Diss. ETH No. 17541

Na'-translocating NADH:Quinone
Oxidoreductases fromVibrio cholerae and

Yarrowia lipolytica

A dissertation submitted to the
SWISS FEDERAL INTSTITUTE OF TECHNOLOGY ZURICH
for the degree of
Doctor of Sciences

presented by
PO-CHI LIN
Dipl. Natw. ETH Zirich
born May 7, 1978
citizen of Switzerland
accepted on the recommendation of
Prof. Dr. M. Aebi, examiner
Prof. Dr. H. Hilbi, co-examiner
Prof. Dr. J. Fritz-Steuber, co-examiner

Prof. Dr. P. Dimroth, co-examiner

Zurich, November 2007






e \//// 2720772 //////(//(/






Acknowledgments

Many people have contributed and helped me to aptisimthis thesis, and | would like to

express my thanks to them, especially the followiagsons:
xR Julia, to whom I'm deeply indebted for her immepsatience, guidance and support
throughout these years.

xR Prof. Dimroth, many thanks for accepting me as enbex of his lab and for his

helpful input and ideas in our seminar sessions.
® Irini for the helpful advices about complex | amd the good times in the lab.

® Andrea for introducing me to the Steuber group fandhe good works we’ve done
together.

® Minli, Marco, Anja, Karin, Wotjek , Andreia and Rgifor the support and fun in the
lab.

xR The Dimroth group and the Institute for Microbiojoggho were always ready to help.
&R Dr. Frank Neese for the successful collaboratiahthe pleasant stay in Milheim.

xR The Gehring and Pluckthun groups and the Instftut®iochemistry who made my

transition from ETH to University ZH very pleasant.

xR Alain, Jacques, Palmira, Jean-Claude, Hermannkantirtteam of BCI for their help

and technical support.

xR My parents for supporting my decision to stay abiraad Caroline, Andrea and my

Biotech-friends for making Zurich my second home






TABLE OF CONTENTS

Table of Contents

ABBREVIATIONS

ZUSAMMENFASSUNG

SUMMARY

1. INTRODUCTION
1.1.Electron Transfer Chain
1.2.Complex |
1.2.1. Structure of complex |
1.2.2. The redox factors of complex |
1.2.3. Accessory subunits
1.2.4. Complex | deficiency
1.2.5. Yarrowia lipolytica
1.3.Na'-NQR of Vibrio cholerae
1.3.1. Vibrio cholerae
1.3.2. Na'-NQR of Vibrio cholerae
1.4. Aim of This Work

1.5. References

2. AVERTEBRATE-TYPE FERREDOXIN DOMAIN IN THE NA *-
TRANSLOCATING NADH DEHYDROGENASE FROM
VIBRIO CHOLERAE
2.1. Abstract
2.2.Introduction
2.3. Material and Methods
2.3.1. Preparation of the Fe-S domain
2.3.2. Spectroscopy
2.3.3. Analytical methods
2.4.Results and Discussion

2.5. References

10
11
14
14
14
16
18
19

25
26
26
27
27
27
28
28
33



Il TABLE OF CONTENTS

3. QUINONE REDUCTION BY THE NA *-TRANSLOCATING NADH
DEHYDROGENASE PROMOTES EXTRACELLULAR SUPEROXIDE

PRODUCTION IN VIBRIO CHOLERAE 35
3.1. Abstract 36
3.2.Introduction 36
3.3. Materials and Methods 37
3.3.1. Growth ofVibrio cholerae 37
3.3.2. Preparation of membranes 38
3.3.3. EPR spectroscopy 38
3.3.4. Analytical methods 38
3.3.5. Inhibition studies 40
3.4.Results 40
3.4.1. Respiratory chain complexes in wild-typlecholerae and a mutant
devoid of a functional NaNQR 40
3.4.2. Na' stimulates radical formation by the NEQR 42
3.4.3. Extracellular superoxide production Wycholerae 45

3.4.4. Effect of respiratory inhibitors on radical formatiand superoxide

production 47
3.5. Discussion 48
3.6. References 51
3.7. Supplemental Material 53

4. NADH OXIDATION DRIVES RESPIRATORY NA " TRANSPORT IN YEAST

MITOCHONDRIA 54
4.1. Summary 55
4.2.Introduction 55
4.3. Materials and Methods 57
4.3.1. Growth ofYarrowia lipolytica 57
4.3.2. Isolation of mitochondria 57

4.3.3. Preparation of submitochondrial particles and jeatfon of complex | 57

4.3.4. Preparation of proteoliposomes 58
4.3.5. Transport measurements 58
4.3.6. Analytical methods 59

4.4 Results 60



Il TABLE OF CONTENTS

4.4.1. A redox-driven Napump in the respiratory chain from
Yarrowia lipolytica
4.4.2. Properties of complex |
4.4.3. Na' stimulates Q reduction by complex |
4.4.4. Na' transport
4.4.5. Proton transport
4.5.Discussion

4.6. References

5. GENERAL DISCUSSION
5.1.1SC-type Iron-Sulfur Cluster in NaNQR
5.2. Reactive Oxygen Species Generated b{*N@R
5.2.1. Extracellular reactive oxygen species and pathaggni
5.3.Complex | and Nalons
5.3.1. lon transport mechanisms of complex |
5.3.1.1.Redox-linked ligand conduction mechanism
5.3.1.2.Ion transport via conformational energysfar
5.3.2. Na' cycle in mitochondria
5.4. Outlook

5.5. References

Curriculum Vitae

Publications

60
61
64
64
66
68
70

72
72
75
77
78
78
78
79
80
83
84

89

90



A ABBREVIATIONS

Abbreviations

ACMA 9-amino-6-chloro-2-methoxyacridin

ATP adenosine triphosphate

CCCP carbonyl cyanide-chlorophenylhydrazone

DCCD N,N’-di-cyclohexylcarbodiimide

EPR electron paramagnetic resonance

Em midpoint redox potential

FAD flavin adenine dinucleotid

FCCP carbonyl cyanide(trifluoromethoxy)phenylhydrazone

Fd ferredoxin

FMN flavin mononucleotide

HQNO 2-heptyl-4-hydroxyquinoline N-oxide

ISC iron-sulfur cluster

MCD magnetic circular dichroism

Na'-NQR N&-translocating NADH: quinone oxidoreductase

NDH-1 NADH dehydrogenase I, the bacterial homakof eukaryotic
complex |

NDH-2 an alternative, non-electrogenic NADH detogknase

PDB Protein Data Bank

P, inorganic phosphate

Q/ QH2 ubiquinone / ubiquinol

Q1 ubiquinone-1 (2,3-dimethoxy-5-methyl-6-isaprel,4-
benzoquinone)

SMPs submitochondrial particles

T tesla

VTMCD variable temperature magnetic circular dosm

AV membrane potential

ApH transmembrane pH difference

ApK transmembrane potassium difference

ApNa transmembrane sodium difference

AfH"

proton electrochemical potential (proton mofivece)



ZUSAMMENFASSUNG 1

Zusammenfassung

NgrF, die NADH-oxidierende Untereinheit der Naansportierenden NADH:Q
Oxidoreduktase (NaNQR) vonVibrio cholerae, enthalt einen [2Fe-2S] Cluster. In dieser
Studie wurde eine gekirzte Form (Fe-S Domane) vgr- Nerwendet, um die elektronischen
Eigenschaften des Fe-S Zentrums zu untersuche/eégleich der Aminosaurensequenz
zeigte, dass die Sequenz des Fe-S Cluster-bindévhaievs von der Fe-S Domane
konserviert und mit derjenigen von Ferredoxinen\Wabeltierfamilie verwandt ist. Das
binukleare Fe-S Cluster der Fe-S Doméane wurde olgefiden Cysteinen koordiniert: C§s
Cys'®, Cys® und Cy$™. Das Null-Feld Mossbauer Spektrum der oxidierterSFDomane
wurde bei 80 K aufgenommen und zeigte ein asymeuéteis Doublet mit einer
QuadrupolspaltungEQ = 0.613 mm/s und einer Isomerverlagerdrg0.283 mm/s, die dem
Fe(lll)-Fe(lll) Paar des binuklearen [2Fe—§3}:|usters zugeordnet wurden. Dieses Resultat
wurde weiterhin durch den Fe- unti-Gehalt der Fe-S Domane (jeweils 16128 und
1.31+0.11 mol/mol Protein) unterstitzt. Das temperato@aigige magnetische
Circulardichroismus-Spektrum von der photochemrsciuzierten Fe-S Domane zeigte ein
negatives Maximum bei 315 nm, das den Ladungsibgegader Fe(ll)-S Bindung
zugeordnet wurde, und positive Maxima bei 358, &89, 629 und 694 nm, die den
Ladungsiubergangen der Fe(lll)-S Bbindung zugeordmetien. Dieses Muster aus positiven
und negativen Maxima ahnelte demjenigen des [2F&SRfSters von ISC-Typ Ferredoxinen,

die in der Assemblierung von Fe-S Zentren eineeRglielen.

