der vollstindigen, in Lipiden rekonstituierten Oxidase und dem membrangebundenen
Cytochrom css; durchgefiihrt werden, so dass auch groflere Komplexe untersucht werden
konnen. Die oben genannten Experimente und Untersuchungen mit solubilisierter Oxidase
haben gezeigt, dass die division method alle storenden Signale anderer, integraler,
paramagnetischer Zentren entfernen kann. Ergebnisse in einem rekonstituierten System sind
derzeit noch in der Durchfiihrung und Auswertung.

Ein weitere Methode zur Untersuchung des Superkomplexes in nativen Membranen ist die
laterale Diffusion des Komplexes in der Membranebene mittels fluorescence recovery after
photobleaching (FRAP) oder fluorescence correlation spectroscopy (FCS) zu messen. Reits
and Neefjes (2001) konnten zeigen, dass der laterale Diffusionskoeffizient von der Masse
abhédngig ist. Die Diffusionskoeffizienten von mehreren der Redoxkomponenten der
mitochondrialen Atmungskette (Ubichinon, Komplex I, Komplex III, Cytochrom ¢ und
Cytochrom ¢ Oxidase) konnten bereits mittels FRAP ermittelt werden (Hochli ez. al., 1985).
Das zur Kiristallisation der Cytochrom ¢ Oxidase aus P. denitrificans verwendete
Antikorperfragment (F, ; Ostermeier et al., 1995; Ribrioux ef al., 1995) bindet ebenfalls die
in die Membran eingebettete Oxidase, so dass es zur Anfirbung der Oxidase in zwei
Schritten wie folgt verwendet werden kann: (a) Ein Fluoreszenzfarbstoff (Cy5 or FITC) der
an die Lysinseitengruppen auf der Oberflaches des F, kovalent bindet wird mit dem F,
gemischt. (b) Das gereinigte, angefarbte F, wird mit nativen Membranen gemischt und
bindet an Komplex IV, wodurch dieser indirekt angefarbt wird. So kann die
Diffusionskonstante bestimmt werden, da die Masse des Superkomplex erine
GroBenordnung hoher sein sollte als die des Komplex IV alleine. Dies soll mittels FCS im
Wildtyp und in Deletionsstimmen, die entweder Komplex I oder Komplex I1I defizient sind,
gemessen werden. Die ersten Ergebnisse mit einem rekonstituierten System sind viel
versprechend, jedoch ist die Vesikelgroe der nativen Membranen mit 150 nm zu klein.
Verschiedene Methoden der Membranfusion, wie Kalziuminduktion, niedriger pH-Wert und
niedrige Temperatur oder Elektrofusion wurden im Rahmen der Optimierung durchgefiihrt.
Die Membranfusion unter Zusatz von Asolectin bei pH 6,0 lieferte Vesikel mit einer Grof3e

von 800 nm, wie im Elektronenmikroskop mittels negative stain gezeigt werden konnte. Im
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Zusammenfassung

Anschlu3 wurden die Experimente zur Bestimmung des lateralen Diffusionskoeffizienten
mittels FCS durchgefiihrt. Die ermittelten Daten befinden sich momentan noch in der
Bearbeitungsphase.

In einem weiteren Ansatz wurde ebenfalls versucht, quantitative Informationen iiber die
Diffusionskonstante der Cytochrom ¢ Oxidase in nativen Membranen zu erhalten. Hierzu
wurde die Absorptionsspektroskopie genutzt, um mittels Kohlenmonoxid (CO) als
Mobilitdtssonde fiir die flash Photolyse die laterale Beweglichkeit der Cytochrom ¢ Oxidase
in Membranvesikeln (Kawato and Kinosita, 1981) zu bestimmen. Widhrend der
Optimierungsphase konnte eine Verbesserung der Aufnahme des Signals wihrend der
Oxidase Reorientierung erreicht werden. CO bindet an das binukledre Zentrum der
Cytochrom ¢ Oxidase im reduzierten Zustand, was anhand der Soret-Bande im Spektrum
verfolgt werden kann. Die ersten Versuche wurden mit in Phospholipiden rekonstituierter
Cytochrom ¢ Oxidase durchgefiihrt, wobei Temperatur, Kohlenmonoxid- und
Dithionitkonzentrationen, welches zur Reduktion des Hdm-Liganden dient, variiert wurden.
Die erhaltenen Daten wurden wie bei Chizhov et al., 1996 beschrieben analysiert, und die
Kinetik der Riickbindung des CO liefert zwei Zeitkonstanten, 1 ps und 20 ms. Die zweite
wird fiir die Rotationsmessungen der Cytochrom c¢ Oxidase in nativen Membranen
verwendet. Diese Messungen wurden ebenfalls mit nativen Membranen wiederholt, jedoch
war der Cytochrom ¢ Oxidasegehalt zu niedrig, so dass das Hintergrundrauschen eine
Auswertung nicht moglich machte. Um dieses Problem zu 16sen, wurde P. denitrificans auf
Methylaminmedium angezogen und die daraus gewonnen Membranen in einem
Saccharosegradienten weiter ankonzentriert. Im ndchsten Schritt sollen diese nativen
Membranen mit polarisiertem Licht untersucht und die Diffusionseigenschaften des
Komplexes bestimmt werden, um weitere Aussagen iiber die Organisationsstruktur treffen

zu konnen.
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Introduction

1. Introduction

Two major energy sources are available to living organisms: respiration and photosynthesis.
Electron transport chains are biochemical reactions that produce ATP, which is the energy
currency of life. The cells of all eukaryotes contain intracellular organelles called
mitochondria that produce ATP. Certain bacteria evolved into mitochondria, thus endowing
the host cells with aerobic metabolism, a much more efficient way to produce energy than
anaerobic glycolysis. Structurally, mitochondria have four compartments: the outer
membrane, the inner membrane, the intermembrane space, and the matrix. They perform
numerous tasks, such as pyruvate oxidation, the Krebs cycle, and metabolism of amino
acids, fatty acids, and steroids, but the most crucial probably is the transduction to generate

adenosine triphosphate (ATP), by means of the oxidative phosphorylation system.

1.1 Oxidative phosphorylation

The electron transport chain consists of four respiratory enzyme complexes arranged in a
specific orientation in the inner mitochondrial or bacterial cytoplasmic membrane. The
passage of electrons between these complexes releases energy that is stored in the form of a
proton gradient across the membrane and is used by ATP synthase to make ATP from ADP
and phosphate (Saraste, 1999; Schultz and Chan, 2001). Bacterial aerobic respiratory
systems have greater diversity of electron transfer pathways than mitochondrial respiratory
systems (John and Whately, 1975). Biochemical and molecular biological studies have
provided ample evidence of a close resemblance between the aerobic respiratory chains of
bacteria (e.g Paracoccus denitrificans) and mitochondria with respect to their spectral,
compositional, and functional properties. P. denitrificans has long been used as a model for
the mitochondrial electron transport chain (Stouthamer, 1992). Its respiratory chain consists
of NADH:ubiquinone oxidoreductase (Complex I), Succinate:ubiquinone oxidoreductase
(Complex II), Ubiquinone:cytochrome ¢ oxidoreducatse (Complex II) or bc; complex,
Cytochrome ¢ oxidase (Complex IV), and F;Fyp- ATP synthase (Complex V). Complex I, III
and IV serve as proton pumps, using the energy of electron transfer to perform the electrical
work of translocating protons from the matrix to the inner mitochondrial space of the
mitochondria or the bacterial periplasmic space to generate and sustain an electrochemical
gradient across the inner membrane. Under normal physiological conditions, Complex V

uses free energy released from the back flow of protons across the membrane to perform the
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chemical work of producing ATP from ADP and inorganic phosphate (see Schultz and
Chan, 2001).

1.2 Electron transport chain of Paracoccus denitrificans

Among bacteria, Paracoccus denitrificans is widely used to study the electron transport
chain. P. denitrificans, a gram-negative, denitrifying bacterium present in soil, can grow
aerobically in the presence of oxygen or anaerobic on nitrate. It was first isolated in 1908
(Beijerinck, 1910) as Micrococcus denitrificans. The original classification of this genus was
based upon its ability to convert nitrate into molecular nitrogen. The genus Paracoccus is a
member of the alpha Proteobacteria known as Rhodobacter group. It is also closely related
to the physiologically well studied photosynthetic Rhodobacter sphaeroides and
Rhodobacter capsulatus (Baker et al., 1998). Most of the molecular biology analyses have
been performed on the single strain P. denitrificans Pd1222 including a proposed promoter
structure and related aspects of gene regulation (Steinriicke and Ludwig, 1991).

The branched respiratory chain of P. denitrificans provides an example of flexible electron
routing towards oxygen (Figure 1). Under aerobic heterotrophic growth conditions, electrons
originating from NADH dehydrogenase and succinate dehydrogenase can follow to three
different types of terminal oxidases, two of which are cytochrome ¢ oxidases (cytochrome
aas and cytochrome cbb;) and third is a quinol oxidase (cytochrome baj). There are two
branching points; the first is at ubiquinol (QH;), where electrons may flow to either the
quinol oxidase or cytochrome bci; the second is at the level of cytochrome ¢, where the
electrons flow to either of the two cytochrome ¢ oxidase. For production of ATP, the H'-
ATPase complex requires an electrochemical proton gradient across the cytoplasmic
membrane, which is obtained when charges (protons and electrons) are translocated across
the membrane during respiratory electron transfer. The number of protons translocated per
electron depends on the route followed by the electrons. Oxidation of the Q-pool via the
pathway to cytochrome aaj results in the highest number of protons translocated per two
electron (4H'/2¢") leading to the highest yield of ATP per reduced molecule of oxygen
(Trumpower, 1991), while the other pathway to cytochrome bas results in a lower number of
protons translocated per two electron (2H'/2e’), because it bypasses cytochrome bc,
(Puustinen et al., 1989). The third terminal oxidase, cytochrome cbbs, can also accept
electrons from the bc; complex and electrons flow to oxygen from QH; through this enzyme
can again be coupled to the translocation of protons per two electrons (4H'/2¢"); although

under some conditions lower stochiometries may occur (De Gier, 1996).
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Figure 1: Branched electron transport chain of P. denitrificans. Enzyme complexes coloured in
black show periplasmic location. UQ:ubiquinone, UQH;:reduced ubiquinone, TOMES:thiosulphate
oxidation multienzyme system (adapted from Baker et al., 1998).

The distribution of the electrons among the different pathways depends partly on the
expression levels of the terminal oxidases. Cytochrome aas is expressed at atmospheric
oxygen tension, while cytochrome cbbs is expressed predominantly at low oxygen tension

and little is known about the induction profile of cytochrome bas (see Otten et al., 1999).

1. 3 Structures of the respiratory chain complexes

The detailed atomic structures of respiratory complexes by crystallography and NMR
spectroscopy along with a vast amount of new information gleaned by other advanced
spectroscopic methods, have had a tremendous impact on the understanding of structures and
function correlation of these membrane proteins. Only the structures of Complex I and parts
of the ATP synthase remain to be elucidated by high-resolution X-ray crystallography of

appropriate three-dimensional crystals. The most complex among all the respiratory proteins
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Complex III Complex IV

H,O

Complex I Complex II

Figure 2 Structural view of the respiratory complexes in the membrane plane, for Complex I
structure analysis and subunit assignment rely on single particle image reconstruction and electron
microscopy (Friedrich et al., 2004) structure of Complex Il from Wolinella succinogenes (pdb
entery:10LA) Complex Il structure from chicken heart mitochondria which contain the same
Sfunctional unit as in P. denitrificans (pdb entry:1BCC) the soluble fragment of cytochrome css; from
P. denitrificans (pdb entry,IC7M) and four subunit Complex IV from P. denitrificans (pdb
entry:1QLE).

is Complex 1. No crystal structure is available due to its large size and instability of its
subunits after detergent solubilisation. Till date only a single molecule reconstruction image
and crystal structure of the hydrophobic domain (peripheral arm) of this complex is
available (Yagi, 2002; Friedrich, 2004; Sazanov and Hinchliffe, 2006). Complex 1II is a
family of enzymes catalyzing the transfer of electrons between succinate and quinones. This
family includes the quinol:fumarate oxidoreductase (QFR) enzymes. Two crystal structures
of quinol:fumarate oxidoreductases, from E. coli (Iverson et al., 1999) and Wolinella
succinogenes (Lancaster et al., 1999), have been reported. There are three structures of
Complex IIT from three different sources, bovine heart mitochondria (Iwata et al., 1998),
chicken heart mitochondria (Zhang et al., 1998), and from Saccharomyces cerevisiae

complexed with antibody Fv-fragment (Hunte et al., 2000) solved by X-ray diffraction. All

of these structures show that this complex exists in the dimer form required for biological
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functions (see Croft, 2004). The structure of Complex 1V, a four-subunit and two subunit
enzyme complexed with an antibody Fv-fragment from Paracoccus denitrificans, (Iwata et
al., 1995; Harrenga and Michel, 1999), bovine heart mitochondria (Tsukihara et al., 1996),
Thermus thermophilus (Soulimane et al., 2000), Rhodobacter sphaeroides (Svensson-Ek et
al., 2002) and ubiquinol oxidase from Escherichia coli (Abramson et al., 2000) were solved
by X-ray crystallography. The schematic arrangement of these complexes in the membrane

plane is shown in Figure 2.

1.3.1 NADH:ubiquinone oxidoreductase

Complex I (NADH:ubiquinone oxidoreductase) is a ubiquitous enzyme present both in the
inner membrane of mitochondria and in the cytoplasmic membrane of numerous bacteria. It
utilizes NADH formed during glycolysis and the TCA cycle and serves as first proton pump
of the respiratory chain. Bovine Complex I is remarkably complicated, with seven
mitochondrially encoded subunits, and at least 39 nuclear-encoded subunits (Hirst et al.,
2003). However, bacterial homologues of Complex I have only 14 subunits, seven of which
are homologues of the mitochondrially encoded subunits and the other seven are
homologues of nuclear encoded mammalian subunits (Yagi et al., 2003; Hinchliffe and
Sazanov, 2005). These 14 subunits presumably represent a common catalytic core structure.
The atomic structure of the complex is not yet solved, only low-resolution structures of the
complex have been obtained from electron microscopy images of single particles and two-
dimensional arrays. The enzyme from various sources appears to be L-shaped, with
presumed membrane-embedded and matrix-located arms (Yagi et al., 2003; Hinchliffe and
Sazanov, 2005). However, even this topology has been questioned recently, where an
alternative ‘horseshoe’ conformation has been described (Bottcher et al., 2002). Complex I
contains non-covalently bound FMN together with several FesS4 and Fe,S, iron—sulphur
centres. In the bovine enzyme, six distinct iron—sulphur centres can be distinguished by EPR
spectroscopy (Ohnishi, 1998). The electron transfer from NADH to ubiquinone is coupled to
the translocation of protons, with accepted proton pumping stoichometry of 2H'/e’

transferred through the protein (Brandt ez al., 2003).

1.3.2 Succinate:ubiguinone oxidoreductase

Complex II participates in both the respiratory chain and the TCA cycle, oxidizing succinate
to fumarate and transferring the electrons to ubiquinone. Complex II is not a proton pump,

but act as a site for regulation of the activity of the TCA cycle. Mammalian SQR is a four-
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subunit enzyme, the two largest subunits are extramembranous subunits that face in the
matrix space, and a flavoprotein contains a covalently bound flavin adenine dinucleotide
(FAD), iron-sulphur protein binds three iron-sulphur clusters: an Fe,S, centre, an FesSy4
cluster and an Fes;S4 centre. The two remaining subunits are membrane-bound. These
subunits bind a single low-spin b heme. The presence of two magnetically interacting
ubisemiquinone species has been observed in partially reduced bovine enzyme using EPR
spectroscopy. Crystal structures of the QFR enzymes from E. coli and Wolinella
succinogenes have been solved at resolutions of 3.3A and 2.2 A, respectively (Iverson ef al.,

1999; Lancaster et al., 1999).

1.3.3 Ubiquinone:cytochrome c oxidoreductase

Complex-III (cytochrome bc; complex) catalyzes the transfer of electrons from ubiquinol to
cytochrome ¢. The reaction is complicated in that both oxidation of ubiquinol (QH:) and
reduction of ubiquinone (Q) occur during the reaction cycle as part of the proton-
translocating cycle. The bovine mitochondrial cytochrome bc; complex is composed of
eleven subunits (Iwata et al. 1998), and the bacterial homologue consists of three subunits in
P. denitrificans. The enzyme contains a cytochrome b with two heme moieties b and by, a
subunit liganding a (Fe,S;) center (Rieske protein; ISP) and a cytochrome c;. It catalyzes
electron transfer from ubiquinone to cytochrome c via a ubisemiquinone, generating a proton
motive force across respiring membranes. It is widely agreed that the electron and proton-
transfer pathway occurs essentially by the ‘Q-cycle’ mechanism that was first envisaged by
Mitchell in 1962 (Rich, 2003). Ubiquinol oxidation at the ‘Qo’ site results in a concerted
electron transfer in which the first electron is transferred to the iron—sulphur protein and the
second to the low-potential heme b, termed b;. The electron on the iron—sulphur (Fe;S;)
protein is passed via cytochrome c; to the substrate cytochrome c. The electron on heme by
moves across the membrane to reduce the higher potential heme by and this in turn reduces
ubiquinone to ubiquinol in two steps. This mechanism provides a very efficient means of
utilizing the energy of electron transfer to form a proton-motive force across the membrane,
resulting overall in two electrogenic proton translocations across the inner mitochondrial

membrane for each pair of electrons eventually passed to cytochrome ¢ (Croft, 2004).

1.3.4 Cytochrome c oxidase

The cytochrome aa; type terminal oxidase accepts electrons from Complex III via the

soluble cytochrome ¢ in mitochondria while membrane-bound cytochrome css, in the P.
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denitrificans. It catalyses the transfer of electrons from cytochrome ¢ to molecular oxygen.
The enzyme is arranged so that cytochrome ¢ binds and donates electrons from the
intermembrane space. The mammalian mitochondrial cytochrome ¢ oxidase is a very large
structure that spans the inner mitochondrial membrane and is a dimer, with each monomeric
unit being composed of thirteen different subunits (Tsukihara et al., 1996; Yoshikawa et al.,
1998). However, sequence comparisons show that there is a wide range of simpler bacterial
oxidases that are structurally related to cytochrome oxidase and which form a homologous
‘superfamily’. The structure of P. denitrificans cytochrome c¢ oxidase revealed that the
enzyme complex consists of four different subunits (Iwata et al., 1995). It is composed of
subunit I which carries the binuclear Cuya site that serves as the entry point for electrons
donated by cytochrome c. Subunit I contains the other redox-active centers: a low-spin heme
a accepting electrons from the Cua center and transferring them to the binuclear site of
oxygen reduction which is formed by one copper atom called Cug and the high-spin heme
as. Subunit III is equally dispensable, since an enzyme complex consisting only of the
subunits I and II has been shown to be catalytically active and completely functional
(Ludwig and Schatz, 1980). The fourth subunit a small peptide as was first shown in the
crystal structure (Iwata et al., 1995). The function of this very small subunit with only one
transmembrane helix remains unclear, as the deletion of its gene had no deleterious effects
for assembly or function of the oxidase (Witt and Ludwig, 1997). The two other redox-active
atoms calcium and manganese are bound in substoichiometric amounts by specific amino
acid residues in the two larger subunits. The importance of these metal ions is not
completely understood although some stabilizing role has been implied (Pfitzner et al.,

1999).

1.4 Arrangements of the complexes

The first isolation of the five complexes of oxidative phosphorylation from mammalian
mitochondria was achieved about 50 years ago. These respiratory complexes were separated
by biochemical procedures and well characterized for several organisms. Two models were
proposed for the arrangement of these complexes in the membrane plane. (i) a supercomplex
assembly formed by stable associations between these proteins complexes or (ii) random

diffusion of individual respiratory complexes.
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1.4.1 Solid state or supercomplex model

The original idea of a solid state model of complex arrangement was given by Chance et al.
1955. There is mounting evidence that in vivo respiratory complexes specifically interact
forming supermolecular structures called supercomplexes: (i) purification protocols for
individual respiratory complexes sometimes lead to the isolation of stoichiometric
assemblies of two or more complexes which are functionally active (Hatefi et al., 1961;
Hatefi and Rieske, 1967); (ii) stable and enzymatically active supercomplexes can be
reconstituted upon mixture of Complex I and III (Fowler and Richardson, 1963; Hatefi,
1978; Ragan and Heron, 1978); (iii) respiratory protein complexes from several bacteria
were found to form specific supermolecular structures (Berry and Trumpower, 1985; Sone et
al., 1987; Iwasaki et al., 1995; Niebisch and Bott, 2003) ; (iv) inhibitor titration experiments
reveal that the respiratory chain of Saccharomyces cerevisiae behaves like a single
functional unit (Boumans et al., 1998) and (v) flux control experiments indicate specific
interactions of respiratory protein complexes (Genova et al., 2003). It was recently proposed
that respiratory complexes of mammals are organized as large assemblies constituting a
supramolecular network, the so-called “respirasome” consisting of two supercomplexes
(ILIII1Vy4 and II1,1Vy) as building blocks in a 2:1 ratio (Schagger et al, 2000).