Die Na-NQR vonV. cholerae produziert extrazellular reaktive Sauerstoffspezuperoxid
und Wasserstoffperoxid), die zu der PathogenitatWaholerae durch oxidative
Beschadigung der infizierten Wirtszellen beitragénnten. In nativen, mit NADH
reduzierten Membranen wurde ein organisches RadikaHilfe der
elektronenparamagnetischen Resonanzspektroskopbadigtet und einem durch die Na
NQR erzeugten Ubisemichinon zugeordnet. Die Ubishmonbildung wurde von Na
stimuliert; die Radikalkonzentration nahm von 0.®1ei 0.08 mM N& auf 0.4 mM bei 14.7
mM Na zu. Wahrend der Atmung produziesecholerae extrazellulares Superoxid mit
einer spezifischen Aktivitat von 10.2 nmol ifimg?, wahrend eifV. cholerae-Stamm ohne
eine N&-NQR nur eine Aktivitat von 3.1 nmol mifrmg’ aufwies. Wurde die
Natriumkonzentration von 0.1 mM auf 5 mM erhOhiegtdie Rate der Superoxidbildung\Vin

cholerae um 70 % an. Diese Resultate zeigten, dass diazetimlare Natriumkonzentration
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die Ubisemichinonbildung der RNQR stimulieren und hiermit die Produktion derktiaaen

Sauerstoffspezies aus der Autooxidation des Chivotkern kdnnte.

Ein anderes Familienmitglied der membrangebund®&?ebH:Q Oxidoreduktasen ist der
Komplex | der Atmungskette. Obwohl keine Sequemerdtrukturhomologie besteht, setzen
Na’-NQR und Komplex | beide die aus Redoxreaktion gaveme Energie in
Kationentransport um. Unsere Studie zeigte, dasslADH-Oxidation von
submitochondrialen Partikeln aus der Hgéerowia lipolytica mit der protonophor-
resistenten Natriumaufnahme (0ol mir* mg?) gekoppelt wurde, was die Prasenz einer
redox-getriebenen funktionsfahigen Primarnatriumpenm der inneren mitochondrialen
Membran andeutet. Durch Reinigung und RekonstituticProteoliposomen wurde eine
NADH Dehydrogenase identifiziert, die NADH-abhargigeduktion des Ubichinons (1.4
umol mint mg?) mit Natriumtransport (2.amol mir* mg?) koppelte. Der NADH-

getriebene Natriumtransport konnte durch Rotendreigent werden. Rotenon ist ein
spezifischer Komplex | Inhibitor, und daraus folgevir, dass Mitochondrien vort

lipolytica eine NADH-getriebene Natriumpumpe enthalten. Whiagen vor, dass sie dem
Komplex | der Atmungskette entspricht. Unsere Studiigt, dass die Energienutzung der
Mitochondrien nicht nur auf dem Protonengradierfiproton motive force*) beruht, sondern
dass ein durch Komplex | aufgebauter elektrochemeisblatriumgradient von Nutzen sein
kdnnte.
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Summary

NgrF, the NADH oxidizing subunit of the Riranslocating NADH:Q oxidoreductase (Na
NQR) fromVibrio cholerae, contains a [2Fe-2S] cluster. Here we used a #tiglcversion
(Fe-S domain) of NqgrF to study the electronic praops of the Fe-S center. A comparison of
the amino acid sequence of the Fe-S domain shdwedhe sequence of Fe-S cluster binding
motif is conserved and related to ferredoxins efurtebrate-type family. The binuclear Fe-S
cluster is coordinated by the cysteine residues’Cgys®, Cys”® and Cy$*. The zero-field
Mdossbauer spectrum of the oxidized Fe-S domairrdecbat 80K showed an asymmetric
doublet with a quadrupole splittidg=Q = 0.613 mm/s and an isomer sbift 0.283 mm/s
which were assigned to the Fe(lll)-Fe(lll) pairtbé binuclear [2Fe-2S] cluster. This result
was further supported by the Fe arffdc®ntent of the Fe-S domain (146128 and 1.3#0.11
mol/mol protein, respectively). The variable tengiare magnetic circular dichroism
(VTMCD) spectrum of the photochemically reducedS-demain revealed a negative band at
315 nm assigned to Fe(ll)-S charge transitionspasitive bands at 358, 409, 554, 629 and
694 nm assigned to Fe(lll)-S charge transitionss phattern of positive and negative bands
resembles those of the [2Fe-2S] clusters fountder $C-type ferredoxins. We conclude that
the [2Fe-2S] cluster in the isolated Fe-S domaiNaiF is very similar to the 2Fe-clusters
from vertebrate-type ferredoxins and among thegeosstly related to the [2Fe-2S] cluster

present in the ISC-type ferredoxins.

Na'-NQR fromV. cholerae generates extracellular reactive oxygen specie$, as
superoxide and hydrogen peroxide, which may coumigilbo the pathogenicity &f. cholerae
by causing oxidative damages to the infected heltg.dJpon reduction with NADH, an
organic radical was detected in native membraneddwntron paramagnetic resonance
spectroscopy which was assigned to ubisemiquinenergted by the NaNQR. The
formation of ubisemiquinone was stimulated by Nhe concentration of radical increased
from 0.2 mM at 0.08 mM Nato 0.4 mM at 14.7 mM Na During respiratiorV. cholerae
produced extracellular superoxide with a specifiivity of 10.2 nmol miit mg* in the wild-
type strain, whereas the NAQR-depleted strain had only a specific activitdd nmol
min? mg™. Raising the Naconcentration from 0.1 mM to 5 mM increased tte of
superoxide formation in the wild-type strain bylesist 70 %. These results showed that

extracellular Naconcentration could stimulate ubisemiquinone fdiomaby the N&NQR
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and hereby enhance the production of reactive axggecies formed during the

autooxidation of reduced quinone.

Another family member of membrane-bound NADH:Q ax&buctases is the respiratory
complex |. Although sharing no sequencial or strizaithomology both NaNQR and
complex | convey the energy gained from the re@action to translocate cation across the
membrane. Our study showed that oxidation of NABtsbbmitochondrial particles from the
yeastYarrowia lipolytica is coupled to protonophore-resistent Natake (0.12imol min*
mg?), indicating that a redox-driven primary Naump is operative in the inner
mitochondrial membrane. By purifying and reconsitita into proteoliposomes, a respiratory
NADH dehydrogenase was identified which coupled N#A@ependent reduction of
ubiquinone (1.4imol min® mg?) to Nd translocation (2.@imol min* mg*). NADH-driven
Na' transport was sensitive towards rotenone, a gpéaifibitor of complex |. We conclude
that mitochondria fron¥. lipolytica contain a NADH-driven Napump and propose that it
represents the complex | of the respiratory chainr. study indicates that energy conversion
by mitochondria does not exclusively rely on thetpn motive force but may benefit from
the electrochemical Nayradient established by complex I.
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1 Introduction

1.1 Electron Transfer Chain

Oxidative phosphorylation is one of the fundamentatabolic reactions in the cell. This
process transfers the energy gained from oxidiaurgtion molecules to form ATP for use in
all energy-consuming activities of the cell. Oxidatphosphorylation is catalyzed by the
electron transfer chain (ETC), which is found ia thitochondria and chloroplasts of
eukaryotes and in the plasma membrane of prokaydtee ETC is composed of numerous
polypeptides that are grouped together into diffeeszymatic complexes (Figure 1.1).
Through this chain of polypeptide complexes thagfer of reducing equivalents from
NADH or FADH, to molecular oxygen is coupled to the pumpingrotgns (sodium ions in
some organisms) across the membrane. This traofsiems generates an electrochemical
gradient, which drives the ATP synthase to phosghte ADP (Mitchell 1961).

Complex T Complex 1T Complex 11T Complex IV Complsx ¥

Pi + ADP ATP + H20
3H

Figure 1.1 Electron transfer chain in mitochondria

Complex | (NADH:quinone oxidoreductase), complexsiliccinate dehydrogenase), complex
[l (ubiquinol:cytochromec oxidoreductase, also called; complex) and complex IV
(cytochromec oxidase) generate an electrochemical gradiensadh® inner mitochondrial
membrane using the energy gained from redox reatibhis electrochemical gradient, in
turn, drives complex V (ATP synthase) to phospratg/lADP to ATP (Mitchell 1961). This
diagram is adapted from http://www.genome.ad.jpgkeathway.html.

Complex | (NADH:quinone oxidoreductase, EC 1.6)58the first enzymatic complex of the
ETC and is the entry site for the reducing equivisléento ETC. Complex | couples the energy
of NADH oxidation and quinone reduction to transééions across membrane (Eg. 1).
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NADH, + H' + Q + nH/Na'in= NAD"\n + QHo + nH'/Na’ou (Eq. 1)

In bacteria, membrane-bound NADH:Q oxidoreductasesbe divided into three groups: the
proton- (or N&-) translocating NADH:quinone oxidoreductase (NDH¥e homolog of
complex I), the NADH:quinone oxidoreductase (NDHt2at lacks the ability to transfer ions
across the membrane and thé fitanslocating NADH:quinone oxidoreductase {NQR).
The NDH-1 is composed of 14 different subunithids a non-covalently bound FMN and
several iron-sulfur clusters as prosthetic grofzg{ and Matsuno-Yagi 2003). The NDH-2
is a single polypeptide and bears no couplingfeitéon transport. It contains a non-
covalently bound FAD and no iron-sulfur clustersa§y 1991). The NaNQR is composed of
6 subunits and contains a non-covalently bound BA&yashi and Unemoto 1987;
Pfenninger-Li, Albracht et al. 1996), two covalgribound FMNs (Zhou, Bertsova et al. 1999)
and one iron-sulfur cluster as prosthetic grouper(finger-Li, Albracht et al. 1996). The
presence of one additional riboflavin is discusseatroversially (Zhou, Bertsova et al. 1999;
Barquera, Zhou et al. 2002).

The eukaryotic complex | is composed of up to 4éusiits (Carroll, Shannon et al. 2002) and
has a molecular weight of approximately 1’000 kBmong the subunits of the eukaryotic
complex | homologues of the 14 subunits from thetdréal complex | (NDH-1) have been
identified (Dupuis, Chevallet et al. 1998; Frietirit998; Yagi, Yano et al. 1998) and these 14
subunits are referred to as the central subuniitsy Bre likely to form the core of complex I.
Subunits of the eukaryotic complex |, which haveneenologues in bacteria are called
accessory subunits. Studies have shown that thiesmiss are necessary, not only for the
assembly and stability of the complex | (Videird®®&9Videira and Duarte 2001), but also for
the regulation of the complex | (Au, Seo et al. 9:99adava, Potluri et al. 2002;
Grivennikova, Serebryanaya et al. 2003) and possibbther metabolic processes
(Mikolajczyk and Brody 1990; Fearnley, Carroll €2001).

1.2 Complex |

1.2.1. Structure of complex |
By electron microscopic analysis, Leonatdl. reported that complex | dfeurosopora

crassa has a L-shaped structure (Hofhaus, Weiss et 8ll)1Qater on this L-shaped structure
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has been also observed in the complex | fEsaherichia coli (Guenebaut, Schilitt et al. 1998),
from bovine heart mitochondria (Grigorieff 1998)ddinom the yeasYarrowia lipolytica
(Djafarzadeh, Kerscher et al. 2000). Of this L-ghptructure, one arm of the complex | is
hydrophobic and is embedded in the inner mitochahdrembrane (or cytoplasmic
membrane in bacteria), whereas the other, ofteng@ras peripheral arm, protrudes into the
matrix of the mitochondria (or cytoplasm in bacgifFigure 1.2). Seven out of the fourteen
central subunits in the eukaryotic complex | areceled in the nuclear genome, they are
hydrophilic and all located in the peripheral aminereas the other seven subunits are
encoded in the mitochondrial genome. They are Ipftbbic and located in the membrane

arm.

Na*/H*

intermembrane
space

inner
mitochondrial
membrane

ND1, NDS, ND3, ND§

mitochondrial
matrix

Na*/H*

Figure 1.2 A simplified model ofYarrowia lipolytica complex |

In this model, only the central subunits of complexe shown. The subunits 51kDa, 24kDa
and 75kDa form the peripheral NADH dehydrogenaagrfrent (FP, shown in blue). The
cofactor FMN, shown in magenta, resides in the Ba &ubunit (Leif, Sled et al. 1995). The
connecting fragment (IP), shown in green, consithe subunits 30kDa, 49kDa, TYKY and
PSST. It is proposed that the subunits 49kDa ar®@TH8rm a quinone binding site, at which
guinone is reduced (Sazanov and Hinchliffe 2006 3ubunits ND1-6 and ND4L form the
membrane fragment (HP), shown in grey. The orgdéioizaf the subunits in the membrane
fragment is still under investigation (Holt, Morgahal. 2003; Baranova, Morgan et al.). This
model is adapted from http://www.genome.ad.jp/kpatiiway.html and (Sazanov and
Hinchliffe 2006).

Complex | can be divided into 3 functional distifretgments: the peripheral NADH
dehydrogenase fragment (FP), the connecting frag(ifnand the membrane fragment (HP).
FromE. coli complex I, these fragments can be separated bgasing the pH of the buffer to
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pH 7.5 and using chaotropic agents (Leif, Sled.t395). The HP fragment contains seven
membrane embedded subunits, ND1-6 and ND4L. ND24 Biid ND5 are homologous to
each other and belong to a family that shares armmancestor with N&H™ antiporters

(Finel, Skehel et al. 1992; Mathiesen and Hage@@0R). It is proposed that these subunits
play an important role in the vectorial ion trangpmd complex | (Gemperli, Schaffitzel et al.
2007). Furthermore homologues of the subunit N25faund to be the transporter subunit of

the type 3 hydrogenases (Fearnley and Walker 1992).

The connecting fragment (IP) consists of the suswfkDa, 30kDa, PSST and TYKY. This
fragment holds three tetranuclear iron-sulfur @dsttermed N2, N6a and N6b (Walker 1992;
Bottcher, Scheide et al. 2002). The peripheralnfragt (FP) is composed of the subunits
75kDa, 51kDa and 24kDa and it contains two binuglBida and N1b) and three tetranuclear
iron-sulfur clusters (N3, N4 and N5) (Leif, Sledat1995). Besides iron-sulfur clusters,
complex | also contains a FMN, which is non-covdiebound to the subunit 51kDa (Leif,
Sled et al. 1995).