Isolation of supercomplexes by means of protein solubilization using nonionic detergents
and separations of solubilised protein complexes by Blue Native (BN)-PAGE were used to
investigate the structure of the OXPHOS system of plants and bacteria (Eubel et al., 2003;
Krause et al., 2004). Recently with this method all complexes I, III, IV with a stoichiometry
of 1:4:4 and several copies of cytochrome css, were isolated from Paracoccus denitrificans
(Stroh et al., 2004). A plant mitochondrial and mammalian supercomplex was structurally
characterized by electron microscopy (EM) and presents a model for how complexes I and
IIT are spatially organized within the Complex-I+III, supercomplex (Dudkina et al., 2005;
Schifer et al., 20006).

Several physiological roles were proposed for these respiratory supercomplexes, like
substrate channelling leading to catalytic enhancement, protection of reactive reaction
intermediates, and stabilization of individual protein complexes (Schigger and Pfeiffer,
2000; Genova et al., 2003). The major advantage of substrate channelling is the use of
localized substrate molecules. This has been shown for mammalian mitochondria quinone
and cytochrome ¢, which can react independently of bulk properties of a quinone or

cytochrome c¢ pool (Gupte and Hackenbrock, 1988). Sequestration of the reactive
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intermediate ubisemiquinone, which can react with oxygen to generate superoxide anion
radical is essential, since conditions leading to increased levels are involved in the
pathogenicity of mitochondrial disorders (Schéigger et al/, 2004). However, sequestration of
ubisemiquinone seems to be a function of individual Complexes I and III. Assembly or
stability of complexes III and IV is not adversely affected by the absence of supercomplexes
in P. denitrificans, S. cerevisiae, and human mitochondria (see review Schigger, 2002)
However, Complex I from human mitochondria and P. denitrificans requires physical
association with Complex III for assembly or its stability (Schiagger ef al., 2004; Stroh et al.,
2004).

1.4.2 Random diffusion model

Membrane-associated biochemical reactions are thought to occur by mechanisms that
require lateral diffusion of membrane components. It has been proposed that reactions in the
membrane are dependent on random collisions, where diffusion itself is rate limiting. One
system in which random collisions have been suggested to be the dominant mode of
interaction is the mitochondrial electron-transfer chain. Hackenbrock et al., 1985, postulated
the random collision model of mitochondrial electron transport.

The random collision model of mitochondrial electron transport can be summarized as:

1.4.2.1 All the redox components are independent lateral diffusion

The combined studies of differential calorimetry, freeze fracture electron microscopy
showed that the total protein of inner mitochondrial membrane occupies only one third to
one half of membrane surface area (Hackenbrock et al., 1985). The lipid bilayer occupied
around 50% of the surface area that provides space to the membrane protein to diffuse
freely. Antibodies were used as a probe for free lateral diffusion and random collision of
redox protein (Hochli et al., 1985). The low pH liposome fusion method showed the
kinetically independent diffusion of all sequential electron transfer complexes, cytochrome ¢
oxidase and bc; complex diffuse independently to each other (Schneider ef al., 1980). The
average distance between the integral membranes proteins is increased due to the liposome
fusion to native membrane was showed by freeze fracture technique. Due to increased
distance, the electron transfer rates between redox partner decreases proportional to degree
of exogenous liposome fusion. The other evidence came from measurement of lateral
diffusion of redox component by fluorescence recovery after photo bleaching (FRAP)

experiments. The lateral diffusion coefficient of Complex III, IV, cytochrome ¢, ubiquinone
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and inner phospholipids were determined by FRAP (Gupte ef al., 1984). The recovery data
showed that redox component and ubiquinone analogues is greater than 90% recovery in
each case and have no significant immobile fraction. It indicates that all the redox

component diffuse laterally as a common pool.
1.4.2.1 Cytochrome c diffuses primarily in three dimension

In the inner mitochondrial membrane cytochrome ¢ acts as the electron mediator between the
bc) complex and cytochrome ¢ oxidase. Depending on ionic strength cytochrome c¢ can
diffuse laterally, pseudo-laterally and three-dimensionally with respect to the membrane
surface. The three types of diffusion and its strong dependencies on high ionic strength were
shown by FRAP. It shows that maximum electron transfer activity of cytochrome ¢ occur at
physiological (150 mM) ionic strength in isolated inner mitochondrial membranes when

cytochrome c is in state of three-dimensional diffusion (Gupte ef al., 1988).
1.4.2.2 Electron transport is a diffusion-controlled kinetic process

All the bimolecular redox reactions in the inner mitochondrial membrane are preceded by
one or more diffusion-based random collisions between different redox partners (Gupte et
al., 1984). This was determined by experimental data from lateral diffusion, effective
concentration (ratio of reduced and oxidized) and sum of the radii of the reactive areas of
redox components. The collision frequency was calculated with the Hardt equation to
compare by experimental maximum turnover number in two-dimensional systems (see
reference Hackenbrock et al., 1986). It shows that every redox component undergoes one or
more diffusion-based collision with its potential redox partner to yield one turnover. In the
data, they never found a turnover number greater than the collision frequency. These
findings reveal that a permanent assembly or transient aggregate of redox components is not

required for sequential or maximum rate of electron transport.
1.4.2.3 Electron transport is a multicollisional, long-range diffusion process

Mitochondrial electron transport is on average a long range (>10 nm) diffusional process.
The data were interpreted to show that distances between Complex I and IIT 30 nm, Complex
IT and III is 27.2 nm, Complex IIl and IV 19.3 nm (Hackenbrock et al., 1985). These
distance were calculated by using the equation d= [cl+cz]'1/2 where c¢; and c, are the
concentration of individual redox complexes in a two dimensional stationary lattice. Dilution
of the inner mitochondrial membrane lipid by phospholipid enrichment method showed the

decrease in collision obstruction and increase in the diffusion distances. The diffusion rates
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of redox components have a direct influence on the overall kinetic process of electron
transfer and can be rate limiting as in diffusion control.

All of the above postulates presented here for the random diffusion model showed that the
redox complexes undergo one or more diffusion-based collisions with its potentially reactive
redox partner to affect one turnover. Thus electron transport is a diffusional coupled process
and diffusion control could be summarized as (i) The diffusion—coupled kinetic process is
composed of a diffusion step and chemical reaction step (i1) diffusion control step is defined
as when the collision frequency between the reaction partners is equal to the frequency of
chemical reaction (iii) when collision frequency between reaction partner exceeds the
frequency of chemical reaction, overall kinetic process is diffusion control.

In addition, studies on the rotational mobility of cytochrome ¢ oxidase demonstrate that at
least half of the oxidase in the native mitochondrial membrane shows free rotational mobility
(Kawato et al., 1980). The artificially induced alterations in the distances between electron-
transfer components are accompanied by changes in electron-transfer rates. When the
distances between redox centers are decreased, the rate of electron transfer from succinate or
NADH to oxygen is increased, while an increase in distance decreases the electron-transfer
rates (Schneider et al., 1982). These findings led to a proposal that mitochondrial electron
transfer occurs by a diffusion-mediated mechanism in which cytochrome ¢ and ubiquinone
diffuse much faster than the large integral protein complexes. Cytochrome ¢ has been
suggested to communicate electrons between cytochrome bc; and aas, by rapid diffusion on
the negatively charged membrane surface with correct orientation of the mobile carrier
maintained by its large dipole moment (Koppenol and Margoliash, 1982). This idea is
supported by studies on the effects of chemical modification of cytochrome ¢ on its
reactivity with its redox partners, indicating that the same residues are involved in the
binding of cytochrome ¢ to both cytochrome aa; and cytochrome bc; (see Hochli et al.,
1985). Moreover, when cytochrome ¢ is cross-linked to mitochondrial inner membranes,
significant rates of electron transfer are retained. This suggests that dissociation of
cytochrome ¢ from its redox partners may not be required for its activity because of the
small size and lipid nature of ubiquinone. However, there is also evidence for direct
interaction of cytochrome bc; with Complex I and with succinate dehydrogenase (Chazotte
and Hackenbrock, 1988), raising the possibility that electron transfer by ubiquinone can

occur via direct association of the complexes as well as by free diffusion.
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Objectives of this dissertation

The aim of my doctoral work was to prove the supercomplex model of respiratory chain
complexes in the native bacterial membrane. Here different independent approaches were
used to analyze the existence of a supercomplex in a native membrane environment, and to
avoid any perturbation caused by detergent solubilization:

e Measuring the distance and orientation of the different complexes by Electron
Paramagnetic Resonance (EPR) Spectroscopy: The experiment started with a simple
model system and the complexity of the system may be later increased gradually to
make the final aim of this approach.

e Lateral diffusion of cytochrome c¢ oxidase in the native membrane by using
Fluorescence recovery after photobleaching (FRAP), and Fluorescence correlation
spectroscopy (FCS): This approach started with a simple system (reconstituted
protein in lipid vesicles) and the complexity of the system may be later increased.

e Time resolved photolysis study of the arrangement of different complexes in the
membrane by Flash Photolysis method: The experiment started with optimization of
CO binding with detergent solubilised and reconstituted cytochrome ¢ oxides and

may be later performed in the native and complex deleted membranes.
Distance and orientation measurements between the different respiratory complexes

Electron Paramagnetic Resonance EPR, a spectroscopic technique has been applied to
investigate both the structure and dynamics of paramagnetic sites in biological systems
(Prisner et al., 2001; Eaton and Eaton, 2000). The high sensitivity of electron spins allows
studying paramagnetic sites in large macromolecular complexes, and the distance and
orientation measurements can provide structural information on these biological systems
(Lakshmi and Brudvig, 2002). Time relaxation (T) distance measurements rely on the
enhancement of the spin-relaxation rate of a slow-relaxing spin by a fast-relaxing spin
(Eaton and Eaton, 2002).

Due to presence of different paramagnetic centers (hemes, iron-sulphur clusters, Cu,), it is
very difficult to assign the EPR signal in a native membrane. Here we started with two
simple systems; soluble fragments of cytochrome css;, containing a single paramagnetic
center (Fe) and the soluble domain of subunit II of cytochrome ¢ oxidase which contains the

binuclear mixed-valence Cu, centre. Multi-frequency pulse EPR spectroscopy was applied
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to investigate the magnetic dipole-dipole interactions for distance and orientation
measurement between these two proteins.

To increase the complexity of the system in terms of paramagnetic centers and size of the
protein molecule, we can increase in a ‘step by step’ manner to measure the distance and
orientations between these complexes:(i) cytochrome ¢ oxidase and its electron donor
soluble or a membrane anchored cytochrome cssy (ii) same component in a reconstituted
system mimicking the membrane like situation, (iii) extension of these measurements in the
presence of bc; complex and Complex I the reconstituted system. To compare these
distances to native membrane situation three types of deletion mutants could be used, which
did not contain Complex I or III or IV. These mutants can be used for the comparison of the
distance between the complexes in the natural and reconstituted system. It will confirm
whether a supercomplex exists in the native membrane, is not a detergent artefacts and plays

a physiological role in electron transport.
Lateral mobility of the complex in the native membrane

An alternative approach to obtain the quantitative information on the lateral diffusion
properties of complexes in their native membrane environment could answer the question
whether any particular respiratory complex is present as a monomer complex or assembled
in a supercomplex form. Two independent techniques, Fluorescence recovery after photo
bleaching (FRAP) and fluorescence correlation spectroscopy (FCS) was used. In these
experiments, the diffusion of cytochrome ¢ oxidase was monitored as it was labelled with
monoclonal antibody (Fv fragment) that binds to the periplasmic side of subunit II of
oxidase (Iwata et al., 1995). Fv fragment is labelled with the appropriate dye (FITC for
FRAP and Cys for FCS), and the labelled Fv fragment is allowed to bind to cytochrome ¢
oxidase in the membrane. Therefore, it is an indirect labelling of the complex in the native
membrane. Lateral mobility of cytochrome oxidase in membrane plane should answer the
question whether the complex moves as an individual entity with a molecular weight of 125
kDa or in supercomplex with 10 fold higher (1900 kDa) molecular weight (Stroh et al.,
2004).

Flash photolysis method

In the membrane plane, measurements of rotational motions are particularly important,
because of their high sensitivity to the shape and size of the protein or assembly of proteins.
A number of membrane proteins permits microsecond and millisecond rotational motions to
be plausibly interpreted in terms of specific large-scale motions (see Kawato and Kinosita,
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1981). The measurements of rotational motion will be based on a orientation-dependent
photoselection i.e. the selective excitation of molecules on the basis of orientation, and
observation of the effects of molecular reorientation during the rebinding of the probe.

The optical absorption spectroscopy will be used for detection of rotational diffusion of
oxidase in native membrane. To monitor the reorientation of oxidase in the membrane plane,
carbon monoxide (CO) would be used as a probe for this experiment. The CO binds to
oxidase in reduced condition at the a3-Cug site and the effect will be monitored in the Soret
region of the spectra. Non-polarized and polarized light would be used for this measurement.
The difference in absorption between horizontally and vertically polarized light will be used

for investigate the rotational mobility of respiratory complex in native membrane.
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2. Materials and Methods

2.1 Suppliers

AppliChem GmbH (http://www.applichem.de)

Amersham Biosciences (http://www.amershambiosciences.com)
Biomol (http://www.biomol.de)

Invitrogen (http://www.invitrogen.com)

Molecular Probes (http://probes.invitrogen.com)

Merck (http://www.merck.de)

PeQ lab (http://www.peqlab.de)

Roth (http://www.carl-roth.de)

Sigma Aldrich & Fluka (http://www.sigmaaldrich.com)

Materials and Methods

2.2 Chemicals

5-Brom-4-Chlor-3-indolyl-phosphate (BCIP) BTS

Acetic acid Glacial Carl Roth
Acrylamide 30% AppliChem
Adenosine di-phosphate Calbiochem
Agar-Agar Carl Roth
Agarose PeQ lab
Ammonium chloride Carl Roth
Ammonium per sulphate (APS) Carl Roth
Ampicillin Carl Roth
Asolectin Sigma-Aldrich
Avidin Gerbu
Bacto-trypton Becton and Dickinson
Bio-beads Sm-2 Bio Rad
Bisacrylamide AppliChem
Bis-Tris AppliChem
Boric acid Carl Roth
Bovine Serum Albumin (BSA) Sigma-Aldrich
Bromophenol blue Biomol
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Calcium chloride dihydrate
Chloramphenicol

Chloroform

Cholic acid-Na salt

Citric acid monohydrate
Coomassie-Blue

Cupric chloride (CuCl,)

Cy5 dye

Desthiobiotin

Digitonin

Dimethylsulfoxide (DMSO)
Di-potassium hydrogen phosphate (K,HPOy4)
Dithiothreitol (DTT)

DNAse

Ethanol

Ethidium bromide
Ethylendiamine tetracetic acid (EDTA)
Fluorescein isothiocyanate (FITC)
Folin-Ciocalteu’s phenol reagent
Glycerol

Glycine

HABA dye

N-2-Hydroxyehtylpiperazine-N'-2-ethanesulfonic
acid (HEPES) buffer

Hydrochloric acid (HCI)
Hydroxylamine-HCl

Imidazole

Isopropanol
Isopropyl-B-D-thiogalactopyranoside (IPTG)
Kanamycin

Lysozyme
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Fluka

Carl Roth

Carl Roth
Sigma-Aldrich
Carl Roth

Carl Roth
Fluka
Amersham
Sigma-Aldrich
Sigma-Aldrich
Merck

Carl Roth
AppliChem
Fluka Chemie
Carl Roth
Gibco BRL
Carl Roth
Molecular probes
Merck

Carl Roth

Carl Roth
Sigma —Aldrich

Carl Roth

Carl Roth
Sigma —Aldrich
Carl Roth

Carl Roth
Fermentas
AppliChem

Biomol



Methyl-amine
N,N,N,N-Tetramethylethylenediamine (TEMED)
n-Dodecyl-B-D-maltopyranoside (DM)
Pefabloc SC
Phenylmethylsulphonylfluoride (PMSF)
Ponceau Red S

Potassium chloride (KCI)

Potassium cyanide (KCN)

Potassium di-hydrogen phosphate (KH,POj)
Potassium hydroxide (KOH)

Proteinase K

Sodium acetate

Sodium azide

Sodium carbonate (Na,COs)

Sodium chloride (NaCl)

Sodium dithionite

Sodium dodecyl sulphate (SDS)
Sodium nitrite

B-Mercapto-ethanol

Succinic acid

Succinic acid (purity 99.99% , Mn free)
Sucrose (purity 97.995%)
Tris-hydroxymethylaminoethane (Tris)
Urea

Yeast extract
2.3 Column chromatography

Diethylaminoethyl (DEAE) cellulose
Diethylaminoethyl (DEAE) sepharose CL-6B
Ni-NTA fast flow

Sephacryl S-200
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Carl Roth
Biomol
Biomol

Serva
Sigma-Aldrich
Carl Roth
Riedel-de Haén
Carl Roth

Carl Roth
Sigma-Aldrich
Carl Roth

Carl Roth

Carl Roth

Carl Roth
Fluka

Carl Roth
Merck

Carl Roth

Carl Roth
Fluka

Carl Roth

Carl Roth

Carl Roth

Materials and Methods

Becton and Dickinson

Pharmacia
Pharmacia
Pharmacia

Pharmacia



Materials and Methods

Q-Sepharose Qiagen
Sepharose-200 Pharmacia
Sephadex G-25 Pharmacia
Ultragel AcA-34 Sepracor
Streptavidin IBA Géttingen
2.4 Proteins

Avidin Biomol

Horse heart cytochrome ¢ Sigma —Aldrich
P. denitrificans cytochrome ¢ oxidase Prof. Ludwig
Cytochrome bc; complex Oliver Anderka
Cytochrome c; fragment Julia Janzon

Periplasmic fracation of Fv fragment against

subunit II of aa; cytochrome ¢ oxidase Oliver Richter
2.5 Strains

References
Wild type P. denitrificans : Pd1222 (Ri', Sp') DeVries et al., 1989
Complex 111 deletion mutant: MK6 (Pd1222, A fbc::Km'") Marcus Korn (1994)
aaz oxidase deletion mutant: MR31 (Pd1222, ActaDI::Km', Raitio and Wikstrom
ActaDII::T¢") (1994)

M. Finel (1996), Oliver

Complex | deletion mutant Anderka (2003)

2.6 Instruments

Autoclave Schutt
Electrophoresis apparatus Bio-Rad
Fermentor New Brunswick
Heraeus megafuge 1.0R Heraeus
Manton-Gaulin Press APV Schroder
Biofuge GL Heraeus
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pH meter pH401 WTW

Protein electrophoresis (Mini Protein II) Bio-Rad

Sonfier 250 Branson

Sorvall RC5B, RC3C, RC5 Dupont
Spectrophotometer U-3000 Hitachi
Spectrophotometer UV IKON Kontron

Speed Vac Savant

Thermo mixer 5436 Eppendroff
Ultracentrifuge L7-65 and L8-70, Beckman Instrument
Vortex Reax 2000 Heidolph

Zeta sizer Nano ZS Malvern Instruments

2.7. Experimental setup
2.7.1 FRAP and FCS

A FRAP setup was described (Knoll ef al., 1998) and an initial FCS experiment was done in
collaboration with Dr. Ingo Kd&per, Marcel Friedrich and Dr. Renate Naumann, Material

science group Max Planck Institute for Polymer Research Mainz, Germany.

2.7.2 Pulsed EPR

EPR spectra were taken in close collaboration of Prof. Dr. T. Prisner at Institut fiir
Physikalische und Theoretische Chemie, J.W.Goethe-Universitit, Frankfurt, Germany.
Bruker Elexsys-580 X-Band spectrometer equipped with a Bruker MD5-W1 cavity and an
Oxford CF935 helium flow cryostat with ITC-5025 temperature controller. The High field
EPR experiments were performed on a home-built (Rohrer et al., 2001), 6.4 T, 180 GHz
pulse EPR spectrometer. The X band measurements were performed with Sevdalina

Lyubenova and high filed with Marloes Penning de Vries.