1.2.2. The redox factors of complex |

In 2006 Sazanost al. solved the crystal structure of the peripheral af complex | from
Thermus thermophilus (Figure 1.3) (Sazanov and Hinchliffe 2006). Tiveark provides a

very useful framework in regard of the coordinatidrihe cofactors of complex I. Three
different types of prosthetic groups are foundameplex I: FMN, iron-sulfur clusters and
protein-bound quinones. FMN functions both as @mel two-electron acceptor and feeds
single electrons to a chain of iron-sulfur clust@tschliffe and Sazanov 2005). The crystal
structure of th&@hermus thermophilus complex | showed that FMN is bound at the deep end
of a solvent-exposed cavity and is hold in placametwork of hydrogen bounds. It interacts
not only with the conserved residues that are ptesly predicted to form a FMN-binding
domain, but also with those that are suggestethtbMADH (Walker 1992). The crystal
structure also showed that the FMN-binding cavéyg easily accommodate one NADH
molecule (Sazanov and Hinchliffe 2006) (Figure 1.3)

Previous studies showed that all iron-sulfur clissteside in the peripheral arm of complex |
(Hirst 2005). Two [2Fe-2S] clusters and six [4Fg-dl8sters have been observed by EPR
spectroscopy (Yagi and Matsuno-Yagi 2003). Beskldsl, the 51kDa subunit also binds a

tetranuclear iron-sulfur cluster which was assigesgerimentally as N3 (Fecke, Sled et al.
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1994; Yano, Sled et al. 1996). The binuclear chustka was assigned to the 24kDa subunit
(Yano, Sled et al. 1996), however this clusterasdetectable by EPR spectroscopy in fungal
complex | (Wang, Meinhardt et al. 1991; Djafarzadetrscher et al. 2000). The tetranuclear
cluster N4 and N5 are assigned to the 75kDa sufOhiishi 1998). In some bacteria, the
75kDa subunit binds a third tetranuclear iron-sutfuster, N7 (Melo, Lobo et al. 2005;
Nakamaru-Ogiso, Yano et al. 2005; Uhlmann and Fieed2005). TYKY subunit binds two
tetranuclear clusters, N6a and N6b (Rasmussen 200é&)tetranuclear cluster N2 is found in
PSST subunit (Ahlers, Zwicker et al. 2000; DuaRépulo et al. 2002; Flemming, Schlitt et al.
2003; Garofano, Zwicker et al. 2003).

A B
®
N6b 14.2 (10.5)
N6a @22 (9.4)
im.g (14.0)
) 8
g 122(85) |
a N4 @"2’4-,5 (205) N7
13.9 (10.7&
N3 N1b
7
: £ 22.3(19.4) | 14.2 (11.0)
GRS AN i <~ 8 1a .-
FMN* ) % (g R g——’ ’ﬁm.g(m)
WINY TR N Ngo3 N
(A f{‘\ﬂ@)r,’ Ngo2 90 13,5(@&4 P
*L(@\ ™ “JFMN

Figure 1.3 The structure of the hydrophilic domainof the Thermus thermophilus

complex | (Sazanov and Hinchliffe 2006)

(A) Each subunit of the hydrophilic domain is ce@drdifferently. FMN is shown in magenta
and a possible Q binding site is indicated by tiheva The iron-sulfur clusters are shown in
red spheres (iron) and orange spheres (sulfur)TB)electron transfer pathway within the
complex is displayed here separately. The bluexsrindicate the main pathway, whereas the
green arrow shows a diversion of the pathway tathster N1a. The distances between the
clusters are calculated both center-to-center dgd-¢0-edge (shown in parenthesis). The
distance between the cluster N7 and its closestenlis too far for an electron transfer,
therefore it is suggested that the cluster N7 nuayribute to the structural stability of the
Thermus thermophilus complex | (Hinchliffe and Sazanov 2005).

Having obtained the crystal structure, Sazagi@l. proposed the following electron transfer
pathway within complex I: NADH-FMN-N3-N1b-N4-N5-N@&46b-N2-quinone (Figure 1.3
(B)). The cluster N1a does not participate in teeteon transfer pathway, but it lies within

the range to accept electrons from FMN. Therefibie,proposed that a pair of electrons may
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be transferred simultaneously from FMN to the du$t3 and N1la. As soon as the cluster N3
is re-oxidized, the electron would be passed omfiiee cluster N1a via FMN to the cluster
N3. The cluster N1a is shielded from solvents, whsi=MN is exposed to exterior
environment. Both reduced FMN and flavinsemiquinoae produce reactive oxygen species
(ROS) (Kudin, Bimpong-Buta et al. 2004) that damégehe cell, therefore the cluster N1a
is likely to serve as a temporary electron stotagainimize the formation of ROS during the
turnover of complex | (Sazanov and Hinchliffe 200B)e additional cluster N7 is found only
in Thermus thermophilus and several other bacteria. Its position liesfeas@way to be

involved in the electron pathway, but it is suggdghat the cluster N7 may contribute to the

structural stability of complex | (Hinchliffe ancaganov 2005).

EPR spectroscopy studies showed that there is @sEmmne stabilized in complex | at a
distance of 12 A from the iron-sulfur cluster N2af¥6, Dunham et al. 2005). The crystal
structure ofThermus thermophilus complex | showed that in the adjacency of N2 thege
cavity formed by the subunit Ngo4 and Ngo6 (homuo&syof subunit 49kDa and PSST,
respectively). This cavity is most likely to be tiniginone binding site where the electrons are

passed on from N2 to quinone (Sazanov and Hineh#@06).

1.2.3 Accessory subunits

Unlike the central subunits, the accessory subfimitsd in complex | of higher organisms are
not strictly conserved. Proteomics analyses shahatdsome accessory subunits are only
found in fungi and some only in plants (Brandt 200&e functions of these subunits have
not been assigned yet, but in general it is sugddsiey are involved in the assembly,
regulation or stability of complex I. Some subumitay be also involved in other metabolic

processes than NADH oxidation.

Subunit MWFE is located in the membrane arm of demp(Carroll, Fearnley et al. 2003)
and is composed of 70 amino acids. The first 25wamcids at the N-termius are likely to
form a single transmembrane domain, whereas thainémg part forms a hydrophilic domain
which probably extrudes into the intermembrane s&adava and Scheffler 2004). Studies
showed that absence of MWFE or hampered import\WHR# into mitochondria results in
incompletely assembled complex | (Yadava, Potluale2002; Margues, Duarte et al. 2003).
Also mutations have been found in the subunit NDWF#e human homologue of MWFE,

in the patients with Leigh’s syndrome which leadlsiécreased level of intact complex |
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(Fernandez-Moreira, Ugalde et al. 2007). This satpge crucial role of MWFE in complex |

assembly.

The subunit 18kDa is composed of 133 amino acidsshighly conserved among mammals
(Walker 1992; Heuvel, Ruitenbeek et al. 1998). ésipon 121-131 it has a consensus site for
cAMP-dependent phosphorylation (Papa, Sardanedli. d1999). Other studies showed that
cAMP promotes the phosphorylation of subunit 18kibéch in turn activates complex |
(Papa, Sardanelli et al. 1999; Scacco, Vergaili &080; Papa, Scacco et al. 2001;
Technikova-Dobrova, Sardanelli et al. 2001). SubLi8kDa is probably located at the
junction of the peripheral and membrane arm of demp(Walker 1992). The absence of
subunit 18kDa completely abolishes the assembdyfahctional complex | (Petruzzella,
Vergari et al. 2001). These studies showed thasubenit 18kDa is not only involved in the

regulation of complex I, but also plays an impottare in its assembly.

The subunit B16.6 is identical to protein GRIM1%(@ associated witletinoid-interferone
induced rortality) in human, which is an apoptosis induciagtor (Angell, Lindner et al.
2000; Fearnley, Carroll et al. 2001; Lufei, Ma e2803). In the mouse model, knockout of
genegriml9 results in disruption of complex | assembly (Hugnget al. 2004), but it is still

not known whether this subunit of complex | papates directly in the apoptotic process.