2.7.3 Flash photolysis

The laser flash photolysis setup with laser pulse (Nd:YAG, 532 nm, 10 ns, 5 mJ/cm®) was
used. Two digital oscilloscopes (LeCroy 9361 and 9400A) were used to record the traces in
two overlapping time windows. Each data point was properly weighted on the basis of the
baseline analysis and the quasilogarithmic data compression, as described by (Chizhov ef al.

1996). The setup was used with Dr. Igor Chizhov, Institut fur Biophysikalische Chemie,
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Medizinische Hochschule Hannover. Carbon monoxidase (CO) was purchased from Air

liquid.

2.8 Software

Clone Manager Scientific & Educational Software
Zeta particle measurement Malvern Instruments

Origin software http://www.OriginLab.com

Swiss Pdb viewer http://www.expasy.org/spdbv/
Web lab pdb viewer Molecular Simulations Inc

Pymol DeLano Scientific

2.9 Solutions

2.9.1 Growth Medium

LB-Medium

Peptone 1 % (w/v)
Yeast extract 0.5 % (w/v)
NaCl 0.5 % (w/v)
TY-Medium

Trytone 0.8 % (W/v)
Yeast Extract 0.5 % (W/v)
NaCl 0.5 % (W/v)

Succinate Medium (Ludwig, 1986)

K,HPO, 50 mM
NH,Cl 10 mM
MgSO,x7 H,0 1 mM
Citric acid 1 mM
Succnic acid 40 mM
Trace element solution 0.2 ml /L
pH 6.2 with KOH
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Trace element solution

CaCl, 100 mM
CoCl, 10 mM
CuSO, 4 mM
FeCl, 90 mM
H,BO, 5 mM
MnCl, 50 mM
Na,MoO, 10 mM
ZnCl, 25 mM

in concentrated HCI (37%)
Methylamine Medium (Ludwig 2001)

Methylamine hydrochloride 11 g/L

Citric acid 0.42 g/L
K,HPO, 6.0 g/L
KH,PO, 4.0 g/L
MgSO,4 x 7H,0 0.25 g/LL
Yeast extract 0.1 g/L
Trace solution 1.0 ml/L
NaHCO; 10 g/L

Trace solution

CaCl, x 2H,0 300 mM
CoCl, 10 mM
CuSO, 4 mM
FeCl, 90 mM
H,BO, 5mM
MnCl, 50 mM
Na,MoO, 10 mM
ZnCl, 25 mM

in concentrated HCI (37%)
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2.9.2 Antibiotics

Antibiotic
Ampicillin (Amp)
Streptomycin (Sm)
Kanamycin (Km)

Rifampicin (Rif)
Store at —20 °C.

2.9.3 Molecular biology

Stock concentration

50 mg/ml in 50 % Glycerin
25 mg/ml in 50 % Glycerin
25 mg/ml in 50 % Glycerin

30 mg/ml in Methanol

2.9.3.1 Plasmid isolation (Mini-Prep)

Mini I-Solution (TEG pH §)

Tris
Glucose

EDTA

25 mM
50 mM
10 mM

Mini [I=Solution fresh prepared

NaOH
SDS

Mini I1I-Solution

5 M Potassium acetate
Glacial acetic acid
H,O

TEpH7.5

Tris

EDTA

02M
1%

60 ml
11.5ml
28.5 ml

10 mM
1 mM

Chloroform / Isopropyl alcohol 24 : 1 (v/v)

RNAse

2 mg/ml in 50 % Glycerol
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2.9.1.2 Agarose gel electrophoresis

DNA loading buffer
Glycerol 5% (v/v)
EDTA 30 mM

Bromophenol blue in TBE 0.02 % (w/v)

Ethidium bromide solution

Ethidium bromide 10 mg/ml
Working concentration 5 pg/ml

TBE (10x) pH 8

Tris IM
Boric acid IM
EDTA 25 mM

2.9.1.3 Competent cell preparation

TFB I-Buffer pH 8.5

RbCl 100 mM
MnCl, 100 mM
CaCl, 10 mM
Potassium acetate 30 mM
Glycerol 15 % (v/v)
TEB Il-buffer pH 7.0

RbCl 10 mM
MOPS 10 mM
CaCl, 75 mM
Kac 30 mM
Glycerol 15 % (v/v)

All solution were sterilized by filter sterilization
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2.9.4 Protein estimation

Solution A
Na,CO, 2 % (W/v)
NaOH 0.4 % (w/v)
Solution B
CuSO;4 x 5H,0 1 % (w/v)
Solution C

K-Na-tartrate 2 % (W/v)

Folin-Ciocalteau’s reagent

2.9.5 Electrophoresis and Western-blot
2.9.5.1 SDS-PAGE

Separating gel buffer (4x) pH 8.8 (Laemmli, 1970)

Tris-HCI 1.5M

EDTA 8 mM

SDS 0.4 % (W/v)
Stacking gel buffer (4x) pH 6.8 (Laemmli, 1970)
Tris-HCI 0.5M

EDTA 8 mM

SDS 0.4 % (w/v)

Acrylamide solution

Acrylamide 30 % (W/v)
Bisacrylamide 0.8 % (W/v)
SDS loading buffer

Stacking buffer 12.5 ml

SDS 20 % (w/v) 10.0 ml
B-Mercaptoethanol 2.0 ml
Glycerol 10.0 ml

Bromphenol blue 1 % (w/v) 1.0 ml
50 ml with H,0
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SDS Running buffer (5x) pH 8.3

Tris 30g
SDS (20%) 50 ml
EDTA (500 mM, pH 8.0) 4 ml
Glycine 1425 ¢
1 L with H,O

Coomassie staining solution

Coomassie brilliant blue 0.2 % (W/v)
Glacial acetic acid 10 % (v/v)
Methanol 20 % (v/v)

Coomassie-destaining solution

Glacial acetic acid 10 % (v/v)
Methanol 20 % (v/v)

2.9.5.2 Western-Blot

Transfer buffer (5x)

Tris 30g
SDS (20% w/v) 4 ml
Glycine 142 ¢
1L with H,O

Transfer buffer (1x) working solution

Transfer buffer 5x 400 ml
Methanol 400 ml

2 L with H,O

Ponceau solution

Ponceau 0.2 % (W/v)
TCA 3 % (W/v)
TBSpH 7.5

Tris 50 mM
NaCl 150 mM
Tween-20 0.1 % (v/v)
NCS 5% in TBS (v/v)
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TNM pH 9.5
Tris-HCl
NaCl
MgCl,

BCIP

Stored at —20 °C

NBT

Stored at —20 °C
Stop solution, pH 8.0
EDTA

100 mM
100 mM
50 mM

25 mg/ml in DMF

50 mg/ml in 70 % (v/v) DMF

50 mM

2.9.6 Membrane suspension buffer

Kpi pH 8.0
NaCl
EDTA

Sucrose gradient

Sucrose
Kpi pH 8.0
EDTA

20 mM
100 mM
1 mM

20 %-60 % (w/w)
20 mM
1 mM

2.9.8 Purification of respiratory protein complexes

2.9.8.1 Cytochrome c oxidase

Buffer for DEAE-sepharose CL6B column

Kpi pH 8.0
NaCl
EDTA
DM

20 mM
100 mM
1 mM
0.5 g/L
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Washing buffer with high detergent concentration

Kpi pH 8.0 20 mM

NaCl 100 mM

EDTA ImM

DM 2.0¢g/L

Low salt gradient High salt gradient
Kpi pH 8.0 20 mM Kpi pH 8.0

NaCl 100 mM NaCl

EDTA 1 mM EDTA

DM 0.5 g/L DM

AcA 34 gel filtration column

Kpi pH 8.0 20 mM
NaCl 100 mM
EDTA ImM
DM 0.2 g/L

DEAE sepharose CL6B column

Kpi pH 8.0 20 mM

NaCl 100 mM

EDTA 1 mM

DM 0.2 g/L

Low salt gradient High salt gradient
Kpi pH 8.0 20 mM Kpi pH 8.0

NaCl 100 mM NaCl

EDTA I mM EDTA

DM 0.2 g/L DM
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0.5 g/L

20 mM
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2.9.8.2 Cup fragment purification

Pellet suspension buffer

Tris-HCI pH 8.2 20 mM

Inclusion body suspension

Tris-HCI pH 8.2 20 mM
Triton-X100 1.5%
Pellet suspension

Tris-HCI pH 8.2 20 mM
Urea ™
NaCl 100mM

First dialysis buffer

Tris-HCI pH 8.2 20 mM
Urea 2M
DTT 0.5mM
Second dialysis

Tris-HCI pH 8.2 20 mM
DTT 0.5 mM

Dialysis buffer for overnight

Tris-HCI pH 8.2 20 mM

Cu(I)Cl, 300 uM
Q sepharose high performance column

Equilibration buffer

Tris-HCI pH 8.2 20 mM

Cu(IDCl, 300 uM
Gradient

Tris-HCI pH 8.2 20 mM Tris- HCI pH 8.2
NaCl 100 NaCl
Cu(IDCl, 300uM Cu(II)Cl,
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Gel filtration Sephacryl HR S200 column

Bis-Tris pH 7.0 20 mM
NaCl 100 mM

Ni-NTA column

Bis-Tris pH 7.0 20 mM

2.9.8.3 Cytochrome css, fragment purification

Periplasma Buffer

Tris-HCI pH 8.0 100 mM
EDTA 1 mM
Sucrose 5000 mM

O-sepharose fast flow

Equilibration buffer

Tris-HCI pH 8.0 50 mM
NaCl 50 mM
EDTA 1 mM
Gradient

NaCl (50-150 mM) in equilibration buffer

Gel filtration Sephacryl S-100 column

Tris-HCI pH 7.0 20 mM
NaCl 150 mM
EDTA 1 mM

2.9.8.4 Cytochrome css, from Thermus thermophilus

CM-Sepharose column

Equilibration buffer

Tris-HCI pH 8.0 50 mM
EDTA 1 mM
Gradient

Tris-HCI pH 8.0 20 mM Tris- HClpH 8.0 20 mM
NaCl 100mM  NaCl 1000 mM
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Sephacryl 100 gel filtration

Tris-HCI pH 8.0 50 mM
NaCl 150 mM
EDTA 1 mM

2.9.8.5 Membrane bound cytochrome css;

Membrane solubilization buffer

Kpi pH 8.0 50 mM
NaCl 150 mM
Imidazole 20 mM

with NaOH pH 8.0
Cu-IMAC column

Equilibration buffer Gradient buffer

Kpi pH 8.0 50 mM Tris- HCI pH 8.2
NaCl 150 mM NaCl

Imidazole 20 mM Imidazole »

DM 0.2 g/L DM

O sepharose CL6B

Kpi pH 8.0 50 mM

NaCl 50 mM

DM 0.2 g/L

Gradient with 50-600 mM NacCl in same buffer
2.9.8.6 Reconstitution in liposome

Reconstitution buffer

HEPES pH 7.3 100 mM
Cholic acid Na salt 2 % (W/v)
Dialysis buffer I

HEPES-KOH pH 7.3 100 mM
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Dialysis buffer 11

HEPES-KOH pH 7.3 10 mM
KClI 40.6 mM
Sucrose 39.6 mM

2.9.9 Solutions for spectroscopic methods

Spectra buffer

Kpi pH 8.0 50 mM
Triton-X-100 0.5 % (v/v)
EDTA 1 mM

Oxidase activity buffer

Tris-HCl 20 mM
KCl1 20 mM
EDTA 1 mM

adjust pH 7.5

2.9.10 Translational diffusion methods

2.9.10.1 Purification of Fv fragments

Washing buffer (W)

Tris-HCI pH 7.0 100 mM
NaCl 150 mM
EDTA 1 mM
Elution buffer(E)

Tris-HCI pH 7.0 100 mM
NaCl 150 mM
EDTA 1 mM
Desthiobiotin 2.5 mM

Regeneration buffer(R)

Tris-HCI pH 7.0 100 mM
NaCl 150 mM
EDTA 1 mM
HABA 1 mM
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2.9.10.2 Phosphate buffered saline (PBS)

KH,PO4 024 ¢g
Na,HPO, 144 g
KCl 02¢g
NaCl 8g
per liter

2.9.11. Buffer for EPR experiments

HEPES-KOH pH 7.0 5mM
Glycerol 10 %

2.10 Molecular biology methods
2.10.1 Plasmid isolation

For restriction analysis, the plasmids were prepared by the alkaline lysis method: Cell pellet
from a 2 ml overnight culture was suspended in 100 ul Mini-I solution (TEG pH 8.0)
followed by gently mixing with 200 pl freshly prepared Mini-II solution (0.2 M NaOH, 1%
SDS) for 5 min. After that 150 ul of Mini-IIl solution (Potassium acetate solution) was
slowly added to the mixture. The sample was incubated on ice for 10 min and then
centrifuged (13000 rpm, 10 min, Heraeus biofuge). The supernatant was mixed with 800 pl
of isopropanol and incubated on ice for 10 min. The sample was then centrifuged at 14000
rpm for 15 min. After removing the supernatant carefully, the pellet was washed once with
70 % ethanol and dried with air. Finally, the pellet was redissolved in 50 pl of sterile water
and 5 pul RNAse was added, and incubated at 37 °C for 1 hour.

Restriction enzyme digestion was performed in a DNA to enzyme ratio of 1 pg to 10 units
under conditions (temperature and buffer) as described by the manufactures (MBI
Fermentas). After restriction, the DNA sample was mixed with 20 ul DNA loading buffer.
DNA fragments were analyzed in 1% agrose gels in TBE buffer with a horizontal

electrophoresis chamber at 100 mV for 1 hour.

2.10.2 Competent E. coli cells

An overnight culture of E. coli K12 strain JM 109 or JM 83 was inoculated in 100 ml LB
medium and grown at 37 °C to an ODggo of 0.5. The culture was cooled down and cells were

harvested at 6000 rpm (10 min, 4 °C, Heraeus megafuge). The cell pellet was carefully
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suspended in 10 ml ice cooled TFB-I buffer and incubated on ice for 1 hour. After
centrifugation the pellet was suspended in 2 ml TFB-II buffer. 100 pul cell aliquots were

frozen in liquid nitrogen and stored at -80 °C.
2.10.3 Transformation

100 pl aliquots of competent cells were thawed on ice for 20 min. 1 pl plasmid DNA (10 ng)
was mixed with 100 ul of competent cells and incubated on ice for 20 min. The mixture was
transferred to 42 °C for 60 sec (heat shock). The cells were regenerated in 1 ml LB medium
at 37 °C with slow shaking. The cell suspension was centrifuged (5000 rpm, 5 min, Heraeus
biofuge), plated on a pre-warmed (37 °C) agar plate with appropriate antibiotics, and
incubated at 37 °C overnight.

2.11 Growth of P. denitrificans

A single colony of P. denitrificans was picked from an LB plate containing appropriate
antibiotics (depending upon the strain). It was inoculated in 2 ml LB medium for overnight
growth. From this overnight culture, 1 ml was inoculated in 100 ml succinate medium at 32
°C in shaking condition for overnight. 5% of pre-culture was inoculated in 2.5 liter of the
medium in 5 liter Erlenmeyer flask at 180 rpm 32 °C room temperature. Same procedure was
applied for growth of P. denitrificans in methylamine medium. The cells were harvested by
centrifugation at 5000 rpm (Sorvall RC3C, 20 min, 4 °C).

Mn depleted oxidase

To avoid any signal from Mn"" in cytochrome ¢ oxidase for EPR experiments, cells were

grown in the succinate medium containing 1 pM MnCl, instead of 50 pM.

2.12 Membrane preparation

Three different methods were used for the preparation of the cytoplasmic membrane of P.
denitrificans for different experimental purposes

e Osmotic pressure method

e Sonication method

e French Press (Manton-Gaulin Press) method
2.12.1 Osmotic pressure method

Frozen cell paste was thawed and diluted to 10 ml/g of cells in buffer (20 mM Kpi, pH 8.0)
with Pefabloc SC (100 uM), lysozyme (10 mg/ml) and 0.02 mM MgSO4 with a small
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amount of DNAse to reduce viscosity. The suspension was stirred for 15 minutes at room
temperature, and then two volume of buffer (20 mM Kpi, pH 8.0, | mM EDTA) was added

to apply an osmotic shock to cells. All steps were carried out at 4 °C.

2.12.2 Sonication method

Harvested P. denitrificans cells were dissolved in buffer (20 mM Kpi, pH 7.0, 10 mM
EDTA), Pefabloc SC (0.5 mg/ml) and mixed with homogenizer for 5 min. Lysozyme (10
mg/ml) was added in the concentration of 1 ml per 100 ml of the cell solution. For lysozyme
activity cells were incubated for 1 hour in ice. Thereafter cells were stored at -80 °C for 30
min. After thawing, the cell wall and genomic DNA were destroyed by sonication (Branson
Sonifier 250, 40% output, max 40% duty cycle for 5 min), and membranes collected by
ultracentrifugation (Beckman L-70, rotor 45Ti, 40,000 rpm, 1 h, 4 °C).

2.12.3 Manton-Gaulin Press (MG) method

In this method membranes were prepared by rupture of the cell wall at a pressure of 400 bar
with Manton-Gaulin Press (APV Schroder, Liibeck, Germany). Frozen cells were thawed in
buffer (20 mM Kpi, pH 8.0, 1 mM EDTA), homogenized and Pefabloc SC was added in
final concentration of 100 uM. The suspension was put in the MG Press; first pumped for 5
min, then 400 bar pressure applied for 5 min. All steps were carried out in cold room (8 °C).
In all three cases, unbroken material was first centrifuged at 5000 rpm (Sovrvall RC3 10 min
4 °C). The supernatant was centrifuged at (12,000 rpm, Sorvall GSA rotor, 4 °C, overnight).
In different methods used for cell breakage after first centrifugation, pellets consisted of a
chalky grey lower layer and a very soft, reddish brown upper layer. The soft reddish layer
was suspended in buffer (20 mM Kpi, pH 8.0, 1 mM EDTA). The suspended pellet was
ultracentrifuged (Beckman L-70, rotor 45Ti, 35,000 rpm, 1 h, 4 °C). Pellet containing
reddish brown layer was suspended in small amount of buffer (20 mM Kpi, pH 8.0, 1 mM
EDTA) and stored at -80 °C.

Membrane quality was checked by recording absorption spectra (500-650 nm) of the
reduced minus oxidized forms of the heme groups contained in the respiratory chain
complexes. The soulibilzed membrane was reduced by addition of dithionite and oxidized by

addition of ferricyanide.
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2.12.4 Purification of membrane

The membrane was further purified by the sucrose gradient method using 0-60% (w/v)
sucrose in buffer (20 mM Kpi, 1 mM EDTA, pH 8.0). Reddish brown membranes were
placed on the top of the gradient and centrifugation was carried out (Beckman L-70, 25,000
rpm, 18 h, 4 °C) using swing bucket rotor ‘Sw28’. After centrifugation, different bands were
visible. The dark reddish brown layer was appeared at the 35% sucrose gradient. This
reddish brown layer was collected with the help of long bended needle. Thereafter the pellet
was diluted five fold with buffer (20 mM Kpi, pH 8.0, 1 mM EDTA) and membranes were
collected by ultracentrifugation (Beckman L-70, rotor 65Ti, 50,000 rpm, 1 h, 4 °C). The

pellet was suspended in a small amount of buffer and stored at -80 °C for further use.

2.13 Membrane vesicle size measurements

The size of membrane vesicles were measured by Zeta sizer Nano ZS (Malvern Instruments
UK) at 25 °C. Size measurements were made on the gradient purified native membrane
samples obtain by the three different types of membrane preparations. The samples were
diluted in PBS. The size and shape of the membrane vesicles prepared by different method

was checked by electron microscopy

2.14 Expression and purification of respiratory protein complexes
2.14.1 Cua fragment

The soluble Cu, fragment of cytochrome ¢ oxidase from P. denitrificans contains amino
acid residues 130-280 of subunit II crystal structure (see Iwata et al., 1995). This construct
was used to express the subunit II domain of oxidase in E. coli JM 109 cells. A his-tagged
version of Cuy fragment was described previously (Lappalainen et al., 1993) but the His tag
is not used for purification, nor is its presence in the protein desirable, it was cleaved off in
vivo by

TEV-protease. This method used for the expression for Cuus soluble fragment described by
Maneg et al., 2003. The harvested E. coli cells were suspended in 20 mM Tris-HCI (pH 8.2)
containing 100 pM pefabloc SC (serine protease inhibitor). Cells were broken with small
pulses of sonication (Branson Sonifier 250, 40% output, max 40% duty cycle for 1 min). The
suspension was centrifuged (Beckman L-70, rotor 45Ti, 40,000 rpm, 1 h, 4 °C). The pellet
was washed with 20 mM Tris-HCI (pH 8.2) buffer containing 3% (w/v) Triton X-100. After
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that it was dissolved in 7M urea, 20 mM Tris-HCI (pH 8.2). The dissolved protein was first
dialyzed for 4 h against (20 mM Tris-HCI pH 8.2, 100 mM NaCl, 2 M urea, 0.5 mM DTT),
then another 4 h against (20 mM Tris-HCI, pH 8.2, 100 mM NaCl, 0.5 mM DTT) and
overnight against (20 mM Tris-HCI, pH 8.2 , 300 uM Cu(II)Cl,). The final dialysis was done
against (20 mM Tris-HCI, pH 8.2, 300 uM Cu(II)Cl,) for 4 h. Dialysis was carried out at 4
°C in a 3.5-kDa cut-off dialysis tubing. The supernatant was applied to Q-Sepharose fast
flow anion exchange column equilibrated with (20 mM Tris-HCIL, pH 8.2, 300 uM
Cu(ID)ClL,). The purple colour peak fractions containing the Cua fragment were pooled,
concentrated in a Vivaspin concentrator (10,000 MWCO) to small volume and loaded to
Sephacryl HR S200 which had been equilibrated with (20 mM Bis-Tris pH 7.0, 300 uM
CuCl,). An additional purification step on a nickel-nitrilotriacetic acid (Ni-NTA) column in
(20 mM Bis-Tris, pH 7.0) buffer was done to remove residual His-tagged material. The
purity was checked with SDS-PAGE and concentration was determined by absorbance

spectra at 480 nm using an extinction coefficient of 3.0 mM™" cm™ (Maneg et al., 2003).

2.14.2 Cytochrome css, fragment

The soluble fragment of cytochrome css, from P. denitrificans is a 10.5-kDa protein. It lacks
the helical 30-residue membrane anchor as well as the acidic 40-residue linker segment, and
was expressed in the E. coli DH5K (Reincke ef al., 1999). The bacteria were grown
aerobically at 37 °C in LB medium with appropriate antibiotics. For expression, IPTG was
added to a concentration of 1 mM at a cell density of ODgoonm = 0.5. Cells were harvested
and suspended in 100 ml of periplasmic buffer (100 mM Tris-HCI, pH 8.0, 500 mM sucrose,
I mM EDTA). The suspension was stirred for 30 min at 4 °C with lysozyme (100 pl/ml) and
ultracentrifuge (Beckman L-70, rotor 45Ti, 40,000 rpm, 1 h, 4 °C) to get periplasmic
fraction. Soluble fragments were purified from periplasma by column chromatography in
different steps: (i) ion exchange chromatography on Q-Sepharose in 50 mM Tris-HCI, 1 mM
EDTA, pH 8.0 , and eluted by a salt gradient of 0-350 mM NaCl in the same buffer (ii)
fractions with the highest specific heme content red in color were pooled and separated
further by gel filtration on Sephacryl S-200, (iii) pooled fractions were loaded in Q-
Sepharose and eluted with a salt gradient of 0-300 mM NaCl. All red fractions containing

cytochrome css; were pooled and concentrated by a concentrator (Viaspin 5,000 MWCO).
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2.14.3 Cytochrome c; fragment

A soluble fragment cytochrome c¢; was derived from the bc; complex, containing 125 amino
acid residues was expressed in E coli (Eichhorn, PhD dissertation, 2004). The cells were
grown aerobically at 37 °C and over grown cells were transferred in the 2.5 liter of LB
medium in a 5 liter Erlenmeyer flask and expression was induced by 1 mM IPTG at 16 °C.
The cells were harvested and periplasmic fraction was prepared with using 50 mM Tris-HCI,
pH 8.0, 500 mM sucrose, | mM EDTA and adding PMSF, lysozyme in concentration of 0.1
mM and 80 pg/ml respectively. The suspension was kept on ice for 30 min. The spheroplast
was removed by ultracentrifugation (Beckman L-70, rotor 45Ti, 45000 rpm, 30 min, 4 °C).
After ultracentrifugation, this fraction was purified by ion-exchanger chromatography
equilibrated with (50 mM Tris-HCI, pH 8.2, 100 mM NaCl, 1 mM EDTA) and eluted by a
300-600 mM NaCl gradient in the same buffer. The red fractions were collected and further

purified by gel filtration Sepharose-200. The red fractions were pooled and concentrated

2.14.4 Cytochrome css; from Thermus thermophilus

Cytochrome c¢ss; from T thermophilus was expressed in E. coli. The freeze culture was
inoculated in LB medium containg ampicillin (50 pg/ml) and chloramphenicol (30 pug/ml)
and grown at 37 °C with shaking. The pre-culture was inoculated in five liter Erlenmeyer
flasks containing 2.5 liter LB medium with appropriate concentrations of antibiotics
(Overnight, 180 rpm). E. coli cells were harvested by centrifugation (Sorvall RC3C, 5000
rpm, 4 °C, 20 min). The periplasmic fraction was prepared of harvested cell and suspend in
the periplasma buffer (100 mM Tris-HCI, pH 8.0, 5 mM EDTA, 500 mM sucrose) with
lysozyme (100 pg/ml), Pefabloc SC (10 pg/ml) and kept on ice for 30 min. The spheroplast
was removed by ultracentrifugation (Beckman L-70, 35000 rpm, 30 min, 4 °C). Thereafter,
the periplasma was stirred for 30 min at 4 °C and genomic DNA was destroyed with small
pulse of sonicator (Branson Sonifier 250, 20% output, 10% duty cycle for 1 min).
Afterwards the supernatant was collected by ultracentrifugation (Beckman L70, rotor 65Ti,
45000 rpm, 1 h, 4 °C). The pH of supernatant was checked before applying to the column.
The cytochrome css; in the supernatant was purified by column chromatography in two
steps: (1) ion exchange chromatography on CM-Sepharose fast flow (50 mM Tris-HCI, pH
8.0, | mM EDTA) and eluted by a salt gradient of 0-300 mM NacCl in the same buffer (ii)
then further purified by gel filtration on Sephacryl S100 (50 mM Tris-HCI, pH 8.0, 150 mM
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NaCl, 1 mM EDTA). All red fractions was collected, pooled, checked with redox spectra,
and analyzed with SDS PAGE, before further use (Maneg, PhD dissertation, 2003).

2.14.5 Cytochrome css; (full length)

The membrane-bound (full-length) cytochrome css, contains 178 amino acid residues. His-
tagged version of this protein was expressed in E. coli (Drosou et al., 2002). The cells were
grown at 37 °C in LB medium with ampicillin (50 pg/ml) and chloromphenicol (30 pg/ml)
to an ODgqo of 3.0 without induction by IPTG. Cells were harvested and suspended in buffer
(50 mM Kbpi, pH 8.0, 150 mM NaCl) and broken by Manton-Gaulin press at 400 bar. After
ultracentrifugation (Beckman L-70, rotor 45Ti, 35000 rpm, 1 h, 4 °C), membranes were
suspended in 50 mM Kpi, pH 8.0, 150 mM NaCl. The membrane was solubilised with DM,
with a ratio of 1.5 g of detergent per gram of membrane protein. For separation of
supernatant centrifugation was done (Beckman L-70, rotor 45Ti, 35000 rpm, 1 h, 4 °C). The
supernatant was applied on Cu-IMAC metal affinity column. It was equilibrated with (50
mM Kpi, pH 8.0, 20 mM imidazole, 150 mM NaCl, and 0.5 g/L DM) and eluted with a
linear gradient of 20 to 200 mM imidazole in same buffer. Reddish fractions were pooled
and loaded on a Q-Sepharose column equilibrated with (50 mM Kpi, pH 8.0, 50 mM NaCl,
and 0.2 g/LL DM) eluted with a linear gradient of 50 to 600 mM NaCl. The red fractions were
collected and analyzed by redox spectra and SDS-PAGE. The heme concentration was
determined by recording redox difference spectra employing an extinction coefficient € req4-

ox=19.4 mM"! ¢cm’!

2.14.6 Purification of cytochrome ¢ oxidase

P. denitrificans cells were grown in a Mn depleted medium. The aas type cytochrome ¢
oxidase was purified after solubilization of membranes by dodecyl maltoside (DM) (Hendler
et al,, 1991). Membranes were solubilised at a protein to detergent ratio of 1:1.5 (30 min,
4°C). Solubilised material was separated by ultracentrifugation (Beckman L-70, rotor 45Ti
35000 rpm, 1 h, 4°C). The supernatant was applied to a first column, an anion exchanger
DEAE-sepharose CL6B equilibrated with 20 mM Kpi, pH 8.0, 100 mM NaCl, ] mM EDTA,
DM 0.5 g/L and washed (20 mM Kpi, pH 8.0, 100 mM NaCl, 1 mM EDTA, DM 2.0 g/L).
Elution of green fraction was achieved by a gradient of 100 mM to 600 mM NaCl in the
same buffer. It was collected, and concentrated in minimal volume (Vivaspin 50,000
MWCO). There after, concentrated green sample was applied to a AcA 34 gel filtration
column. It was equilibrated and eluted with (20 mM Kpi, pH 8.0, 100 mM NaCl, 1 mM
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EDTA, DM 0.5 g/L). After elution, the sample was applied to a third column, an anion
exchanger DEAE sepharose CL6B equilibrated with (20 mM Kpi, pH 8.0, 100 mM NaCl, 1
mM EDTA, DM 0.5 g/L) and eluted by a gradient of 100 — 400 mM NacCl containing 20 mM
Kpi, pH 8.0, 100 mM NaCl, I mM EDTA, 0.2 g/L DM. The concentration was determined
by recording redox difference spectra of a-type heme employing an extinction coefficient ¢
603-630=11.7 mM! ecm! for single heme and for heme a+a; 23.4 mM"! ¢cm’! (Ludwig and

Schatz, 1980).

2.14.7 Isolation of P. denitrificans supercomplex

P. denitrificans strain (Pd1222) was used for the isolation of a supercomplex (Stroh et al,
2004). The cells were grown in methylamine medium and membranes isolated. 200 mg
proteins (20 mg/ml) were suspended in 2 mM 6-aminohexanoic acid, 150 mM NaCl, 1 mM
EDTA, 150 mM imidazole-HCI, pH 7.0. Membranes were solubilised by adding 3 g of
digitonin per gram of protein at constant stirring at room temperature. Ultracentrifugation
(Beckman L-70, rotor 60Ti, 35000 rpm, 30 min, 4°C) was done before application to a
hydroxylapatite column, which was equilibrated with 20 mM sodium phosphate, pH 7.2.
Following washing at room temperature with 2 column volumes of 0.1 % digitonin, 150 mM
sodium phosphate, pH 7.2, individual respiratory chain complexes and supercomplexes were
eluted by 0.05 % Triton X-100, 150 mM sodium phosphate, pH 7.2. The elute was
concentrated approximately 5-fold to obtain a volume of 2.5 ml (Vivaspin 100,000 MWCO)
and applied to a Sepharose CL-6B column (equilibrated with 0.05 % digitonin, 100 mM
NaCl, 5 mM 6-aminohexanoic acid, ] mM EDTA, 20 mM Na-MOPS, pH 7.3; run at 4 °C).
After gel filtration, the supercomplex was checked by Blue native (BN) PAGE, and the

protein concentration was determined by the Lowry method.

2.15 Horse heart cytochrome c

The solid cytochrome (Sigma) was dissolve in buffer (20 mM HEPES-KOH pH 7.0). The
ionic strength of the buffer is gradually changed to 20 mM to 5 mM. There after it was
oxidized with a tiny amount of cytochrome ¢ oxidase and purified by gel filtration

chromatography (5mM HEPES-KOH pH 7.0, 10% glycerol).

2.16. Oxidation of cytochrome ¢ and css;

To fully oxidize the horse heart cytochrome ¢ and P. denitrificans cytochrome css, for EPR

experiments these fragments were incubated with a tiny amount of cytochrome ¢ oxidase
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from P. denitrificans for 30 min, and purified by gel filtration using (5 mM HEPES-KOH
pH 7.0, 10% glycerol) buffer.

Concentrations of different cytochromes (¢, c¢ss> and ¢;) were determined by recording redox
difference spectra employing an extinction coefficient for horse heart cytochrome ¢ € ss0.s35

:21.0, C552 € 550-540 :19.4, C1 € 553-540 =19.4mM'1cm']

2.17 Fv fragment expression

The Fv fragment for aas cytochrome ¢ oxidase was cloned and expressed as described by
Kleymann et al. 1995. The Fv fragment encoded by plasmid pASK68 was produced using
E.coli K12 strain JM83. Cells were grown at room temperature (21 °C) in the LB medium
containing ampicillin (100 pg/ml) to ODgoo of 0.5. Expression was induced by 0.1 mM
IPTG. After 3 h, induced cells were harvest by centrifugation. The preparation of
periplasmic fraction of harvested cell was performed with using 50 mM Tris-HCI, pH 8.0,
500 mM sucrose, | mM EDTA and lysozyme (10pg/ml) kept on ice for 30 min. The
spheroplast was removed by ultracentrifugation (Beckman L-70, rotor 60Ti, 35000 rpm, 1 h,
4 °C). The supernatant was taken and pass through a sterile filter 0.2pm. Avidin was added
in final concentration of 40 pg/ml before applying to streptavidin column in order to protect

from the binding of endogenous biotin groups.

2.18 Purification and labelling of Fv fragment

1 ml spin column matrix streptavidin (IBA GmbH) binds up to 4 nmole recombinant Strep-
tag fusion protein (corresponding to 120 pg of a 28 kDa protein (Fv-Strep-tag , IBA
protocol)). Before applying the purified periplasmic fraction, the column was equilibrated
with 100 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM EDTA. After applying the sample, the
column was washed with 5 volumes of buffer and eluted with 100 mM Tris-HCI, pH 8.0,
150 mM NaCl, 1 mM EDTA, 2 mM desthiobiotin. The column was regenerated with 100
mM Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1 mM HABA buffer. After
regeneration, colour of column was changed from yellow to red. All these steps were

performed in cold room. 10 ul samples of each fraction were used for SDS-PAGE analysis.

2.18.1 Labelling of Fv antibody fragment

Before labelling, the buffer of the purified Fv fragment (Tris-HCI, pH 7.3) was exchanged to
reaction buffer (sodium carbonate, pH 9.5). Fv concentration was determined by measuring

absorbance at 280 nm with extinction coefficient of 50,400 cm™ M (Ribrious et al, 1996).
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2.18.2 Fluorescein isothiocyanate (FITC)

FITC is covalently coupled to primary amines (lysines) of the Fv fragment. 10 mg of FITC
were dissolved in 1 ml anhydrous DMSO. The Fv fragment and dye was mixed in a ratio of
1:10. All steps were carried out in dark condition. Reaction was stopped with 10 ul of 1.5 M
freshly prepared hydroxylamine-HCI. Unreacted FITC dye was removed by gel filtration or
by dialysis.

2.18.3 Separation of labelled Fv fragment

Two methods were used for separation of Fv fragment from excess dye.

Gel filtration method: The labelled Fv fragment was applied to a gel filtration column
(Sephadex G-25), eluted with phosphate buffered saline (PBS), and collected in small
fractions (500 pl). Two peaks appeared, the first peak contained the labelled Fv and second
one the excess dye.

Dialysis methods: The reaction mixture was placed in a dialysis tube (3.5 kDa MWCO)
against phosphate buffered saline (PBS) for overnight dialysis. The buffer was exchanged

twice.

2.18.4 Efficiency calculation

The labelling efficiency was calculated as number of dye molecule per protein according
protocol provided by Molecular Probes. The absorbance was measured at 280 nm to
determine the protein concentration, and at 494 nm the dye absorbance. The extinction

coefficient used for the FITC dye was 68,000 cm™'M™

2.18.5 Procedure for labelling with Cy5 dye

I mg of Cy5 (Amersham) was dissolved in anhydrous DMSO immediately, at a
concentration of 1 mg/ml. Fv fragment and dye was added in reaction buffer (sodium
carbonate, pH 9.5). For the FCS experiments the optimal ratio between Fv and dye should be
one (one dye molecule per Fv) so different ratios were used to find optimal conditions. After
mixing, the solution was incubated at room temperature for 1 hour with stirring. Reaction
was stopped with 10 pl of 1.5 M freshly prepared hydroxylamine-HCI. Untreated CyS5 dye
was removed by gel filtration or by dialysis (in both cases result and efficiency were

identical).
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2.18.6 Labelling of membranes

For lateral diffusion experiments, three different types of membrane preparation (osmotic
pressure, sonication and Manton-Gaulin method) was mixed with labelled Fv fragment in a
ratio of 1:10 (ratio determined with concentration of oxidase in membrane). After mixing,
the suspension was incubated for 30 min at room temperature then separated by
ultracentrifugation (Beckman L-70, rotor 60Ti, 55000 rpm, 1 h, 4 °C). After centrifugation
pellet was washed with PBS then centrifuged again and this process was repeated twice to

get rid of excess Fv. Finally, the pellet was dissolved in minimum volume of PBS.

2.19 Protein quantification

Protein concentration in the membrane was performed by the procedure of Lowry et al.,
1951, as modified by Helenius and Simons, 1972. The standard used for the determination of
concentration with the known amount of bovine serum albumin (BSA) in the dilution range

of 0.1-2.0 mg/ml
2.20 Gel electrophoresis

2.20.1 SDS gel electrophoresis

SDS PAGE was used for checking purity of isolated cytochrome ¢ oxidase, cytochrome ¢,
cytochrome css;, Cua fragment, and monoclonal Fv fragment. The stacking gel buffer and
separating gel buffer with freshly prepared 10 % APS solution were mixed according the
table for casting of gel.

Solution Staking gel Sepa;z;gi/gg gel Sepa;ggi/:g gel
Acrylamide solution 700 pl 3.6 ml 4.5 ml
Stacking gel buffer 1.0 ml --- -—--
Separating gel buffer ~ --—-- 2.25 ml 2.25 ml
H,0O 2.35ml 3.0 ml 2.1 ml
10% APS 75 pul 75 ul 75 ul
TEMED 15 pul 15 pl 15 pul

The protein sample was mixed with loading buffer and loaded into the wells. Ideally, the
glycerol in a sample causes it to sink neatly to the bottom of the well, and allows a sample

volume of 20 pl. The gel was run at 200 volts for 43 min. The staining of the gel for
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detection of proteins in polyacrylamide gels was performed with staining solution for 20 min
at 65 °C with agitation. Excess dye was washed out by ‘destaining’ with acetic

acid/methanol with agitation.

2.20.2 Blue-Native (BN) polyacrylamide gel electrophoresis

For the confirmation of supercomplex isolation, Blue-native polyacrylamide gel
electrophoresis (BN-PAGE) was performed in the lab of Prof. H, Schigger, Biochemie I,

Zentrum der Biologischen Chemie, Universitats klinikum Frankfurt.

2.21 Reconstitution
2.21.1 Purification of asolectin

For reconstitution of membrane protein generally asolectin from ‘soybean’ (Sigma-Aldrich)
was used. It contains mixture of (phosphatidylcholine 40%, phosphatidyl ethanolamine 40%,
and other phospholipids 20%) and purified before incorporation of different respiratory
complexes.

25 g of asolectin was mixed with 500 ml acetone and stirred for 48 hours at room
temperature to extract impurities. The insoluble material was washed again with 200 ml
acetone. The phospholipids mixture was dissolved in the 200 ml of diethylether and
phospholipids precipitated by slowly adding acetone. The same procedure was repeated
twice and this transferred into a round-bottom flask for evaporation. The light yellowish

layer was collected and stored at -20 °C.