1.2.4 Complex | deficiency

Complex | deficiency has been found in several msgjve neurodegenerative diseases and is
often part of a combined deficiency. Both mutationauclear and mitochondrial encoded
DNA have been identified to be the cause (Thyagarand Byrne 2002). The syndromes of
complex | deficiency are often tissue-specific ir Crawford et al. 1999). The most
characteristic syndrome of complex | deficiencynnscles is mitochondrial
encephalomyopathy, lactic acidosis and strokedjsodes (MELAS) (Loeffen, Smeitink et
al. 2000), and the phenotypes of complex | defyein neurons are Leigh-type
encephalomyopathy, Leber’s hereditary optic neutgpé.HON), or a leucodystrophy with
myoclonus epilepsy (Heuvel, Ruitenbeek et al. 188wn 1999; Schuelke, Smeitink et al.
1999; Loeffen, Smeitink et al. 2000; Carelli, Rugel al. 2004). In some patients with
Parkinson disease (PD), complex | deficiency haslmbserved in muscle, brain, and
platelets (Janetzky, Hauck et al. 1994; Schapitaetl. 1998; Tretter, Sipos et al. 2004)
(Table 1.1).
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Leigh syndrome is a severe progressive neurodegiveedisease that is caused by mutations
in the genes for biotindase (Baumgartner, Suormiadd. 1989), pyruvate dehydrogenase and
the complexes |, Il and IV of the respiratory eh@iVillems, Monnens et al. 1977,
Bourgeron, Rustin et al. 1995; Triepels, van deouvdéet al. 1999; Loeffen, Smeitink et al.
2000; Bénit, Slama et al. 2004). The complex | rioites found in the patients with Leigh
syndrome, V122M in NDFS (PSST), P76L and R102M BINFS8 (TYKY), P22Q and
several other mutations in NDUFS2 (49 kDa) werecsssfully reconstructed into the
corresponding positions darrowia lipolytica complex | (Ahlers, Garofano et al. 2000;
Ahlers, Zwicker et al. 2000; Kerscher, Grgic et2dl04). These complex | variants exhibited
< 50% NADH:quinone oxidoreductase activity and shdakered affinities for the substrate
guinone and for quinone-like inhibitors. Thesesl&s provided possible clues toward a

molecular understanding of Leigh disease.

Table 1.1 Subunits of human complex | with pathologal mutations and their associated
diseases

Subunit Phenotype Reference

NDUFS1 (75kDa) Leigh syndrome (Martin, Blazquealet
2005)

NDUFS2 (49kDa) Leigh syndrome (Ahlers, Garofanalet
2000)

NDUFS3 (30kDa) Leigh syndrome (Bénit, Slama e2@b4)

NDUFS4 (AQDQ) fatal multisystem disorder (Heuvelitenbeek et al.
1998)

NDUFV1 (51kDa) leucodystrophy, myoclonic (Schuelke, Smeitink et al.

epilepsy 1999; Matrtin, Blazquez et al.

2005)

NDUFV2 (24kDa) hypertrophic cardiomyopathyBénit, Beugnot et al. 2003;

and encephalopathy Hinttala, Uusimma et al.

2005)

NDUFS8 (TYKY) Leigh syndrome (Loeffen, Smeitinkadt
1998; Martin, Blazquez et al.
2005)

NDUFS7 (PSST) Leigh syndrome (Triepels, van denvdkeet
al. 1999; Martin, Blazquez et
al. 2005)

ND1 MELAS, NIDDM, LHON, (Wallace, Singh et al. 1988;

ADPD, dystonia, CPEO Hirai, Suzuki et al. 1996;
Schapira, Gu et al. 1998;
Kirby, McFarland et al.
2004; Valentino, Barboni et
al. 2004; Malfatti, Bugiani et
al. 2007)
ND2 LHON, ADPD (Schapira, Cooper et al.
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1990; Brown, Voljavec et al.

1992)

ND3 Leigh syndrome, ESOC (Taylor, Singh-Kler et al.
2001; Crimi, Papadimitriou
et al. 2004)

ND4 MELAS, LHON, Leigh (Schapira, Cooper et al.
syndrome, CPEO, DM, 1990; Chen, Li et al. 1998)
thyroid cancer line

ND4L LHON (Schapira, Cooper et al.

1990)

ND5 MELAS, LHON, Leigh (Brown, Voljavec et al. 1992;
syndrome, thyroid cancer  Santorelli, Tanji et al. 1997;
line Blok, Spruijt et al. 2007)

ND6 MELAS, LHON, dystonia, (Schapira, Warner et al.
thyroid cancer cell line, 1997; Valentino, Avoni et al.
SNHL, LDYT 2002; Raspall-Chaure,

Solano et al. 2004)

The nomenclature of the corresponding homologu&arirowia lipolytica complex | is given
in parenthesis. ADPD: laheimer’s_dsease anddtkinson’s isease; CPEQ:hronic
progressive gternal_ghthalmoplegia; DM: idbetes rallitus; ESOC: pilepsy,_sroke-like
episodes, ptic atrophy andagnitive decline; LDYT: leber’s hereditary optic neuropathy
and_dytonia ; LHON: Leber’s_ereditary @tic neuropathy; MELAS: ntochondrial
encephalomypathyaktic aidosis, andtsoke-like episodes; NIDDM: an-insulin_ cependent
diabetes mllitus; SNHL: £nsorireural_learing_bss.

1.2.5Yarrowia lipolytica

The hemiascomyceteous ye#atrowia lipolytica, formerly classified a€andida lipolytica,
later asSaccharomyces lipolytica (Wickerham, Kurtzman et al. 1990) is an obligatebe

and is heterthallic and dimorphic, e.g. being ablorm either yeast cells or hyphae and
pseudohyphae depending on the growth conditions.ydast is of great industrial interest
due to its efficient capacity of secretion (Ogrykzand Scharf 1982; Barth and Gaillardin
1997) and due to its ability to grow on cheap carbources, such as fatty acids, alkanes, oils
andn-paraffins (Barth and Gaillardin 1997). Thereforelipolytica is used in the production
of organic acids like citric acidi-ketoglutaric acid and a wide variety of proteiranf

viruses, bacteria to plants and higher eukarydeslzak, Gaillardin et al. 2004). Other
industrial applications of. lipolytica include processing of diary products (Guerzoni,
Lanciotti et al. 2001; Suzzi, Lanorte et al. 2004 )ipolytica is a non-pathogenic organism
and several industrial processes based on it assitied by the Food and Drug
Administration (FDA) as GRAS @nerally egarded s.safe). As a reliable and versatile host
for heterologous protein production with easy-towdiia vectors (reviewed in (Madzak,

Galillardin et al. 2004)) and possibilities of larggale applications. lipolytica is a very
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attractive candidate for industrial processésipolytica has been studied as model organism
for the metabolism of alkanes and fatty acids (WéargDall et al. 1999; Mauersberger,
Wang et al. 2001), for the control of the dimorptransition (Dominguez, Ferminan et al.
2000; Pérez-Campo and Dominguez 2001), for thergksecretion pathway (Beckerich,
Boisrame-Baudevin et al. 1998) and for the peranisdiogenesis (Titorenko, Smith et al.
2000; Boukh-Viner and Titorenko 2006). In this tisethe Polt strain of. lipolytica was

used. This strain is derived from the Polg stiaiaugh the transformation of the plasmid
pINA 1269 (Madzak, Treton et al. 2000). In thisagtr both alkaline and acid extracellular
proteases are deleted with facilitates the putificeof complex | by minimizing the

proteolytic processes.