2.21.2 Bacterial lipid isolation

Bacterial lipid was extracted from the membrane of P. denitrificans by the Bligh-Dyer lipid
extraction method (Bligh-Dyer, 1955). 1.5 ml of CHCl3/MeOH (1:2) and 0.4 ml bacterial
membrane (20 mg/ml protein concentration) were vortexed to dissolve the membrane. After
mixing, 0.5 ml CHCI; was added and the mixture vortexed once again. After vigorous
mixing 0.5 ml of H,O was added. Two phases formed which were separate by centrifugation
at 3000 rpm (Heraeus Biofuge, 10 min). The organic (lower) layer was transferred to a new
tube and the solvent evaporated in a Speed Vac (Mid mode, 1 h). The white layer in the tube

was collected and used for the reconstitution experiments.
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2.21.3 Method for reconstitution

Different strategies have been applied for the membrane protein incorporation (Rigaud et al.,
1995). The “step-by-step” reconstitution method proved a powerful reconstitution procedure
for mitochondrial and bacterial respiratory complexes. In this method the phospholipids and
detergent were mixed and micelles were formed. Thereafter, protein was added in the
preformed micelles. Detergent was removed with dialysis. The advantages of this method,
fairly distribution of membrane protein and a functional unidirectional orientation in

proteoliposome.
2.21.3.1 Oxidase reconstitution (Darley-Usmar Method)

Cytochrome ¢ oxidase was purified by the method described earlier in this section (2.15.7).
50 mg/ml of purified asolectin was dissolved in the 100 mM HEPES-KOH, pH7.3,
containing 25 mM of cholic acid in the final volume. The pH was adjusted with KOH and
suspension stirred at 4 °C for 60 min. The opalescent suspension was sonicated using probe
type Branson Sonifier 250 setting the vibration power (30 sec cycle duration with 1 min
cooling interval, 40% output). The sonication was continued until the opalescent solution
become transparent and clarified. Then cytochrome ¢ oxidase was added in a concentration
of 5-100 uM depending upon the type of experiment (EPR, FCS, FRAP and flash
photolysis). Thereafter, dialysis was done in the three steps for removal of detergent and
incorporation of oxidase into the liposomes. First dialysis was performed in 1 liter (100 mM
HEPES-KOH, pH 7.3) for 4 hours, second in the (10 mM HEPES-KOH, pH 7.3, 39.6 mM
sucrose, 40.6 mM KCIl) with two changes 4 hours and overnight. After dialysis the solution
was centrifuged (6000 rpm, Heraeus megafuge, 30 min) and pellet (contain large lipid

aggregates and titanium from sonic probe) was discarded.
2.21.3.2 Oxidase and cytochrome c

The same procedure (2.19.2.1) was used for the reconstitution of cytochrome ¢ oxidase and
cytochrome css, for distance and orientation studies by EPR. Cytochrome ¢ oxidase and

cytochrome ¢ concentration was used in 1:1 ratio (heme concentration).
2.21.3.3 Reconstitution of supercomplex (asolectin and lipid from P. denitrificans)

The supercomplex was reconstituted in the purified asolectin as described by Darley-Usmar
method (2.19.3.1) with modifications. Cholic acid concentration was reduced from 25 mM

to 10 mM final concentration. The detergent was removed by Bio-Beads to avoid any harsh
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detergent treatment and long exposure for the supercomplex. The supercomplex was also

reconstituted in bacterial lipid using same procedure.
2.21.3.4 Bio-Beads SM adsorption

1 g of bio-beads was used for every 5 ml of detergent solution. Prior to use of the dry bead,
they were degassed in HEPES-KOH, pH 7.3 buffer under vacuum to avoid any air in the
pores. The detergent was effectively removed by continuous mixing with a magnetic stirrer
for 1 hour at 4 °C. The beads were removed by centrifugation (6000 rpm, Heraeus megafuge,

30 min) and it was regenerated with 100% methanol for further use.

2.22. Membrane fusion
2.22.1 Electroformation technique

Native membrane fusion to obtain giant unilamellar vesicles (GUV) was tried by electro-
formation technique (Angelova and Dimitrov, 1986). With this approach, GUV are produced
varying in size from 10 to 100 um. The homogeneity of the size distribution depends on the
lipid composition and buffer conditions. The chamber for vesicle preparation was composed
of two microscope slides, each coated with a thin layer of indium tin oxide, which made
them optically transparent and electrically conductive. The native membranes in PBS were
deposited on the indium tin oxide glass plates and the solvent was evaporated over saturated
NaCl with in a desiccators. The sealant paste Sigillum wax of 1-mm thickness was used as a
spacer between the two plates. After adding the buffer (MOPS and sucrose) into the chamber
(3 ml), a voltage of 1.1 V at 10 Hz frequency applied for 2 to 3 h through thin metal
electrodes, sealed on the glass plates. This experiment was conducted with help of Prof. Dr.

Klaus Fendler, Max Planck Institute of Biophysics Frankfurt.

2.22.2 Ca*"induced fusion

Ca"" induced fusion was performed by the method of Miller and Racker 1976 with some
modifications. The purified membrane was diluted to 1 mg/ml of protein with buffer. After
warming to room temperature, 1 M CaCl, was added to a final concentration of 5 to 20 mM
to check the optimal concentration of Ca™ for fusion.. The solution was vortexed and left for
30 min. The Ca'" “induced fusion was stopped by the addition of 0.5 M K-EGTA to a final
concentration of 1.5 times of concentration of Ca . The pH of the EGTA solution was 8.0
in order to prevent acidification of the resulting solution by protons displaced by calcium

ions. The fused vesicles were centrifuged in a bench centrifuge (6000 rpm, Heraeus
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megafuge, 30 min for 5 min). The mixture applied for velocity run as descriebd in the
previous section. In order to facilitate complete removal of free Ca™ which might be trapped
in interlamellar spaces of fused membrane vesicles, it was washed and further purified with

sucrose gradient.

2.22.3 Temperature and pH depend fusion

The sucrose gradient purified membrane from P. denitrificans was used for the fusion
experiments. The fusion was performed at 32°C with constant stirring; 5.0 ml of bacterial
membrane (10 mg of protein/ml) were placed in a 50 ml glass beaker. The asolectin vesicles
were prepared by 50 mg/ml by Branson Sonifier 250 setting the vibration power (30 sec
cycle duration with 1 min cooling interval, 40% output). The soncation was performed until
the suspension become transparent. A 2.5 ml of sonicated phospholipids vesicle was added
in the membrane solution and pH was immediately adjusted to pH 6.0 with HCI and kept
constant. After 30 min, another 2.5 ml of phospholipids vesicles were added and the pH was
readjusted to 6.0. After a total of 1 h, the pH was adjusted to 8.0 with KOH and mixture was
placed on ice. The fused vesicle suspension was applied on sucrose density gradient at
aliquots of 5 ml per tube (30 ml) and centrifuged for velocity run (Beckman L-70, rotor Sw
28, 25000 rpm, 1 h, 4 °C). The bulk of the phospholipids liposome remained at the top of the
gradient, whereas the membranes separated into the lower layer of fractions. Sucrose was
removed from different fraction by washing with HEPES-KOH buffer and fused membrane
was collected by centrifugation (Beckman L-70, rotor 60Ti, 55000 rpm, 1 h, 4 °C).

2.23 Method for negative staining

A droplet of the sample (fused membrane in HEPES-KOH buffer pH 7.5) solution (1:100
diluted) was placed on Formvar® coated; glow discharged copper grids for adsorption. After
about one minute the sample was almost sucked off leaving only a small layer of fluid left.
After that a drop of “stain” (1% uranyl acetate in water) was put on the sample in the grid
and sucked off after some seconds and this procdure was repeted for three times for complte
removal of stain. After completely drying the grid it was viewed in an electron microscope
(EM208S, FEI company). Images were taken with a TVIPS 1K x 1K slow scan CCD camera
(Tietz, Munich, Germany).This experiment was conducted with help of Dr. Winfried Haase,

department of structural biology, Max Planck Institute of Biophysics Frankfurt.
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2.24 EPR spectroscopy

Electron spin echo decay measurements were performed with Sevdalina Lyubenova in the
group of Prof. Prisner at Institut flir Physikalische und Theoretische Chemie, using a Bruker
Elexsys-580 X-Band spectrometer equipped with a Bruker MD5-W1 cavity and an Oxford
CF935 helium flow cryostat with ITC-5025 temperature controller. A m/2-t-n Hahn echo
sequence was used to measure the echo decay experiments on the maximum of the Cua
signal, in the temperature range 10-25 K. The samples were transferred into standard quartz
EPR tubes and subsequently frozen in liquid nitrogen. The sample typically contained 100
uM fully oxidized Cua fragment and varying ratios of fully oxidized cytochromes in 5 mM
HEPES-KOH pH 7.0, 10 % glycerol buffer. For cytochrome ¢ oxidase measurement 50 pM
fully oxidized enzyme and different cytochrome ¢ were mixed in the different ratios for
relaxation experiment.

G-band Pulse EPR spectroscopy: Marloes Penning de Vries performed the measurements
and spectral analysis in the department of Prof. Dr. T. Prisner at Institut fiir Physikalische
und Theoretische Chemie, J.W.Goethe-Universitit. A two-pulse echo sequence as described
for X band was used for all measurements, with typical /2 pulse lengths of 40-60 ns and a
minimum t value of 200 ns. The relaxation measurements were performed at the signal
maximum corresponding to the g,, = 2.02 position. The temperature was set to 15 K and
measured by a temperature sensor at the sample position with an estimated relative error of
less than 1 K. Due to the strongly increased spectral width of the Cu, spectra at G-band
frequencies the typical sample concentration was set to 200 uM fully oxidized Cu, fragment
and varying ratios of fully oxidized cytochromes in 5 mM HEPES —-KOH pH 7.0, 10%
glycerol. The samples were transferred into standard quartz capillary tubes and subsequently

frozen in liquid nitrogen.

2.25 FRAP experiment

FRAP experiments were carried out under conditions of constant incident light intensity and
uniform disk illumination in an epifluorescence microscope equipped with a conventional
mercury arc lamp and a correct combination of a dichroic mirror and optical filters for the
FITC fluorophore. Both the apparatus and the experimental procedure have been described
(2.8.1). Experiments were performed at room temperature (~20 °C), with a bleaching time
not exceeding 10% of the characteristic diffusion time. 20 recoveries were recorded at
different locations in the sample under study. For this experiment membrane were fixed with
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planar supported lipid bilayers. It was formed on cleaned cover slips mounted on a small
tank adapted to the microscope stage. The cleaning procedure of the cover slips was of great
importance with respect to the formation of the bilayer. Cover slips were first sonicated in
ethanol for 5 min, dried in an oven for 15 min at 110 °C, immersed in Millipore water for 1 h
and then rinsed extensively with water (15 times in a large volume of water). These clean
cover slips were kept in water. Just before use, a cover slip was taken out of water and

placed on the top of the sample cell.

2.26 FCS experiment

Fluorescence correlation spectroscopy (FCS) were performed with Chayan Nandi in the
department of Prof. Dr. B. Brutschy at Institut fiir Physikalische und Theoretische Chemie,
using on a commercial Confo-2 combination system (Carl Zeiss). All FCS measurements
were performed in Cy5-labelled Fv fragment with native bacterial membranes. Dilutions

were carried out in phosphate buffered saline (PBS)

2.27 Flash photolysis method

Chizhov et al. 1996 in (2.8.3) describe the flash photolysis apparatus used for rotational
diffusion measurements in detail. Cytochrome c¢ oxidase (aa; type) was purified from
membranes of P. denitrificans according to (2.16.7). The final preparation of this aa; type of
oxidase was made in the 20 mM Kpi 1 mM EDTA pH 8.0, 0.2 % DM. The fully reduced
enzyme was prepared by the addition of a small excess of dithionite to a deoxygenated
enzyme solution. It was exposed to CO for 15 min to form the fully reduced CO complex.
The formation of the CO complex was confirmed by its Soret (441 nm) and visible (605 nm)
spectral change in shape and shift of wavelength. The oxidation states and reduction state
were determined by size and position of the Soret band and visible band at 605 nm and 441
nm respectively. Absorbance changes due to photolysis of the heme a3;-CO complex were

measured at 446 nm.
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3. Results

3.1 Expression and purification of proteins
3.1.1 Cua fragment

The Cua domain of subunit II of cytochrome ¢ oxidase from P. denitrificans is a 16.6 kDa
protein containing a binuclear Cu center with slow relaxing spin density (S=1/2). The
highest amount of Cu, binding domain was expressed in E. coli with a construct containing a
His tag that was cleaved by TEV protease as described (Maneg et al., 2003). The Cuya
fragment was produced with a characteristic purple copper by refolding the denatured
protein of inclusion bodies by removal of urea (2.15.1). For high-field EPR experiments, the
protein was further purified by Ni-NTA column chromatography to remove any extra copper
that is bound to the His tag. Mutational studies show an extensive area of exposed acidic
residues on subunit II which are involved in the initial docking and its give a negative
surface charge to the Cua fragment (figure 4). In the Cup fragment the main residues
involved in the interaction are D135, D59, E126, E140, E142, D146, N160, Q120, and D178

resulting in a net negative charge on the surface (Drosou et al., 2002).

Figure 4 The Cuy fragment, a set of acidic residues on the presumed docking site showed red in
colour (Maneg et al., 2003; pdb entry:1QLE)

The optical spectra were recorded at room temperature and field swap EPR spectra were
measured at 15 K at X-band frequency (9 GHz) and G-band frequency (180 GHz) at 5 K in
buffer (5 mM HEPES-KOH, pH 7.0, 10% glycerol) are shown in figure 6. The effective g

tensor in specially arranged Cu in the Cup fragment is shown in figure 5
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g-diagonal frame

Effective g center

Figure 5 The schematic construction of the g-tensor in a delocalized mixed-valence Cuy. The
effective g tensor between two Cu centers where the distance was calculated (modified Beinert
1997)
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Figure 6 Field swept echo detected EPR spectra of the Cu, centre in the soluble Cu, fragment

(a) X-band frequency (9 GHz), 100 uM (b) G-band frequency (180 GHz),
Cuy, T=15K 3mM Cuy, T=5 K
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3.1.2 Cytochrome css, fragment

The soluble fragment of cytochrome css, from P. denitrificans was expressed in E. coli and
its purification and biochemical characterization was performed according the protocol
(Reincke et al., 1999). The buffer of purified css; fragment was changed with gradual
decreasing of ionic strength of the buffer for the better adaptation of the soluble protein in
low ionic buffer condition. The high resolution structure of soluble fragment of cytochrome
cssy from P. denitrificans has been determined in both redox states at low salt concentrations
by X-ray diffraction and NMR spectroscopy (Harrenga et al., 2000; Reincke, ef al., 2001).
Under the experimental conditions no significant redox coupled conformational changes can

be observed.

Figure 7 P. denitrificans cytochrome css, the positive charge on the surface due to presence of
lysine residues showed in blue (Reincke et al., 1999, pdb entry:IC7M).

The soluble fragment of cytochrome css, possesses twelve strongly acidic residues and
eleven strongly basic ones. The distribution of these charged residues is highly
asymmetrical. As shown in figure 7, most of the basic residues are clustered around the
solvent exposed heme edge. The surface around the exposed part of the heme is positively

and the surface of the opposite side strongly negatively charged.

3.1.3 Horse heart cytochrome c

The structure of horse heart cytochrome ¢ has been determined at 1.3 A resolution (Bushnell
et al., 1990). The electrostatic surface potential of the eukaryotic cytochromes ¢ looks
qualitatively similar to P. denitrificans cytochrome css;. Their surface is even more
positively charged around the exposed part of the heme and their opposite side is less

negatively charged (figure 8).
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Figure 8 Horse heart cytochrome c, positive charges shown in blue (Bushnell et al., 1990, pdb
entry:IHRC).
Lysine residues surrounding the exposed heme edge are believed to be important for a
proper orientation and interaction with the redox enzymes (see review Banci et al., 1999).
Due to this nature, it is presumed that it has a higher binding constant for the Cu, fragment

interaction.

3.1.4 Cytochrome c; fragment

The soluble ¢; fragment of the bc; complex has a molecular weight of 23.8 kDa. It was
expressed in E. coli at 16°C. The purification was performed with two column
chromatography according to the protocol provided by Julia Janzon (see also Eichhorn PhD
dissertation 2003). For the EPR experiments, the fragment was used as a negative control

and its structure shown in figure 9 is based on the yeast bc; complex coordinates (Hunte et

al., 2000).

Figure 9 Cytochrome c; a soluble fragment derived from bc; complex. The structure shown by
alignment calculated on the basis of the yeast bc; complex and negative charges shown in red
(Hunte et al., 2000; pdb entry:1EZV).
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3.1.5 Thermus thermophilus cytochrome css;

T. thermophilus cytochrome css; is a soluble class I ¢ type cytochrome with a molecular
mass of 14.2 kDa (131 amino acid residues). The structure was determined at 1.3 A
resolution by Soulimane et al., 1997. It was expressed in E. coli and purified according to a
procedure described by Maneg et al., 2003. T. thermophilus cytochrome css, was used as a
negative control to the binding interaction studies between the Cua and cytochrome css;
from P. denitrificans. The surface potential between the 7. thermophilus cytochrome css, and
P. denitrificans cytochrome css, reveals significant differences in the charge distribution, The
structure shows mostly uncharged residues around the exposed heme edge. The positive
potential at heme proximity due to results from the strong positive charge of iron. The

different charge distribution of residues results from its hydrophobic nature (Figure 10)

Figure 10 Cytochrome css; from Thermus thermophilus, different surface charges due to its
hydrophobic nature (Soulimane et al., 2000; pdb entry:1C52).

3.1.6 Membrane bound cytochrome css;

The native cytochrome css; (full length), a 18 kDa protein, contains three functional
domains: an N-terminal helical membrane anchor, a negatively charged spacer region, and a
typical class I c-type heme domain. This membrane-anchored cytochrome css; is believed to
be the main electron transfer shuttle protein between the bc; complex and aa; oxidase in
native membranes of P. denitrificans. A kinetic interaction study of full-length cytochrome

¢ssy and cytochrome ¢ oxidase from this organism has been reported (Drosou ef al., 2002).
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3.1.7 Cytochrome c oxidase

The four subunit cytochrome ¢ oxidase was purified with the method described (2.15.7).
After purification buffer was changed from (20 mM KPi, pH 8.0, 0.2 % DM) to EPR buffer.
For reconstitution experiment, the buffer of purified oxidase was changed in 10 mM HEPS-

KOH, pH 7.3, 0.02% DM buffer.

3.2 EPR experiments
3.2.1 Relaxation measurement of the Cua fragment with different cytochromes

The relaxation experiments were started with a model system (one paramagnetic centre and
soluble nature) to measure the distance and orientation of these two interacting partners. The
spectrum was taken with Sevdalina Lyubenova. The Cus domain of cytochrome ¢ oxidase
acts as a slowly relaxing spin (3.2.2). The other reaction partner cytochrome, with the ¢ type
heme (Fe) in its low spin (S=1/2) acts as a fast relaxing spin (3.2.3). In electron spin echo
decay experiments the intensity of a Hahn echo is recorded as a function of separation time t
between the two pulses. The Hahn echo sequence (7/2-1-m) was used to measure both the
field-swept EPR spectra (Figure 6a) and the echo decay traces. The X-band two-pulse echo
decay experiments were performed in the temperature range 10-25 K and taken at a field
position corresponding to the maximum of the Cu, signal (corresponding to the g, position).
The G-Band Pulse EPR experiments were performed with a two-pulse echo sequence with
typical n/2-pulse lengths of 35-40 ns and a minimum t value of 200 ns. The relaxation
measurements were mainly performed between the signal maximum and the high-field edge
(Figure 6b), corresponding to the gy, and g positions respectively, in a temperature range of
5-15 K. Here we started to analyze the distance and orientation between different
cytochromes ¢ and the Cuy fragment by X-band and G-band pulsed EPR spectroscopy. It is a
model system for method development for measurement of distance and orientation before
going to the supercomplex like environment where more paramagnetic centers will be
present. The kinetics of the electron transfer reaction between the different cytochromes and
a soluble Cup fragment from P. denitrificans have also been studied by stopped flow
experiments and its interaction by chemical shift change by NMR spectroscopy (Maneg et

al., 2003; Wienk et al., 2003).
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Figure 11 The two-pulse echo decay traces of the Cuy fragment alone or in the presence of
cytochrome css;, horse heart cytochrome c, and cytochrome c|, were measured under the same
conditions (temperature 15 K, field position corresponding to g, of the Cuy, signal).
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Figure 12 Division method for dipolar coupling: Electron spin-echo decay traces of: 100 uM Cuy,
fragment alone and in a 100 uM : 100 uM mixture with cytochrome css; (Cuy+cssy). The division

of these two time traces (Cuy+cssz)/Cuy yield the pure dipolar relaxation.

55



Results

The two-pulse echo decay experiments were performed with the Cu, fragment and several
partner proteins: (i) a soluble domain of cytochrome cssy, is similar to the mitochondrial
cytochrome ¢ and mediates electron transfer between the bc; complex and aas; oxidase (ii)
horse heart cytochrome ¢ having similar binding affinity to Cua as cytochrome cssy (iii)
cytochrome ¢; fragment derived from bc; complex which contains negative charges on the
surface like Cup fragment was used as negative control. The qualitative effect of the
relaxation behaviour with the Cu, fragment and different cytochromes is shown in Figure
11.

The decay of the slow-relaxing species (Cua) shown in the Figure 11, is not only caused by
dipolar relaxation ((pdip), but also by the intrinsic Cu, relaxation, ¢“**. We measure the
product of these signals. At X-band, the signal is additionally modulated by the hyperfine

mod)

coupling (¢™) of protons and nitrogen to Cua.

This gives a total echo signal:

(pobs: (PC uA (pmod CUA

0°'= ¢ o ™ Cu, + ess
The division of these two spectra provides the pure dipolar relaxation trace shown in figure
12. The division method removes all intrinsic relaxation and hyperfine modulation of the
Cuya paramagnetic center and allows the extraction of pure dipolar coupling between the two
interacting partners. The distances and orientation between these two proteins were

calculated as follows:
s f
D~ 348 (30052(0,)-1)
r

The relaxation enhancement depends on the dipolar coupling, (D), which depends strongly
on orientation and length (r) of the dipolar vector between the two paramagnetic centers, and
on the angle (0p) of this vector with respect to external magnetic field (f and s superscripts
denoting the fast relaxing (heme) and slow relaxing species (Cuy)). Data clearly show the
relaxation enhancement of Cuu upon addition of the P denitrificans cytochrome css;. The
pure dipolar relaxation traces (divided by Cua traces) of Cus with these three different
cytochromes are shown in figure 13. As can be seen, the dipolar relaxation traces for the Cuy
fragment in the presence of either of the specifically binding cytochromes, horse heart
cytochrome c and P. denitrificans css, are very similar to each other and their decay is much

faster than non-binding cytochrome c;.
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Figure 13 Dipolar relaxation traces of 100 uM:100 uM mixtures of Cu, with horse heart
cytochrome c ((Cuy+c)/Cuy), cyochromet css; ((Cuytcssy)/Cuy) and cytochrome c; ((Cuy+c;)/Cuy)
measured at the same experimental conditions as given in fig 11 (temperature 15K)

3.2.2 Effect of ionic strength of buffer

The Cuas fragment and the different cytochromes were isolated in the different buffer
conditions. For EPR measurements HEPES-KOH (pH 7.0) was chosen as buffer due to its
higher buffering capacity and lower pH drift compared to other buffers like Bis-Tris and
phosphate buffer at lower temperature. All EPR experiments were performed at 4 to 25 K
temperatures. The ionic strength of the buffer plays an important role for the complex
formation (see review Maneg et al., 2003). The strong ionic strength dependence on the
complex formation and mutagenesis studies (Witt et al., 1999) a two-step model has been
proposed for the interaction of cytochrome ¢ oxidase with its substrate cytochrome c. In the
first step, the orientation is mediated by long-range electrostatic forces, followed by the fine-
tuning of the interaction by hydrophobic patches within the docking site of the two-partner
proteins. For EPR experiments, the relaxation of the two proteins was not changed when the
ionic strength of the buffer was changed form 1 mM to 5 mM. Higher ionic strength leads to
dissociation of the complex formation but increasing the ionic strength from 1 to 5 mM does
not affect binding and it increases buffering capacity and prevents unspecific binding of the

two soluble proteins.
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3.2.3 Effect of glycerol

Glycerol has been used for many years to stabilize the activity of enzymes and the native
structure of recombinant proteins, since glycerol decreases the surface tension of water to
stabilize the protein (Kornblatt ef al., 1992). The two soluble proteins which have molecular
weights of 10.5 kDa (cytochrome css;) and 16.0 kDa (Cua) have a strong tendency to self
associate at lower buffer concentration. To avoid aggregation, decrease unspecific
interaction and stabilize the interaction between the two proteins all the experiments were
performed in buffer containing 10% glycerol. The low amount of glycerol does not have any
effect on the binding of the two proteins and shows consistent results with all the soluble

proteins used for EPR experiment.

3.2.4 Oxidation of cytochrome css;

The cytochrome css> and horse heart cytochrome ¢ were oxidised with KsFe(CN)g, because
the heme (Fe) is paramagnetic in oxidised state. But relaxation measurement showed that
K;3Fe(CN)g binds to the heme and influence the relaxation behaviour of the Cua-cytochrome
¢ transient complex. Due to binding of K3;Fe(CN)¢ to cytochrome, it was oxidize with the
small amount of cytochrome ¢ oxidase. The oxidase accepts electron from the cytochrome ¢
and forms Fe™ (oxidation state). The oxidation state was checked by optical spectroscopy.

Oxidized sample was purified by gel filtration and used for EPR measurements.

3.2.5 Concentration effect

For relaxation measurements, the Cu, fragment and the various cytochromes were started
with an equal molar ratio. The experiment was performed with different ratios to get the
transient complex in the 1:1 ratio because due to higher concentration and unspecific binding
the following scenario were possible: (i) the Cuay see more than one cytochrome (ii) the
unspecific binding of cytochrome to the Cuy site (ii1) and 1:1 complex formation.

The effect of higher concentrations of cytochrome c¢; in the mixture (100 uM Cua: with
varying amount of ¢;) lead to a linear concentration dependence of the decay traces. Much
stronger relaxation effect was observed in the case of two specific binding cytochromes.
Similar results have been obtained at G-Band (180 GHz) frequency. The binding
cytochromes show faster dipolar relaxation traces compared to the non-binding cytochrome

ci. The difference shows less pronounced effect compared to the X-band EPR results
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because higher protein concentration (200 uM) had to be used at this frequency for

sensitivity reasons.

3.2.6 Temperature dependence

Due to the strong temperature dependence of the longitudinal relaxation time (T;) of
cytochrome ¢ the dipolar relaxation traces should have a strong temperature dependence as
predicted by theory (Eaton and Eaton, 2000; Lyubenova et al., submitted). The dipolar
relaxation traces in the temperature range 12-23 K of the complex of Cua fragment with
horse heart cytochrome ¢ and css; is shown with simulation (Figure 13). Both complexes
show indeed a pronounced minimum in dipolar relaxation at a temperature of about 15 K.
The temperature dependence of the echo decay traces for the cytochrome ¢; mixture is very
different and shows different temperature dependence. Not only is the strength of the dipolar
relaxation much weaker in this case, but the decay curves are monoexponential at all
temperatures and do not show a pronounced minimum in dipolar relaxation. It is in
agreement with our assumption that cytochrome c; does not build a specific protein complex

with Cu, fragment.

3.3.7 Simulation of pure dipolar coupling
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Figure 14 Experimental X-band relaxation traces of 100 uM : 100 uM mixtures of the Cuy
fragemant with hores heart cytochrome c, measured at different temperatures with simulations
(black lines). The fit parameters are: dipolar angles: 6p=54°, pA=11° distance Fe to center Cu-Cu:
R,;=23 A nm, R,=40 A, Euler angles: setl1=(27,6,29)°, set 2=(90,57,12)°, relative amplitudes of both
structures - A;j=1.2, A=1, unbound Cu, fragmant =11%. Experimental parameters as in Figure 13
described in section 3.3.7 (simulation work is done in the group of Prof. Prisner).
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A home written simulation program (SIMPLEX algorithm, MatLab ) was used by Sevdalina
Lyubenova to simulate the temperature dependence of the dipolar relaxation time traces for
the transient complex between Cua and cytochromes. The simulation was performed with
the known values for both g-tensors and the T; value for the cytochrome ¢ taken from the
literature (Scholes et al., 1984; Brautigan et al., 1977) and the g-tensor values for
cytochrome css; were obtained from X-Band measurements. The fit parameters are: the
distance between the two paramagnetic centers R; the polar angles (Op and ¢p) describing
the orientation of the R vector with respect to the Cua g-tensor axis system; the Euler angles
(a, B, ) describing the orientation of the cytochrome ¢ g-tensor axis system (and therefore
the orientation of the cytochrome c) within the frame of the Cua g-tensor axis system. These
values were reproduced in simultaneous SIMPLEX fits of the dipolar decay traces at all

temperatures for random starting values.

3.3 Membrane purification

P. denitrificans cells grown in methylamine medium have a higher heme to protein ratio
compared to cells grown in succinate medium. The inner cytoplasmic membrane contains all
respiratory complexes is isolated by three different methods (2.13) to get large size of
membrane vesicle. Membranes were further purified by sucrose gradient centrifugation
(2.13.4) to get high purity of respiratory complexes. The purified dark brown coloured

membranes were used for different experimental setup.

3.4 Reconstitution

Different strategies have been described for membrane protein incorporation in lipid
membranes (Rigaud et al., 1995; Rigaud and Levy, 2003). The “step-by-step” reconstitution
method proved a powerful reconstitution procedure for mitochondrial and bacterial
respiratory complexes. In this method, the phospholipids and detergent were mixed and
micelles were formed. Thereafter, protein was added to the preformed micelles. Detergent
was removed with dialysis or bio-beads method (Rigaud et al., 1997).

Here, cytochrome ¢ oxidase was reconstituted in asolectin, and detergent was removed by
dialysis. The reconstitution process had to be examined more precisely, which was done
using strategies described by Rigaud et al., 1988. Since membrane reconstitution is
dependent on the type of detergent used, lipid to protein ratios, and the physical state of the

lipid-detergent mixture, these parameters were studied in detail by Draley-Usmar method
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(Draley-Usamr et al. 1987). Proteoliposomes were reconstituted of oxidase: asolectin in a
ratio of 1:80 (w/w) and were formed by detergent solubilisation described in the method
section.

These strategies for reconstitution were used for oxidase and asolectin for different type of
experiment. For EPR experiments the ratio was used 1:1 (heme ratio) between the oxidase
and membrane bound cytochrome css;. In the lateral diffusion experiment, it was
reconstituted as in ratio of bacterial membrane protein to lipid (1:80 w/w).

The isolated supercomplex was reconstituted in the purified lipid from asolectin and
Parracocus lipid with a ratio of protein and lipid 1:40, 1:80, and 1:120 (w/w). The detergent
was removed by Bio-bead method for quick removal of detergent from the lipid mixture.

The reconstitution of supercomplex in the liposome vesicles was checked by BN PAGE.

3.5 Size of the membrane vesicles

The size of membrane vesicles was measured with Zeta sizer Nano ZS (Malvern Instruments
UK) at 25 °C. The zeta sizer is based on the principle of Photon Correlation Spectroscopy
(PCS) and its measures particles in the sub micron region. For small particle, size the only
one major competing technique is electron microscopy. PCS measures Brownian motion and
relates this to the size of particles. Three independent methods were used for membrane
vesicles preparation. The size of membrane vesicles were measured on the gradient purified
native membranes diluted in PBS. The data demonstrate the three different types of methods
used for vesicle preparation yield three different size distributions. The size of the membrane
vesicle were averaged and calculated by automated software programme (Malvern

Instruments UK).

Method of membrane preparation Diameter of membrane vesicle
Osmotic shock 300 nm
Sonication 180 nm
Manton-Gaulin Press 200 nm

3.6 Fusion of membrane

Several methods to produce large vesicles have been developed and reported in the
literature. One of the methods that have been applied successfully to produce large
proteoliposomes is based on a dehydration-rehydration procedure described by Criado and

Keller (1987). Such a method consists of the dehydration of biological membranes or
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preformed proteoliposomes in the presence of added exogenous lipids followed by a
rehydration process in the desired buffer (Ajouz ef al., 2000). As a variant of this method,
the rehydration of thin dried films

obtained after the evaporation of the solvent from lipid-protein complexes solubilised in
organic solvents has been used to produce giant proteoliposomes (Darszon et al., 1980). The
main disadvantage of this dehydration-rehydration method is that the supercomplex may

become inactive and disturb the native membrane environment.

3.6.1 Electrofusion method

The native membranes were tried to fuse with a new method based on a procedure for the
reconstitution of transmembrane proteins into GUVs (Doeven et al., 2005). This method
involves partial dehydration of native membrane on conductive glass surfaces; and
controlled rehydration in the presence of an alternating electric field to form giant vesicles
(Angelova et al., 1992). The dehydrated native membrane was made on electro conductive
glass slides. The native membrane was not completely dehydrated to avoid the biological
activity of the protein inside the native membrane. Thus, it is essential to perform a partial
dehydration of native membrane under controlled humidity, i.e., under saturated solution of
NaCl. In the next step of the fusion, process is a rehydration step in the presence of an AC
electric field. Growing of large GUVs from the rehydrated lipid-protein film was promoted
with an AC electric field with increments from 20 mV to 1.1 V at 12 Hz frequency. Once the
GUVs were formed, the AC frequency was lowered to 4 Hz and the voltage raised to 2 V for
30 min. This helped the mature giant vesicles to adopt a spherical shape and to separate them
from the glass slides.

It is important to stress that the buffer composition used for the preparation of native
membrane and for the rehydration step is crucial, considering that low ionic strengths
impede the formation of giant vesicles by electroformation. The composition of the buffers
used for the preparation of the preformed liposomes and for the rehydration buffer is very
important since the process of GUV formation by electroformation requires low ionic
strengths (Angelova, 2000). The initial experiment was performed with Prof. Klaus Fendler
Max Planck Institute and the optimization condition was tried with Dr. Kirsten Bacia
Institute of Biophysics, Biotechnologisches Zentrum der TU Dresden for the fusion of native
membrane . Due to different complexity in the native membrane, no fusion was observed by

this method.
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3.6.2 Ca™" induced fusion

In the case of Ca’ induced fusion the ion concentrations plays an important role (Miller and
Racker 1976). Figure 16 shows that no fusion occurred in the presence of 20 mM Ca',
membranes only gets aggregated and the shape of the membrane changes. At pH 6.0, in the
presence of Ca" and asolectin small fused bacterial membrane vesicles were observed in
close apposition with the bacterial membrane, indicative of the fusion process. As expected
with membrane fusion, an average increase in membrane surface area occurred progressively
from Ca™" ion addition in the presence of asolectin. However, the relative; distribution of the
size in this method remained unchanged (Figure 17). In the presence of lower concentrations

of Ca"" and asolectin, the fusion occurred but it was not good enough.

3.6.3 pH dependent fusion

The pH dependent fusion procedure in the presence of added asolectin was done at 32 °C.
The condition was optimised for the membrane and fused membrane was separated by
velocity gradient centrifugation. After centrifugation, it separated in two distinct zones.
These fractions were designated as upper cream colour zone and lower light brown colour
zone. An additional band, which did not penetrate into the gradient, contained free asolectin.
The procedure was optimised with all conditions held constant except for incubation time,
which was used to control the percentage yield of each membrane fraction: shorter
incubations produced more non-fused membrane zone and less fused one, whereas longer
incubations produced more fused and less unfused. After fusion, negative staining assessed
the ultra structural details of fused membranes. The non-fused wild type gradient purified
membrane is shown in figure 15. It reveals that the average size of the vesicles is in the
range of 100-150 nm.

If fusion occurs between the membranes, lipid-to-membrane protein ratio must increase.
Furthermore, it is important to determine that such an increase does not occur because of
loss of membrane protein during the fusion process. The protein concentration was
determined in the fused membrane (Lowry ef al., 1951). After the pH induced fusion in the
presence of asolectin, the separation on velocity gradient shows the difference in the band
size compared to native membrane due to changed buoyant density. Cytochrome ¢ oxidase
was quantified in order to assess the possibility of membrane protein loss during the fusion
process. As cytochrome ¢ oxidase, a heme a-containing, redox protein is completely

membrane-
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Figure 15 Gradient purified cytoplasmic Figure 16 High concentration of Ca™" shows
membrane of P. denitrificans; bar = 100 nm. the changes in the shape and aggregation of
membrane; bar = 1 um.

Figure 17 Ca"" induced fusion in the presence Figure 18 pH induced fusion of membrane in
of externally added asolectin,; bar =100 nm the presence of externally added asolectin;
bar = 100 nm
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imbedded it can be quantified by the difference spectra. Heme content per mg of total
membrane protein remained constant in sucrose density fractions indicating that loss of
membrane protein did not occur during lipid addition of the inner membrane.

The fusion of inner mitochondrial membrane described that the distribution of the inner
membrane particles decreased in density but remained random and membrane became
increasingly enriched with phospholipids indicated that integral proteins can diffuse
independently of one another in the plane of the inner membrane (Schneider ef al., 1980) .
Here in the case of the bacterial membrane, the asolectin only facilitate their fusion and it is
not added in a large excess. After membrane fusion, the extra lipid would not affect the
architecture of the native membrane and supercomplex composition. To prove this, we

would do the FCS experiment in the native membrane to examine the supercomplex.

3.7 Deletion mutant

The parental strain wild type P. denitrificans Pd1222 was used in this study (De Vries et al.,
1989). The wild type membranes of this contain all the complexes in the supercomplex
‘respirasome’. In strain MK6, the complex III is replaced by a kanamycin resistance cassette
introduced via homologous recombination (Korn et al., 1994). The different complex
deletion mutant was used for the lateral diffusion experiment to compare the supercomplex
formation in native membrane. The complex IV deletion mutant MR31 was used in the flash
photolysis experiment to check the specificity of carbon monoxide (CO) binding to oxidase
in the native membrane that no other complex interfere with the binding of CO at

observation wavelength.

3.8 Translational diffusion experiments
3.8.1 Expression and purification of Fv fragment

Fv fragment is the smallest unit of the antibody that retains the binding characteristic and
specificity of the whole antibody molecule. The Fv fragment is a non-covalently associated
heterodimer of the variable domains of the antibody heavy chain and light chain. It was
expressed in E. coli and purified with one step purification method. The Fv fragment had
been used for crystallization of membrane proteins (Ostermeier et al., 1995). The
cytochrome ¢ oxidase from P. denitrificans co-crystallised with Fv fragment (Iwata et al.,
1995) is shown in figure 20. The Fv fragment contains surface exposed lysine residues

where the dye molecule binds. A schematic diagram with dye is shown in figure 19. The Fv
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fragment coupled directly to fluorescence and nanogold particles was shown with
immunoelectron and immunofluorescence microscopy (Ribrioux et al., 1996). The Fv
fragment recognizes an epitope on subunit II of the cytochrome ¢ oxidase which is localized
on the periplasmic surface of the inner membrane of P. denitrificans. This was determined
by immunoelectreon microscopy and X-ray crystallography (Kleymann et al., 1995;

Ostermeier et al., 1997).

3.8.2 Fv fragment labelling by FITC

Proteins can be covalently modified in many ways to suit the purpose of a particular assay.
The most common target for protein labelling is primary amines like lysine residues. The
lysine residues are abundant, widely distributed and easily modified because of their

OQ -~

reactivity and their location on the surface of proteins.

Figure 19 Presence of lysine residues in the Fv

fragment only three residues were surface accessible

for dye binding
Fv antibody fragment was labelled with a number of different fluorescent probes currently
available from commercial sources. Each probe has its own characteristic spectral signals of
excitation (or absorption) and emission (or fluorescence). Fluorescein (the reactive
isothiocyanate form, FITC) is currently the most commonly used fluorescent dye. FITC is a
small organic molecule, and is typically conjugated to proteins via primary amines (i.e.,
lysine). Usually, between 2 to 4 FITC molecules are conjugated to each Fv fragment
(Ribrioux et al., 1996). Thus, an antibody will usually be conjugated in several parallel
reactions to different amounts of FITC to choose the optimal conjugation ratio. The 488 nm
line of an argon laser typically excites fluorescein, and emission was collected at 530 nm.
The extents of FITC conjugation to the antibody depend on the concentration of antibody
and dye in solution. Before the conjugation of dye, the buffer of Fv fragment was exchange
by dialysis or a concentrator to reaction buffer. Optical spectroscopic method was used for
calculation of concentration of Fv fragment and degree of labelling. Under theses condition,

2-3 dye molecules were conjugated with Fv fragment.
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Figure 20 Ribbon structure of four subunit cytochrome c oxidase with Fv fragment yellow
subunit I; red subunit I1; dark green subunit 111, blue subunit IV), and light and heavy chain of
Fv fragment are shown in light green and red in colours (Iwata et al., 1995, pdb entry:1QLE)

Figure 21 Schematic representation of binding of labelled Fv fragment to cytochrome c oxidase
in membrane plane based on our experimental observation and Ribrioux et al., 1996
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3.8.3 Fv labelling by Cy5 dye

Cy5 dye, a small organic molecule is typically conjugated to proteins via primary amines
(lysines). Usually, between 2 to 3, Cy5 molecules are conjugated to each antibody and
higher conjugations can result in solubility problems as well as internal quenching. The 633
nm line of He-Ne laser typically excites CyS5, and emission was collected at 680 nm. The
entire conjugation was performed according to method (2.17.8). The extent of Cy5
conjugation to the antibody depends on the concentration of antibody and dye in solution.
An absorbance spectrum was taken at every step for the efficiency calculation and its shows

that 2-3 dye Cy5 molecule conjugate with Fv fragment.

3.8.4 Fluorescence Recovery after Photo bleaching (FRAP)
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Figure 22 Principle of FRAP: a region in the fluorescent area is bleached at time t, the fluorescence
decreases from the initial fluorescence F; to Fy. The fluorescence recovers over time by diffusion
until it has fully recovered (F.).The mobile fraction can be calculated by comparing the
Sfluorescence in the bleached region after full recovery (F.,) with that before bleaching (F;) and just
after bleaching (Fy)(http://www-cellbio.med.unc.edu/facilities/frap.htm)

FRAP describes the fluorescence redistribution after photo bleaching. FRAP experiments
provide information about the mobility of a fluorescent molecule in a defined area (Axelrod
et al., 1976). Two parameters can be deduced from FRAP: the mobile fraction of fluorescent
molecules and the rate of mobility, which is related to the characteristic diffusion time, tp.