Unlike fermentative yeasts like cerevisiae, Y. lipolytica posseses complex |, which is
essential for the survival of the yeast. Previdudiss have shown that complex | of
Yarrowia lipolytica is stable enough to be purified from the mitoch@ianembranes
(Djafarzadeh, Kerscher et al. 2000; Kashani-Poersiher et al. 2001). EPR spectroscopy
studies revealed thaarrowia complex | has similar characteristics to thosl@frospora
crassa and bovine heart complex | (Wang, Meinhardt e1881; Ohnishi 1998; Kerscher,
Drose et al. 2002). Since a variety of geneticd@oé available forarrowia (Madzak,
Gaillardin et al. 2004) and its genome, including mitochondrial genome, is sequenced
(Casaregola, Neuveglise et al. 2000; Kerscher,tBwitz et al. 2001)Y. lipolytica is an
attractive model organism for the mutagenesis studi eukaryotic complex | (Kerscher,
Drose et al. 2002).

1.3 N&-NQR of Vibrio cholerae

1.3.1Vibrio cholerae

Vibrio cholerae is a motile, Gram-negative, rod-shaped bacteriuti avpolar flagellum. It is
the causative agent of Asiatic cholera. About 28@groups are recognized as O, but only the
O1 and 0139 serogroup are responsible for the paicd=holeraVibrio species are
chemoorganotrophs and facultative anaerobes. Tieegapable to catabolise a wide variety

of sugars, organic acids and some amino acids (Baonurniss et al. 1984). In contrast to
otherVibrio sp., V. cholerae is capable to ferment glucose and tolerate loviusodon

concentrations during growtR. cholerae growths at temperatures from 20-42°C and at a pH
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range from 7.0-9.6 (Makukutu and Guthrie 1986; Haad Winter 1997; Vital, Fuchslin et al.
2007).

The life cycle ofV. cholerae consists of a free-swimming phase in marine atubeise
environments and a pathogenic phase inside thembost (Peterson 2002). Lipase, amylase,
gelatinase and chitinase activities (Connell, Metzg al. 1998) have been describe¥.in
cholerae indicating the capability d¥. cholerae to utilize polymers as carbon source during
the free-living phase. Outside the h@stholerae survives on various surfaces, such as on
crustaceans, insects, filamentous algae, zooplardttavater plants (Huqg, Huq et al. 1986;
Tamplin, Gauzens et al. 1990; Shukla, Singh et395; Watnick and Kolter 1999). Once
inside the host. cholerae penetrates the mucus layer of the intestinal, atliheres to and
colonizes the epithelial surface. After enteringoa-motile phasey. cholerae replicates and
secretes numerous toxins and exoproteins causisgiveavatery diarrhoeal disease
characteristic of cholera. Through diarrhéaholerae disseminates back into the watery

environment, thus completing its life cycle.

Two biotypes ol. cholerae serogroup O1 have been found, which are associathct

least three of eight worldwide cholera pandemiahérecorded history. The “classical”
biotype is characterized by a capsule and has hnantosomal copies of CTX aV.
cholerae-specific filamentous bacteriophage encoding cladlexin (CT) and other structural
proteins (Waldor and Mekalanos 1996; Lencer and 2B@3; McLeod, Kimsey et al. 2005).
The biotype “El Tor” contains only one chromosormapy of CTXP and produces

hemolysins (Kalsow and F.S. 1968; Mekalanos 19&BteBton, Beattie et al. 1995). The CT
encoding genegix) along with other genes belonging to GPXeside on the larger of the
two V. cholerae chromosomes (Chromosome 1) (Waldor and Mekalaf84;1Sharma, Maiti

et al. 1997; Davis, Moyer et al. 2000; Garg, Naatlgl. 2000), whereas genes encoding other
virulence factors such as toxin-coregulated pilG$Ttcp), accessory colonization factors
ACFs (@cf) and the regulatory protein ToxToXT) are located on a ~40-kb locus termed
Vibrio pathogenicity island (VPI) (Karaolis, Johnsonletl898). To adapt differently to
environments in its life cyclé/. cholerae regulates virulence genes both temporally and
spatially. OnceV. cholerae reaches its destination, i.e. is attached to theof/the epithelial
cells in the intestine, certain environmental ctinds which have not yet been identified are
fulfilled, and two transcription activators AphAdAphB initiate the expression of TcpP/H
(Kovacikova and Skorupski 1999; Skorupski and Teg@09). Together with other activators,
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ToxR/S, TcpP/H activate the transcriptiont@fT (Higgins and DiRita 1994; Hase and
Mekalanos 1998). ToxT in turn activates the traipsion of tcp andctx genes, as well as
additional genes such asf genes (DiRita, Parsot et al. 1991; Higgins, Nazauet al. 1992).
Interestingly, elevatetbxT expression has been observed in non-motile mutaviden the
Na'-NQR is inactivated (Gardel and Mekalanos 1996)-N@R is the main contributor of
the generation of sodium motive force which dritres flagellar motor o¥/. cholerae, but
seems also to play an important role in the antagorregulation of motility and virulence
(Hase and Mekalanos 1999).

1.3.2 Nd -NQR of Vibrio cholerae

The N&-translocating NADH:quinone oxidoreductase {M¥QR) is an integral membrane
enzyme of 210 kDa and the first complex of the ir@spry chain of many marine and
pathogenic bacteria (Zhou, Bertsova et al. 199%e complex consists of 6 subunits, termed
NgrA-F, and oxidizes NADH under reduction of quieoiThe free energy released in this
redox reaction is used to generate a sodium médree (Eg. 2) that in turn is used for several
metabolic processes, such as/MNabstrate symport, Narug antiport, and motility (Kojima,
Yamamoto et al. 1999; Zhou, Bertsova et al. 199%ddhi, Nakayama et al. 2001, Ito,
Guffanti et al. 2001; Steuber 2001; Barquera, Hegllet al. 2002; Barquera, Zhou et al. 2002;
Bertsova and Bogachev 2004; Bogachev and Verkho28R$).

NADH +H" + Q + nN&,= NAD" + QH, + nN&o  (Eq. 2)

So far only limited information about the structafehe complex is available. Using
topology models, nine transmembrane helices hage peedicted in NqrB, two in NqrC, one
in NgrF and six in NgrD and E, respectively. NgsiXhe only subunit that does not contain
hydrophobic stretches predicted to insert intontieenbrane. The NaNQR complex contains
a number of cofactors including a [2Fe-2S] clusted several flavins (riboflavin, FMN and
FAD) (Barquera, Hellwig et al. 2002; Barquera, N#get al. 2004; Bogachev and
Verkhovsky 2005). Two FMNs are covalently boundNggB and C at the residues T236 and
T225, respectively, and a putative quinone bindiitg in NqrB at G141 has been identified
on the basis of inhibitor studies (Zhou, Bertsotvale1999; Hayashi, Nakayama et al. 2001,
Duffy and Barquera 2006). Using reporter group geiséon methods, it has been determined
that the N- and C-termini of NgrD reside in theapiasm, whereas the N- and C- termini of
NQrE are in the periplasm (Duffy and Barquera 2006k topological homologues of NqrD
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and E inE. coli, YdgQ and L, respectively, show the same oriemta¢Saaf, Johansson et al.
1999).

Figure 1.4 A structural model of NqrF (Turk, Puhar et al. 2004)

Using the structure of benzoate 1, 2- dioxygenadaatase fromcinetobacter spp., which
shows 23 % overall homology to NqrF, this strudtamadel for NgrF is constructed. (A)
NqrF is anchored to the membrane by a transmeml@ine shown in green, and it has two
prosthetic groups: a [2Fe-2S] cluster, shown itoye(S) and red (Fe) and a non-covalently
bound FAD, shown in orange. The polypeptides tirad the iron-sulfur cluster are shown in
violet and the domain that holds FAD is shown ebl(B) In this model, the coordinating
residues that bind the iron-sulfur cluster andRA® are indicated explicitly. The calculated
distance between the iron-sulfur cluster and th® FAsmall enough to allow electron
transfer.

NqrF catalyses the initial electron transfer reactn the N&NQR complex with a [2Fe-2S]
cluster binding motif at the N-terminus and a FARI&ADH binding motif at the C-
terminus. Based on the high-resolution structurthefoenzoate 1,2-dioxygenase reductase
(BenC) fromAcinetobacter sp strain ADP1 (Karlsson, Beharry et al. 2002) aridtesl

proteins (Lu, Lindqvist et al. 1995; Miiller, Mullet al. 1998) a structural model for NqrF
was created (Turk, Puhar et al. 2004) (Figure Lk NgrF, BenC also contains a [2Fe-2S]
cluster and FAD as prosthetic group and exhibit 2%erall sequence identity to NqrF. A
soluble variant of NgrF devoid of the putatinelix at the N-terminus, termed NqrF’, the
FAD- and the iron-sulfur cluster-binding domainNdrF have been successfully
overexpressed, purified and characterized seppr@tétk, Puhar et al. 2004). Both NqrF’
and the flavin domain contain 1 mol of FAD per mmokzyme. The FAD of the flavin domain
exhibits a midpoint redox potential,AD/FADH,) = -286 mV. The [2Fe-2S] cluster of
NgrF showed an axial spectrum in EPR and Mdsshspesmtroscopic properties reminiscent

of the vertebrate-type 2Fe-ferredoxins (Lin, Puttaal. 2005). The model of NgrF suggests
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that the two cofactors are in close proximity &k 9which allows electron transfer from the
FAD to the 2Fe-2S cluster (Turk, Puhar et al. 2004)

1.4 Aim of This Work

My goal was to elucidate the properties of Ntanslocating NADH:quinone oxidoreductase
(Na'-NQR) fromVibrio cholerae with respect to its cofactors and enzymatic funneti In the
first part of this thesis, the iron-sulfur clustérthe subunit NgrF from NaNQR is
characterized in detail using various spectroscopthods, such as electron paramagnetic
resonance (EPR) spectroscopy, Mdssbauer spectsoaodpmagnetic circular dichroism
(MCD) spectroscopy. The oxidation of the reducef@ctor in redox enzymes with,@an
produce reactive oxygen species. In the secondpthis thesis, novel functions of Na
NQR with respect to formation of organic radicaisl aeactive oxygen species were
investigated. The observation that a bacterial dexptranslocates Naather than Hraised
the question whether a eukaryotic complex | may htsve the capacity to translocate cations
other than protons. In the third part of this teethie N&-transport activity of the complex |
from the yeasYarrowia lipolytica was investigated in isolated submitochondrialipkes
(SMPs) or proteoliposomes with purified and reciouistd complex I. The results of this
study shall provide clues to the question whetherability of complex | to translocate Na
originates farther back in the evolution, thus obsé both in bacteria and eukaryotes, or

whether it represents a newly-developed featusslgpt to new environments.
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2.1 Abstract

The Nd-translocating NADH:quinone oxidoreductase fréfbrio cholerae contains a single
Fe-S cluster localized in subunit NgrF. Here wedgtthe electronic properties of the Fe-S
center in a truncated version of the NgrF subuamgrising only its ferredoxin-like Fe-S
domain. Mdssbauer spectroscopy of the Fe-S domatimei oxidized state is consistent with a
binuclear Fe-S cluster with tetrahedral sulfur domation by the cysteine residues Zf’ys
Cys'®, Cys® and Cy$'’. Important sequence motifs surrounding these oysseare
conserved in the Fe-S domain and in vertebrate-fgpeedoxins. The magnetic circular
dichroism spectra of the photochemically reduced&F®mmain exhibit a striking similarity to
the magnetic circular dichroism spectra of vertebtgpe ferredoxins required for the in vivo
assembly of iron-sulfur clusters. This study resealnovel function for vertebrate-type

[2Fe-2S] clusters as redox cofactors in respiratietyydrogenases.

2.2 Introduction

Iron-sulfur proteins are present in all domainéwihg organisms where they exhibit diverse
functions like electron transport, catalysis, aedssng in regulatory processes (Beinert, Holm
et al. 1997). In some NADH-oxidizing, respiratogneplexes, Fe-S centers accept electrons
from flavin cofactors in an overall exergonic reatthat results in the reduction of quinone.
This electron transfer reaction drives the uphdhsport of protons or Nacross the inner
membrane of mitochondria or bacteria. The NADH:quig oxidoreductase (R&QR) from

the human pathogevibrio cholerae maintains an electrochemical Ngradient across the
inner bacterial membrane, which strongly influenitessproduction of virulence factors (Hase
and Mekalanos 1999). The NBQR consists of six subunits, NqrA-F, and containe Fe-S
center, two covalently bound FMNs, one non-covdydmbund FAD, one riboflavin, and
ubiquinone-8 as prosthetic groups (Pfenninger-Lrécht et al. 1996; Hayashi, Nakayama et
al. 2001; Barquera, Zhou et al. 2002; BogachewvtdBea et al. 2002; Ttrk, Puhar et al. 2004).
The NgrF subunit of the NeNQR complex is anchored to the inner membranedisulays a
clearly defined domain structure. The N-terminalS~domain harbors the [2Fe-2S] cluster,
while the binding sites for the non-covalently bdd#AD and NADH are located in the C-
terminal domain of NqrF. The initial oxidation o”DH by the NqgrF subunit results in the

two-electron reduction of the FAD followed by orleetron transfer steps to the [2Fe-2S]
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cluster in the Fe-S domain (Turk, Puhar et al. 208&re we study the electronic properties
of the [2Fe-2S] cluster in the isolated Fe-S donehiNgrF. A comparison of its amino acid
sequence with sequences of [2Fe-2S] ferredoxims frertebrates and plants reveals that the
Fe-S domain is related to ferredoxins of the veethtype family. Vertebrate-type
ferredoxins are soluble redox carriers that acetgutrons from specific NADH:ferredoxin
reductases and deliver them to enzymatic systetalzmg the hydroxylation of various
compounds like steroids or camphor (Grinberg, Hararen et al. 2000). The Fe-S domain
exhibits highest sequence similarity to vertebitgpe ferredoxins required for the in vivo
assembly of iron-sulfur clusters (ISC-type ferreidek (Johnson, Dean et al. 2005). This is
further supported by Méssbauer and magnetic ciraithroism (MCD) spectra of the Fe-S
domain, which are reminiscent to ISC-type ferredexiOur finding that a vertebrate-type
[2Fe-2S] cluster is an intrinsic redox cofactotiué N&-translocating NADH dehydrogenase

adds a novel function in respiration to this clakBe-S centers.

2.3 Material and Methods

2.3.1 Preparation of the Fe-S domain

The Fe-S domain of the KNQR comprises the amino acids Mehée*® of subunit NgrF
devoid of the hydrophobic residues $%ala®, which are likely to anchor the NgrF subunit to
the membrane. The molecular mass of the Fe-S damairding its N-terminal polyhistidine
tag is 17,873 Da. Following NifS-mediated in vitezonstitution of the Fe-S cluster (Zheng
1993), the Fe-S domain was purified by nickel-tatriacetic acid affinity chromatography to

remove precipitated iron sulfides and the cysteesulfurase, NifS (Turk, Puhar et al. 2004).

2.3.2 Spectroscopy

For Mossbauer spectroscopy, the NifS-mediated itation of the Fe-S cluster of the Fe-S
domain (Tirk, Puhar et al. 2004) was carried oth wie®’Fe-enriched Mohr's salt,
(NH4),°"Fe(SQ)2-6H0, as source of redox-stable ferrous ions. Thensatobtained from
metallic iron foil (95%'Fe) by adding a stoichiometric amount of 1 5, to 1.88 x 10"
mol of metallic>’Fe. The solution was heated until the iron foil wampletely dissolved.