Figure 22 shows a typical fluorescence recovery curve, allowing the determination of the
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two parameters. The mobile fraction can be determined by comparing the fluorescence in the
bleached region after full recovery (F.) with the fluorescence before bleaching (F;) and just
after bleaching (Fy). The mobile fraction R is defined as

R = (Fo — Fo)/(Fi=Fo)

When a molecule is assumed to be a sphere with a volume proportional to its molecular
mass, the diffusion coefficient is proportional to the inverse of the cube root of molecular
mass (D ~ M),

Native biological membranes are far from being homogeneous mixtures of their lipid and
protein components. In fact, most of the FRAP data reported so far for lipids and proteins in
biological membranes show the existence of an immobile fraction which can be considered
as a strong indication that the membrane is structured laterally (Tocanne et al., 1994).
However, for proteins it has been shown that the detection of an immobile fraction may
reflect not only a micro-compartmentation of the diffusion area but possibly an anomalous
translational diffusion of the molecules (Feder et al. 1996). Because the FRAP technique is
based on the long-range translational motion of both proteins and lipid can be the

differentiated with diffusion of the large molecular mass and freely movable protein.

110 1

100

int
en
sit

70 H

60

50

Figure 23 FRAP experiment: The initial experiment was performed with supercomplex in the
reconstituted system. The measurements were performed with Ingo Koper, Material science
group Max Planck institute of polymer research Mainz Germany.

The FRAP was performed by using the edge bleach technique developed by Koppel
(Koppel, 1979; Koppel et al., 1980) in the inner mitochondrial membrane. The
supercomplex was reconstituted in the asolectin and Paracoccus lipid to perform the initial
experiment. First result is shown in figure 23. The diffusion recovery curve shows that the

experiment could be performed in the native bacterial membrane. The experimental setup
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shows that the bleaching area should be in the range of 5 um to perform the experiment and
bleach the complexes inside the membrane. Due to the small vesicles, size of less than a
micrometer it not possible to do the experiments. This is also a reason we did not get a
consistent diffusion coefficient in the different type of membrane. To overcome this problem

we started to do the experiment in the Fluorescence Correlation spectroscopy (FCS).

3.8.5 Fluorescence Correlation Spectroscopy (FCS)

Figure 24 The schematic diagram shows the optically defined observation volume (250 nm’) for
labelled molecule (Haustein and Schwille, 2004)

The biological function of molecules not only depends on their structure, but also on their
mobility and dynamic properties, which are strongly influenced by the environment. The
single molecule-based technique fluorescence correlation spectroscopy (FCS) allows
inherent averaging over a large number of single-molecule passages through the
measurement volume (Figure 24). Laser light focused by a high numerical aperture objective
defines the excitation volume. At thermal equilibrium, fluorescent molecules diffusing
through the focus volume to give rise to minute signal fluctuations which are analyzed by
FCS (Haustein and Schwille, 2004). This characteristic clearly distinguishes FCS from the
technically related method FRAP. The FRAP method was widely used for determining
diffusion characteristics in solutions and on membranes (Axelrod et al., 1976). In this
method the concentrations are micromoles or higher, so that thousands of particles in the
measurement volume are contributing to the signal at any time. The information derived
from conventional applications of FRAP on membranes includes diffusion coefficients,

reaction rates and a quantity due to incomplete recovery called ‘immobile fraction’. This
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technique has been applied to detect single diffusing fluorophores on artificial supported
lipid films (Schmidt et al., 1996). Therefore, FCS was used in the molecular binding and
aggregation experiment. The individual diffusion characteristics would allow determining
the diffusion constant for the supercomplex in the native membrane. The investigation of the
diffusion of fluorescently labelled Fv molecules shows consistent auto correlation function.
However, the sensitivity of autocorrelation analysis is restricted because the diffusion
coefficient depends on the molecule’s hydrodynamic radius and thus on the cubic root of the
molecular mass for particles. The initial experiment was performed with the labelled Fv
fragment in the solution. Its shows the good time correlations with signal (fluctuation) curve
for the determination of the diffusion coefficient. In the next step, the experiment was
performed with labelled native membrane. Due to the focus volume 250 nm? and vesicles
size in the same range, we cannot focus inside the vesicles to do the correlation experiment.
The measurement was based upon mobility of cytochrome ¢ oxidase in the native
membrane, which was investigated by using fluorescently labelled Fv monoclonal antibodies
prepared and purified (2.17). To avoid the excess dye labelling to oxidase in the membrane.
It was incubated with a fixed amount of labelled Fv fragment and washed three times to
remove any non-specifically bound dye.

FCS experiments were started with measurements of diffusion time of labelled oxidase in
detergent and in the reconstituted system. Cytochrome ¢ oxidase was incorporated into
phospholipids as described by Darley-Usmar (2.19.3.1) and then fused to increase the
vesicles size (see 3.6.3). The labelling of oxidase was performed with a monoclonal antibody
fragmant derived against subunit II of oxidase (Fv), or a polyclonal antibody against
cytochrome ¢ oxidase (IgG). These antibodies were labelled with mono-functional Cy5 dye
as described (see section 2.19.6). The three different types of fused native membranes
derived from (i) wild type (WT) bacterial strain, (ii) a Complex I deletion strain, or (iii) a
Complex III deletion strain, were decorated with monoclonal antibody (Fv-CyS5), or
polyclonal antibody (IgG-Cy5). The diffusion time was measured in these native
membranes. For a further control, the molecular mass of Fv-Cy5 labelled oxidase in native
membrane was increased by addition of polyclonal antibody against oxidase. All FCS
experiments were performed in a collaboration with Chayan Nandi in the group of Prof.
Brutschy at Institut fiir Physikalische und Theoretische Chemie, Frankfurt University. The

analysis of data and calculation of diffusion coefficients are underway.
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3.8.6 Flash photolysis experiment

For the quantitative information on the translational diffusion of respiratory complex in the
native membrane, the flash photolysis experiment was started in collaboration. The initial
experiment was performed with reconstituted cytochrome ¢ oxidase in lipid vesicles. In the
native membrane the cytochrome ¢ oxidase, react with CO and form mixed valance state
with heme. It was known that no detectable decay of flash-induced linear dichroism of the
cytochrome oxidase-CO complex in mitochondria for times up to 5 ms. Taking into account
subsequent studies of the orientation of the heme a3-CO complex and data shown by Kawato
and co-workers imply that both mobile and relatively immobile populations of cytochrome
oxidase are present in the mitochondrial inner membrane. Cytochrome oxidase maintains a
fixed orientation with respect to the membrane plane, implying that rotation occurs around
the normal to the plane of the membrane. A theoretical treatment of this case was described
for heme proteins of the rotational relaxation time about the membrane normal axis of a
single rotating species and when different rotating species of cytochrome oxidase such as
monomer, dimer, or supercomplex (theoretical description of rotational mobility in
membrane Kawato and Kinosita, 1981). The CO-bound enzyme complexes were photolyzed
with laser flash photolysis setup with laser pulse (Nd:YAG, 532 nm, 10 ns, 5 mJ/cm?). Two
digital oscilloscopes (LeCroy 9361 and 9400A) were used to record the traces in two
overlapping time windows. Each data point was properly weighted on the basis of the
baseline analysis as described by (Chizhov et al. 1996). Figure 25 shows the transient
difference spectra following the photolysis of CO bound to the fully reduced enzyme. The
residual spectra obtained assuming one and two processes are compared in figure 25,
respectively. Further bleaching of the peak and the trough on a millisecond time scale
follows the microsecond changes, which are attributed to CO recombining with cytochrome
as. The residuals represent the difference between the transient data and the global fit
(Chizhov et al. 1996). The residuals based on a single process (T=~20 ms) shows a
significant positive absorbance on an early microsecond time scale, which disappears when
two exponentials are assumed. The apparent lifetimes of the two processes were 1 us and 20
ms. We conclude from the analysis that the photo-dissociation cycle of the fully reduced

CO-bound complex can be described by at least two kinetic processes.
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Figure 25 Absorption spectra of three major states of cytochrome c oxidase): oxidised enzyme as
prepared (dashed line), fully reduced state (dotted line), and CO bound reduced state (solid line).
The two apparent lifetimes of 1 us and 20 ms are in agreement with previous studies in
which the photolysis of CO bound to the fully reduced mitochondrial oxidase was followed
at a few selected wavelengths in the visible region (Einarsdottir et al., 1993). These

optimization measurements were performed in detergent solubilised oxidase.
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4 Discussion

4.1 Spin relaxation measurements

Pulsed Electron Paramagnetic Resonance (EPR) spectroscopy is an important technique to
measure the distance and orientation of two interacting proteins (Eaton and Eaton, 2000),
based on the relaxation enhancement that a fast relaxing spin exerts on a nearby slow
relaxing one. For the binding studies by Pulsed EPR, longitudinal relaxation T, of Cus was
measured using a two-pulse echo sequence and recording the signal as a function of time t
between the pulses. Significant relaxation enhancement of the Cu, centre in the presence of
cytochrome c¢ss; and horse heart cytochrome ¢ was observed by pulse EPR experiments.
These results confirm the previous results shown by chemical shift method of NMR
spectroscopy (Wienk et al., 2003). Complex formation takes place due to surface charges
because both partner proteins were in oxidised condition (oxidised form shows the
paramagnetic nature of metal centre) and no electron can be transferred due to the oxidized
condition of both proteins. The qualitative result shown in Figure 11 proved that the
interaction between the Cua fragment and binding cytochrome ¢ and non binding can be
easily distinguished with this method. The traces show that the relaxation enhancement is
dependent upon presence of surface charge. In the case of horse heart cytochrome the
enhancement is higher in comparison to cytochrome css;. The negative control using
cytochrome c; showed very less enhancement due to the presence of same surface charge as
for the Cu, fragment.

The possibility to measure the Cu, fragment alone and the transient complex with
cytochrome c allowed to extract the dipolar contributions to the relaxation traces by a simple
division of the experimental traces. It allows us to distinguish specific binding from non-
specific interactions. The extraction of dipolar relaxation allows for simulation of the
experimental decay traces, to obtain quantitative information about the distance and the
relative orientation in the complex.

For quantitative analysis of the transient complex between Cua fragment and horse heart
cytochrome c the variation of most of the fit parameters is very small. The experimental
dipolar relaxation traces for the complex of Cua fragment and cytochromes at different
temperatures were simultaneously fitted via either a SIMPLEX or a sequential quadratic
programming algorithm. The following fit parameters for a single binding geometry was: the

distance R; the polar angles of the dipolar vector with respect to the Cuu g-tensor frame (Op,
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¢p); the Euler angles (a.,B,y) of the cytochrome g-tensor with respect to the Cus g-tensor
frame; the exchange coupling J; an offset to account for unbound Cu, fragment. Therefore
simultaneous fit with distribution of at least two fixed distances were conform the dipolar
decay traces of X-band could be satisfactory fulfilled. The structural parameters (particularly
the distance R between the two paramagnetic centers) obtained from this fits shows one
distance in the range of 18-23 A and a second long distance was found with approximately
40 A. The distance was calculated from computational docking studies to take the following
parameter into consideration: (a) the Fe-Cu distance should not be more than 18 A for
electron transfer, so they ignore the larger distance in simulation parameter (b) consideration
of tryptophan (W121) residue in the calculation and electron pass through this residue and
(c) the distance between the atoms of the residues in the basic patch of cytochrome was
considered and the residues in the acidic patch on Cu, fragment (Flock and Helms, 2000;
Bertini et al., 2005). The differences in the experimental decay curves for both binding
cytochromes clearly point to structural differences in specific binding. The mode of
interaction proposed here for the cytochrome c¢ss;—Cups fragment transient complex bears
some similarities to other electron transfer complexes involving cytochrome ¢ of known X-
ray structure. These structures include the complex between cytochrome c¢; and the
photosynthetic reaction centre from Rhodobacter sphaeroides (Axelrod et al, 2002),
between cytochrome ¢ and the bc; complex from Saccharomyces cerevisiae (Hunte et al.,
2002), and between first crystal complex cytochrome ¢ and cytochrome ¢ peroxidase from
the same S. cerevisiae (Pelletier et al., 1992). The structure of the transient complex of
spinach plastocyanin (Pc), a protein of 10.5 kDa with a type-I copper site, and the water-
soluble fragment of turnip cytochrome f has been determined by NMR spectroscopy
employing the paramagnetism of the heme (Ubbink er al., 1998). The structure of the
complex shows that spinach Pc binds to cytochrome f with both its acidic patches and the
hydrophobic patch involved. Residues in the acidic patches of Pc interact with residues of
the basic patch of cytochrome f. The observed distance of 11.2 A between the heme iron and
the copper center allows for fast electron transfer (Lange ef al., 2005). The co-complex
between cytochrome ¢ and cytochrome bc; complex structure reveals that the architecture of
the complex exhibits an edge-to-edge distance of the two c type heme groups of 9.4 A
(Hunte et al., 2002). The structure of the co-complex clearly argues for electron transfer
from cytochrome c; to cytochrome ¢ by direct heme-to-heme transfer. However, in the yeast
co-complex the hydrophobic patches of both cytochromes do not seem to be tightly sealed,

water molecules that are not resolved at the given resolution might be present in the close
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environment of donor and acceptor and might take part in such a structural pathway. All of
these structures showed the presence of compact interaction site, where hydrophobic
interactions are largely prevalent among short-range contacts and define the optimal
interface arrangement to allow electron transfer.

All previous data of oxidase and cytochrome were analyzed by different docking methods.
Nevertheless, for the first time the experimental data were simulated for the distance and
orientation measurements. The two observed states with distances of 20 and 40 A may
represent the two states of a transient protein-protein complex as proposed in the two-step
model of complex formation between electron transfer proteins. A two-step model was
proposed to describe the docking of the membrane-embedded cytochrome ¢ oxidase with its
soluble substrate cytochrome ¢ (Witt ef al., 1998). The first step of interaction its governed
by long—range electrostatic interaction mediated by oppositely charged surfaces on either
protein, and a preorientation of both redox partners is obtained. In a second step is followed
by a fine-tuning mediated by hydrophobic surfaces to acquire a docking conformation for
optimal electron transfer (see Maneg et al., 2004). A strong, positive surface potential for the
mitochondrial or bacterial electron donor, cytochrome ¢ or cssy, is evident, while several
acidic residues have been suggested to participate in docking on a negatively charged patch
located mostly on Cuu fragment. Under the electron transfer conditions, an optimal salt
concentration results from a compromise of the association and the dissociation rates for
cytochrome c. Mutations in exposed residues in the relevant area above the Cua site were
analysed, to estimate the extent of the acidic region responsible for cytochrome ¢ docking
(Drosou et al., 2002).

The dynamic model of Bertini et al. for the interaction between cytochrome css; and
cytochrome ¢ oxidase, the four solutions obtained through this procedure are characterized
by different networks of intermolecular interactions, which correspond to a substantial
diversity in the orientations of the partner proteins within the complex. The observation that
the restraints derived from the experimental data are satisfied only partially, suggests that the
cytochrome cssy-cytochrome ¢ oxidase complex may have considerable dynamic features,
and that the ensemble of the docking solutions. So they represents an overall description of
the diverse orientations assumed by the partner proteins during interactions compatible with
our data (due to orientation difference and its not fixed with one orientation like horse heart
cytochrome c) and the two-step docking mechanism (Witt et al., 1999). In our case, we are
observing only the first stage, with no electron transfer between these two complexes

because both the partners were in oxidized state. The long-range nature of the electrostatic
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forces causes the initial encounter adduct to be not specific, resulting in many different
orientations with approximately the same energy, whereas van -der-Waals forces, acting at
short distances. In the kinetic studies (stopped flow) on Cu, fragment and cytochrome css,
showed that their interaction involves two to three effective charges on each protein,
according to the ionic strength dependence of the electron transfer rate (Maneg et al., 2003).
A previously proposed computational model for the complex (Flock and Helms, 2000),
cytochrome css; was found in two different orientations depending on whether it was docked
against two subunits and four subunit cytochrome c¢ oxidase. Furthermore, given this
interpretation, the single docking structures should be regarded as accurate pictures of
specific adduct conformations between Cu, fragment and horse heart cytochrome c¢. The
docking scenario for complex between cytochrome css; and Cua to rotate and slightly slide
on the surface of Cu, fragment, maintaining a central contact area that involves hydrophobic
residues. Similar to what is found in our work, a role of salt bridges in complex formation
was inferred also by an analogous calculation performed on beef heart oxidase and horse
heart cytochrome ¢ (Roberts and Pique, 1999). A general docking feature emerging from the
experimental data and the present model is that oppositely charged surfaces on the two
proteins are used to direct the relatively mobile cytochrome ¢ molecule on the surface of its
redox partner in a pseudo-specific way, supporting the concept of pseudo-specific docking
for electron transfer proteins (Williams et al., 1995). This concept explains that different
combination and orientations should be possible between redox partner through hydrophobic
surface patches and electrostatic interaction.

In photosynthesis, the experimental data from plastocyanin and cytochrome f of spinach
indicated the supercomplex formation and the structural data on the overlapping docking
sites of Pc-cyt f and Pc-PS I complexes (Musiani et al., 2005). In the case of bacterial
respiratory chain, the kinetic argument proved that the cytochrome css, protein is the
favoured electron donor for the aas cytochrome ¢ oxidase from P. denitrificans (Maneg et
al., 2003). It is also supported in native membrane of P. denitrificans, both cytochrome css,
and cytochrome c oxidases are membrane embedded and integrated in a super-complex
together with the bc; and Complex I (Stroh ef al., 2004). Considering that the native
cytochrome css; has a membrane anchoring domain and an additional charged domain, it
should be pointed out that these structural elements could further stabilize a supercomplex
and may even allow higher electron transfer rates, without the constraints imposed by three-
dimensional diffusion of the electron mediator. This organisation promotes frequent

encounters between the redox partners, which are not all necessarily productive for electron
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transfer. In fact, the orientational freedom of cytochrome css; should be quite large in spite
of the membrane anchor and the supramolecular association, because it is likely to act like a
pendulum for the interaction with both the bc; complex and the oxidase.

Finally, it is possible to apply relaxation method to protein complexes, where more than two
paramagnetic centers are involved. Our preliminary experiments on the complex of
cytochrome ¢ with the four subunit detergent solubilised cytochrome c¢ oxidase (four
paramagnetic centers Cu, , heme a, a3, and Cug) showed that the division method removes
all the contributions of the other internal paramagnetic centers from oxidase to the Cua
signal and retains only the dipolar relaxation due to external cytochrome c. The next step
would be to do this experiment in the presence of a lipid membrane (reconstituted system)

and larger protein complexes to reach the goal of a supercomplex-like situation.

4.2 Reconstitution

Cytochrome ¢ oxidase was reconstituted into lipid vesicles. From the analysis of the
abundant literature concerning the insertion of membrane proteins into liposomes, four basic
strategies have been outlined: mechanical means, freeze-thaw, organic solvents, and
detergents. These reconstitution strategies have proven to be very useful to prepare pure
proteoliposome vesicles (Rigaud et al., 1995). To preserve protein activity, many criteria
have to be considered to fully optimize the reconstitution of a membrane protein: the
disperssion of protein insertion, the final orientation of the protein, the morphology and the
size of the reconstituted proteoliposomes, as well as their residual permeability (Rigaud and
Lévy, 2002).

Thus, the vast majority of membrane protein reconstitution procedures are those involving
the use of detergents. Indeed, due to their amphiphilic character, most membrane proteins
require detergents, not only as a means of disintegrating the structure of native membranes in
the initial step of their solubilization, but also as a means of keeping the protein in a non-
denaturing environment during further purification (Lemaire et al., 2000). The standard
procedure used to reconstitute a purified membrane protein involves comicellization of the
protein in an excess of phospholipids and appropriate detergent, to form a solution of mixed
lipid-protein-detergent and lipid-detergent micelles. Next, the detergent is removed from the
micellar solutions, resulting in the progressive formation of closed lipid bilayers into which
the proteins eventually incorporate. All the detergent-mediated reconstitutions described in
the literature rely on this standard procedure but differ essentially in the techniques used to

remove the detergent, which can be dialysis, gel chromatography, dilution, or hydrophobic
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adsorption onto polystyrene beads. Reconstitutions from detergent micellar mixtures have
yielded proteoliposomes of different sizes and compositions depending on the nature of the
detergent, the particular procedure to remove it, as well as the nature of the protein and the
lipid composition.

Therefore, each membrane protein responded differently to the various reconstitution
procedures and the approach has long been studied (Rigaud et al., 1995; Lichtenberg 1985,
Silvius 1992). The original information about the mechanisms of lipid-protein association in
the presence of detergent, this “step-by-step” reconstitution strategy proved to be a powerful
reconstitution procedure, more suitable than the other methods (Rigaud et al., 2000). In
particular, it should be stressed that reconstitution of a membrane protein into detergent
saturated preformed liposomes ensured a unidirectional insertion of the protein in the
membrane and generally produced the most efficient proteoliposomes. An additional
advantage of new reconstitution strategy for supercomplex relied on the use of Bio-Beads
SM2 to remove the detergent. Indeed, the fast removal of detergent from reconstituted
proteoliposomes was an absolute necessity since residual detergent might disturb the

association of supercomplex.

4.3 Size of membrane vesicles

An instrument based on the principle of Photon Correlation Spectroscopy (PCS) was used
for measurement of membrane vesicles size. Usually PCS is concerned with measurement of
particles suspended within a liquid. The major difference between a PCS experiment and a
diffraction experiment is that the light intensities in PCS are so low that a photo multiplier
was used in order to count individual photons of light. For many systems, measurement at a
single angle (usually 90°) is sufficient for interpretation of the size distribution. However,
certain sizes of particle, e.g. 480 nm spheres will have a scattering intensity minimum at 90°
and the reduced signal to background ratio will increase the measurement error. In these
cases, measurement at another angle will improve the results. In PCS experiment use of the
maxima and minima in the intensity versus angle diagram to enhance the detection of
selected sizes of particles.

The size of membrane vesicles were measured on the purified native membrane. Three
independent methods were used for membrane vesicles preparation and data demonstrate the
different methods used for vesicle preparation have different sizes. The primary purpose of
this study was to determine the size of membrane vesicles to do FRAP or FCS experiment

for the lateral diffusion of the respiratory complexes in the membrane. The osmotically
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prepared membrane vesicles have bigger size as compared to other membrane preparation as
we expect the different type of methods lead to different size of membrane vesicles.

However, these vesicles were not sufficiently big for the FCS or FRAP experiment.

4.4 Fusion of membrane vesicles

Giant unilamellar vesicles with sizes ranging from 10 to 100 um are potentially attractive
model system and are becoming objects of intense scrutiny in diverse areas focusing on
biological functions such as adhesion, fusion and fission, or motility (Angelova and
Dimitrov, 1986; Luisi and Walde, 2000). However, the fragility and protein-hostile
preparation procedures of these large vesicles have so far precluded their use in membrane
reconstitution. Several methods to produce giant vesicles have been developed and reported
in the literature. One of the methods that have been applied successfully to produce large
proteoliposomes amenable to patch-clamp recording and electrophysiological measurements
is based on a dehydration-rehydration procedure (Criado and Keller, 1987). Such a method
consists of the dehydration of biological membranes or preformed proteoliposomes in the
presence of added exogenous lipids followed by a rehydration process in the desired buffer
(Ajouz et al., 2000). The rehydration of thin dried films obtained after the evaporation of the
solvent from lipid-protein complexes in organic solvents has been used to produce giant
proteoliposomes (Darszon et al., 1980). The main disadvantage of this dehydration-
rehydration method is that the supercomplex may be destroyed in their composition.

In this native membrane fusion, I tried a new method based on reconstitution of
transmembrane proteins into GUVs (Doeven et. al., 2005). This method involves partial
dehydration of native membrane on conductive glass surfaces, and controlled rehydration in
the presence of an AC electric field to form giant vesicles (Angelova et al., 1992). However,
this method do not work for fusion of native membrane.

The other method used for the native membrane fusion to used divalent cations as described
by Millar and Racker (1975). Nevertheless, divalent cations do not play a significant role in
the membrane fusion and membranes get aggregated. The attempts to fuse inner membranes
in the presence of asolectin and 5 mM Ca'™ at pH 8 gave significant levels of fusion.
However, we found the major difficult with Ca"™ supported fusion to be an irreversible
aggregation of cytoplasamic membranes.

The pH induced membrane fusion procedure is a modified version of the lipid and inner
mitochondrial membrane fusion method (Schneider ef al., 1980). The pH fusion procedure is

technically uncomplicated and does not require the addition of divalent cations. The rate and
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quantity of fusion can be controlled by incubation time, temperature, and by changing the
pH. When all other conditions were optimal but pH 8.0, no fusion occurs between inner
membranes in presence of asolectin. For fusion of membrane, the optimum pH is 6.0 and
temperature 32 °C. The recovery of membranes enriched with exogenous lipid was further
controlled by selection through sucrose density gradient centrifugation. The pH method is
not limited to fusion with asolectin liposomes. The low pH (4.5) method was used for the
fusion of liposome with bacterial membrane has been reported elsewhere (Driessen et al.,
1985).

The membrane fusion occurred in the presence of asolectin supported by several
ultrastructural, compositional, and functional characteristics that were determined: (i) the
membrane area increased; (ii) the membranes showed a higher buoyant density. Although
real fusion must result in an increase in the membrane lipid-to-protein ratio, it is necessary to
assess the possibility that this increase might be due to the loss of membrane protein rather
than the enrichment of membrane lipid. In this regard it was determined that the cytochrome
c oxidase is present, not making any compositional changes in integral protein. In the case of
supercomplex topology, the lipid incorporation is not going to make any difference because
it is shown that the respiratory complexes exist together in one supercomplex (Stroh et al.,

2004).

4.5 Deletion mutant

The supercomplexes were isolated by different type of deletion mutant and confirmed by
BN-PAGE (Stroh et al. 2005). Based on these result a schematic arrangement of the super
complex is shown in Figure 25. The Wild type membrane contains supercomplex consisting
of [I(II;),IV4] with a calculated molecular weight of 1.9 MDa. In the Complex III deletion
mutant no supercomplex is obtained and no association of Complex I and IV was reported.
The Complex I deleted mutant shows the association between Complex III and IV. This
result confirms the supercomplex isolated earlier by gel filtration (Berry and Trumpower

1985).
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Coraplex [T

Coraplex I11

Comples 111 Complex [V

Cormplex I11

Figure 26 Highely schematic arrangement of different respiratory complex as ‘respirasome’. It
consists of monomer Complex I bound to dimer Complex IlI to Complex IV and unkonwn copy

number of membrane bound cytochrome css; in the stoichiometric ratio 1;(Ill;); 1V css; (based
on Stroh et al., 2004)

Complex IV Complex [V

Corplex [V

Corplex ITT

Coraplex ITT

Complex I

Complex [V
Complex ITT

Cormplex [V Complex [V

Complex IV

Figure 28 Complex III deletion mutant: no
Figure 27 Complex [ deletion mutant super complex formed due to deletion of
supercomplex formed with Complex Il and 1V Complex 111
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4.6 Lateral diffusions experiments

The lateral diffusion experiment was performed to investigate the presence or absence of
random mobility of complexes in the native environment. The random diffusion model is
based on theoretical assumption and experimental data by FRAP method. The shape and
radius of different complexes was assumed because structural detail was not available at that
time. Here the experiment carried out in bacterial membrane that gave big advantage of
using deletion mutant in the respiratory chain of P. denitrificans due to presence of
alternative electron transport pathway. There are some disadvantages for bacterial
membranes, such as presence of low contents of respiratory complexes compared to inner
mitochondrial membrane.

The results and approach for bacterial membrane system for lateral or rotational diffusion are
discussed in compression to mitochondrial inner membrane. The ‘fluid mosaic model’ of
membranes is now observed as more mosaic than fluid part (Engelmann 2005). The mosaic
view model supports the presence of membrane protein to form mosaic part due hydrophobic
helix, dimmer and trimer association for its functional and structural stability.

Present view of the membrane model support larger assemblies of membrane protein due to
presence of hydrophobic helices and proteins in cell membranes typically diffuse much more
slowly than do proteins in artificial lipid bilayers. Although the simplest hydrodynamic
theory predicts that lateral diffusion of proteins in cell membranes should be roughly half as
fast as that of lipids (Jacobson et al., 1987). The mitochondrial inner membrane supports a
number of rapid macromolecular interactions that draw specific catalytic actions required in
the processes of electron transfer. For lateral diffusion to take place, ample space as well as
fluidity is required in the membrane lipid bilayer. It was recognized that the mitochondrial
inner membrane is composed of 75% protein (Colbeau et al., 1972); while the P.
denitrificans (Previously name as Micrococcus) has an unusual lipid composition of 15% for
M. denitrificans (Whiteside et al., 1971). However, it is not known that only one-half of this
protein is integral to the mitochondrial membrane bilayer (Hochli and Hackenbrock 1978).
The rate and catalytic significance of such diffusion has been determined (Hackenbrock et
al., 1980). They developed an in vitro method for increasing the surface area of the

membrane bilayer with exogenous phospholipids to increase the diffusion distance between
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the various interacting membrane components, which catalyze electron transfer in
mitochondrial membrane (Hochli ef al., 1985). The method was based upon enrichment of
the inner membrane lipid bilayer by fusion of sonicated, small unilamellar phospholipids
vesicles with the purified inner membrane at pH 6.5 (Schneider ef al., 1982). From this fused
membrane, Hackenbrock and co-worker conclude that a diffusion-limited step is involved in
the transfer of reducing equivalents from the dehydrogenases to cytochrome bc) in the native
membrane. Several models explain the diffusion-limited step between two complexes. A
model, proposed by Ragan and co-workers that electron transfer from NADH to cytochrome
¢ occurs through specific stoichiometric associations of Complex-III and 1 (Ragan and
Heron, 1978; Heron et al., 1978). Presumably, the Complex I-Complex III unit is necessary
for electron transfer from NADH to both ubiquinone and cytochrome c. The same type of
assembly of a plant mitochondrial and mammalian supercomplex was structurally
characterized by electron microscopy (EM) (Dudkina et al., 2005; Schéfer et al., 2006).

The random diffusion model was evaluated by physiological functioning of mitochondria. It
is important to consider the effects of high protein concentrations in the matrix and
intermembrane spaces on the mobilities of membrane bound components. It has been known
that the matrix of mitochondria has a very high protein concentration. This protein crowding
could hinder lateral and rotational mobility of the integral complexes, resulting in
reorganization on a time scale much larger than that of an electron-transfer event.
Association and dissociation of the complexes in this period would be compatible with a
regulatory function mediated by factors that affect the lifetime of the aggregated state. A
resemblance is provided by the studies of Kaback and co-workers (Goldkorn et al., 1984)
which indicate that the state of aggregation of a bacterial membrane protein is modulated by
the membrane potential. A high membrane potential might a disaggregated state, while at a
low-potential aggregated complexes would predominate, giving rise to more efficient
electron and energy transfer and its also support the existence of supercomplex in
membrane.

The lateral diffusion coefficients of the mitochondrial redox components have been
determined experimentally by FRAP (Gupte et al., 1984). The data under the best conditions
showed that all the redox component diffuse laterally with same diffusion coefficient and
diffuse rapidly in the membrane plane. It supports that the mitochondrial inner membrane is
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structurally a fluid rather than a solid-state membrane and that the redox components are
physically dispersed randomly rather than organized in a macromolecular or chain-like
assembly. Nevertheless, in latest literature conform the membrane have more solid (mosaic)
part as compare to fluid part (Engelman 2005).

In our FRAP experiment we want to show that all the redox components diffuse together in
the membrane. To do this we started the experiment in the native membrane and compare to
the two-deletion mutant (schematic diagram of these mutants is shown in figure 27, 28). Due
to smaller size of membrane vesicles compared to bleaching area, we could not perform this
experiment yet.

We started the FCS diffusion analysis of fluorescent-labelled molecules in membranes and
complex in reconstituted system. These findings might be compared with diffusion
coefficient in the mitochondrial membrane. Presently, the lateral diffusion coefficients of the
respiratory complex in the native and lipid-enriched membranes are unknown. As described
by random diffusion model the inner membrane redox component is a highly mobile,
independent lateral diffusion and by every component should be highly rotationally mobile.
(see Kawato et al., 1980). Conversely, Kawato and Cherry reported Complex IV to have a
relatively low diffusion, and a large rotationally immobile fraction which they attribute to
non-specific aggregation of membrane proteins and not to aggregation between Complexes
IIT and I'V. Nevertheless, the results of Kawato and coworker have been cited by Hochman et
al. as physical evidence for functional, multielectron transferring “dynamic aggregates” of
redox partners (Hochman et al., 1982). Furthermore, calculations upon which the concept of
functional dynamic aggregates was formulated were found to be based on the use of
unrealistically low concentrations of redox components. The calculation carried out by
Ferguson-Miller et al. found their results to be compatible with the random collision model
(Ferguson-Miller ef al., 1986; Rogers, 1992).

In this previously proposed model (Hochman et al., 1982, 1985) which is consistent with the
findings of lateral diffusion in mitochondrial inner membrane and with the results of other
investigators. In this model, electron transfer can occur by random diffusion, but more rapid
rates are achieved by formation of transitory functional aggregates (dynamic aggregates)
among the electron-transfer chain components. In the case of cytochrome ¢, physical
association between cytochromes bci, and aa; could create a limited domain in which
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cytochrome ¢ movement is restricted, thereby increasing the efficiency of electron
conductance. These findings also support the formation of supercomplex.

In old literature Erecinska et al., 1979 proposed that the components of the respiratory chain
of Paracoccus denitrificans including cytochrome ¢ appear to be tightly associated,
suggesting that even though high rates of electron transfer occur in the system. The highly
association in the system was proved by isolation of supercomplex (Stroh et al., 2004). The
observations of Cherry and co-workers indicate that the respiratory complexes of
mammalian mitochondria are largely immobilized on a short time scale, suggesting a high
degree of aggregation in the native membrane (Kawato et al., 1980, 1982). Theses results
suggest that may be this aggregation was a supercomplex in the membrane. The authors
attribute this phenomenon to aggregation, but it seems more reasonable from a physiological
standpoint that functional aggregates would predominate. Although, the efficiency of
electron transfer may be increased by formation of specific associations among the
complexes (substrate channelling in the term of supercomplex). It is clear that the structural
features of cytochrome c are also compatible with two- or three-dimensional diffusion, and

this mode of activity may be physiologically important as well.

4.7 Flash photolysis

The other approach was used the flash photolysis experiment to look on the rotational
motion of cytochrome c oxidase in the native bacterial membrane. The experiment was
started in simple system to analyse the photocycle of bacterial cytochrome ¢ oxidase in
detergent solution and reconstituted system under various conditions. The first aim of this
study was to establish a procedure to obtain standardized data based on bacteriorhodopsin
(Chizhov et al., 1996). These data should meet the requirement of being applicable for
rotational diffusion in membrane.

Photolysis of the fully reduced CO-cytochrome ¢ oxidase showed by global analysis of the
transient difference spectra gave two apparent lifetimes. This implies at least two kinetic
intermediates in addition to the final product, the fully reduced CO complex. The two life
time (micro second and millisecond). The millisecond time will be used for our further

investigation. The studies on the photo dissociation and recombination dynamics of fully
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reduced CO-bound cytochrome oxidase showed that CO binds to Cup following the
photolysis of CO from cytochrome (Dyer et al., 1989). By following the CO
photodissociation and recombination as a function of CO concentration, also demonstrated
that CO binding to cytochrome a3 involves prior binding of CO to Cug site (Woodruff et al.,
1991; Einarsddttir et al., 1993). Based on these results, the two-step model in Scheme to
determine the absorption difference spectra between the intermediates and the unphotolyzed
fully reduced CO species.

This approach is based upon the results of Kawato et al., 1980. They illustrate that relatively
immobile species of cytochrome oxidase in mitochondrial membranes might be either
oligomeric cytochrome oxidase or cytochrome oxidase complexed with other membrane
proteins. The former possibility is supported by observations of self-association of
cytochrome oxidase in reconstituted systems (Kawato et al., 1982) The similar type of
experiment we approach to do in the native bacterial membrane system where we have the
deletion mutant like Complex-I and complex III. The schematic arrangement of these
complexes is shown in the figure 27 and 28. This arrangement is based on the supercomplex

isolation and its conformation based on the BN-PAGE (Stroh et al., 2004).
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Outlook

Existence of respiratory supercomplexes from different source has been proved in the presence
of detergent by gel filtration and native gel electrophoresis. However, no evidence is provides
supercomplex existence in the native membrane. In my studies on supercomplex in native
membrane environment, the experiment was carried out in a model system (soluble fragment of
the complexes and reconstituted system) due to presence of low content and different type of
metal centre of respiratory protein. The ladder type of approach may be used to reach the final
destination of supercomplexes in native membrane and various spectroscopic studies shows very
promising results. Pulse EPR techniques have been used for the first time successfully to study
the structure of a transient protein-protein complex. Electron spin echo measurements of the
slower relaxing Cu, paramagnetic centre in the soluble subunit II of cytochrome ¢ oxidase in
complex with different cytochromes were performed, and allow a clear distinction between
binding and non-binding cytochromes. The division method provides pure dipolar relaxation
traces was quantitatively analyzed to obtain the structure of the protein-protein complex without
the necessity of taking the intrinsic relaxation properties of the observed paramagnetic species
into account. The strongly enhanced orientation selection at high magnetic field values gives
additional constraints and further improves the structural determination. The second approach to
measure the lateral diffusion of respiratory complex in the native membrane is an alterative
method to distance determination. The mass difference between monomer complex and
supercomplex is around one order of magnitude higher and should be distinguishable by FRAP
and FCS experiments. The difference between the lateral diffusion should be comparable to
deletion mutants. The initial measurement in reconstituted system was performed and the due to
smaller size of native membrane vesicles further experiment was not possible. To overcome this
problem, fusion of native membrane was performed to make the giant membrane vesicles. pH
induces fusion in the presence of asolectin shows four times larger vesicles than unfused one.
Finally the experiment was performed and data analysis and calculation of diffusion coefficients
are underway. The other approach to measure the rotational diffusion of oxidase in the native
membrane was done with optical absorption spectroscopy. To monitor the reorientation of
oxidase in membrane plane, carbon monoxide (CO) used as a probe for this experiment. CO
binds to the cytochrome ¢ oxidase under reduced conditions to the a3-Cug site and the effect was
monitored in the Soret region of the spectra. The initial experiment was performed with oxidase
in a reconstituted system. The experiment also done with the native membrane but due to low
amount of oxidase in the membrane the signal was low. To overcome this problem different
membrane preparation were obtained with higher heme contents. The next step would be to use
non-polarized and polarized light for measurement to investigate rotational mobility of complex

organization in native membranes.
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% v/v
A

Ac
Amp
AP
ATP
BCIP
bp
BSA
Cuy fragment
Cys
Cyt.
DEAE
DM
DMSO
DNA
DTT
EDTA
EGTA
EPR
ET
EtOH
FADH,
FCS
Fe-S
FMN
FRAP
Fv
GUV

Abbreviations

volume percent

Angstrom

acetate

ampicilline

ammonium persulphate

Adenosine triphosphate
5-Bromo-4-chloro-3-indolylphosphate
base pair

Bovine serum albumin

soluble domain of subunit II of cytochrome ¢ oxidase
cysteine

cytochrome

diethylaminoethyl
n-dodecyl-B-D-maltopyranoside
dimethylsulphoxide

deoxyribonucleic acid

dithiothreitol

ethylene diamine tetra acetic acid

ethylene bis (oxyethylene nitrilo) tetra-acetic acid
electron paramagnetic resonance

electron transfer

ethanol

flavin Adenine dinucleotide reduced from
fluorescence correlation spectroscopy
iron-sulphur cluster

flavin mononucleotide

fluorescence recovery after photobleaching
antibody fragment, variable domain

giant unilamellar vesicles

hours
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HEPES N-2-Hydroxyethyl piperazine-N'-2-ethane sulfonic acid
His histidine

kb kilo base

kDa kilo Dalton

Km kanamycin

Kpi potassium phosphate buffer

MK6 Complex III deletion mutant

MR31 Complex IV deletion mutant

MW molecular weight

MWCO molecular weight cut-off

NMR nuclear magnetic resonance

OD optical density

OXPHOS oxidative phosphorylation

PAGE polyacrylamide gel electrophoresis
PBS phosphate buffered saline

PCR polymerase chain reaction

PDB protein data bank

Q ubiquinone

QH; ubiquinol

Rif rifampicin

rpm revolution per minute

RT room temperature

S second

SDS sodium dodecylsulfat

TEMED N, N, N’ N’- Tetramethylethylendiamin
Tet tetracycline

TNM Tris-NaCl- MgCl,-buffer

Tris Tris-(hydroxymethyl)-aminomethan
UV/vis ultraviolet/visible

WT wild type

€ extension coefficient

T separation time between two pulses
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