The volume was kept constant by adding distilletewto compensate for evaporation.
Subsequently, the solution was concentrated aC8intil a thin crystal film appeared on its
surface. Likewise, 1.88 x Tbmol of (NH,),SO, was dissolved in a few drops of distilled
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water and concentrated at 80 °C until crystall@attommenced. The two hot solutions were
mixed and crystals of (NB°'Fe(SQ),-6H,0 formed overnight at room temperature. The
mother liquor was removed and the dried crystalew®red in the anaerobic chamber until
use. Mossbauer data were recorded with a specteomiethe alternating constant-
acceleration type equipped with a Variox Cryostatford Instruments). The minimum
experimental line width was 0.24 mit ull width at half-height). Th8’Co/Rh source (1.8
GBq) was positioned at room temperature insidegpeof the magnet system at a zero-field
position. Isomer shifts are quoted relative to inoetal at 300 K. For MCD spectroscopy, the
Fe-S domain in 50 mM Tris/HCI, pH 7.8, 40 mM oxala4 uM 5-deazaflavin, and 50% (v/v)
glycerol was irradiated with white light for 10 mimthe MCD cell immediately prior to
freezing in liquid nitrogen. The photochemical Sadaflavin/oxalate system generates
electrons at very low potentials of =650 mV (Mass&tankovich et al. 1978) required for the
reduction of the Fe-S domain. MCD spectra wereinbthat liquid He temperatures (1.8—
50.4 K) on a Jasco J-715 (200-1060 nm) with amebee S-20 and S-1 photomultiplier tube
(Hammamatsu). The J-500C spectrometer was equippledn Oxford Instruments SM4-11
T superconducting magnet/cryostat capable of fiefd#o 11 T and temperatures down to 1.5
K.

2.3.3 Analytical methods

Protein was determined by the microbiuret methool(G953) preceded by trichloroacetic
acid precipitation. Bovine serum albumin servedtasdard. The concentration of the Fe-S
domain was determined by the microbiuret methoddstedized by UV spectroscopy using
the theoretical extinction coefficient at 280 296 M cni™, of the colorless Fe-S domain
devoid of its Fe-S cluster. Iron was determinedxnietrically by the 3-(2-pyridyl)-5,6-
bis(5-sulfo-2-furyl)-1,2,4-triazinedisodium salthydrate (ferene) complex (Beinert 1978).
For the determination of acid-labile sulfur the hyé¢ne blue method (Beinert 1983) was

applied.

2.4 Results and Discussion

Visible absorption and EPR spectra of the Fe-S dowiathe NgrF subunit are reminiscent of
[2Fe-2S] ferredoxins of the vertebrate type, withaximum around 540 nm in the visible

spectrum and a nearly axial EPR signal wjfkr2.020 andy;~1.938 in the reduced state. The
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EPR spectrum of the Fe-S domain was indistinguighfabm the spectrum of the NqrF
subunit, indicating a very similar structural emviment of the cluster in the two proteins
(Turk, Puhar et al. 2004). Axi&= 1/2 EPR signals are typical of [2Fe-28lusters in
vertebrate-type ferredoxins (Ta and Vickery 199&)ile [2Fe-2S] centers of plant-type
ferredoxins exhibit rhombi& = 1/2 resonances. Sequence comparisons were rpedarith
the aim to assign the Fe-S domain to known classtessredoxins. The NqgrF subunit is
highly conserved among R&QRs of different organisms, especially amafilgrio sp.
(identity >90%). Including NgrF aEhlamydia sp., which form a group apart from other
identified NgrF sequences, reduces the consens36tadentity (Figure 2.1). The [2Fe-2S]
cluster in NgrF is coordinated by the conserveiites Cy&’, Cys®, Cys®, and Cys"
(Barquera, Nilges et al. 2004). The arrangemetheade cysteine residues matches the C-
X(5)-C-X(2)-C-x(30 < n < 39)-C cluster binding miotiharacteristic of vertebrate-type [2Fe-
2S] ferredoxins with the conserved residues RLXQ6aainding the fourth cysteine ligand
(C*in V. cholerae NgrF). In addition to the cluster binding motify emportant region

conserved between NqrF and vertebrate-type feriedlds thes strand from M*°to L'23

%7 in adrenodoxin, followed by a conserved prolinE{i NqrF)

corresponding to Mé¥-va
(Grinberg, Hannemann et al. 2000). A BLAST seaddts¢hul, Gish et al. 1990) was
performed using only the Fe-S domain of NgrF fAddnecholerae as the input sequence. The
highest similarity of the Fe-S domain to a biocheatily characterized 2Fe ferredoxin was
found for the ISC-related ferredoxin 5 frowquifex aeolicus (21% identity and 34%

similarity) (Mitou, Higgins et al. 2003), followeuly the ISC-type ferredoxin Yahlp from
Saccharomyces cerevisiae (Lange, Kaut et al. 2000; Mihlenhoff, Gerber e2&03) and
ferredoxin IV fromAzotobacter vinelandii (Zheng, Cash et al. 1998; Jung, Gao-Sheridan et al
1999) (Figure 2.1). Yahlp and FdIV are essentiaimanents of the ISC assembly machinery,
a biochemical pathway for the formation of ironfaulproteins in eukaryotes and bacteria

(Johnson, Dean et al. 2005; Lill and Mihlenhoff 200

Mossbauer spectroscopy is a powerful tool to detesrthe number of irons per cluster, its
oxidation state, and the type of ligands to thatéens (Que and Munck 2000). The zero-field
Mossbauer spectrum of the oxidized Fe-S domainadfNQR recorded at 80 K shows an
asymmetric doublet as depicted in Figure 2.2. Tieesum could be deconvoluted into three
symmetric quadrupole doublets with Lorentzian Bhape. The major component, with 80%
relative intensity, has small quadrupole splitixieQ = 0.61 mm/s and characteristic low

isomer shiftd = 0.283 mm/s, which is typical of ferric iron withtrahedral sulfur
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coordination (Minck, Debrunner et al. 1972; Huynld &ent 1984; Mitou, Higgins et al.

2003).

NQRF_VIBCH : AKSKLVPTGDETISINGD————PE—K&IVTQPGGK T ALAGAGYE --VSSA-8 83
NQRF_CHLPN : SRKLFIKVHPCKLKINDN----EE-LTKTVESGQT)%# SLLSS%P--IPSP- 59
FERS_AQUA : -=--=---- MPRKUIVAN--=====~ INAEFEGIENETMMOILYRNGEE-~-IDSA -8 49
THCC_RHOER : --—----- MPTHTYVHPD-———— GTKHEVEVPTGKRIBIOAAT GAGIDG-IVA-EN 53
TERP_PSESP : --=----- MPRYVFIDEQSGE---YAVDAQDGQSLMEGATQONGVPG-~--IVA-EN 53
PUTX_PSEPU : =-====--- MSK V8HD===~~ GTRRELDVADGVSLHQ&AVSNGEYD—IVG—IC 53
ADRX_SACCH : KKPKPGEELKMTFILKD----- GSQKTYEVCEGETS#DI AQGHNIfD--MEGA- & 59
ADRX__ BOST : AQSSSEDKITHYHFINRD----- GETLTTKGKIGDS|ARDVVVQONNIPDI DGFGA-M 61
FER_BCOLI : =-=-==-- MPKMVILPHQ-DLC- PDGAVLEANSGETISEDAALRNGIEIE--TEHA S 55
FER4_AZOVI : ------ MMPQIVF LPHE-VHC-PEGRVVEAETGE S LEAALRNﬁgEMAIEHA—W 56
FER1_ANASP : ---MATFKVTEINEAEGT------ KHEIEVPDDEY)}S8DAAEEQGYDL-PFS5--8 54
FER1_SPIOL : =----XAYKVT|®N-TPTG------- NVEFQCPDDVY]| LDAAEEEGEDL—PYS—— 51
FEHSX : ==---DMYDDDJFGEASDMDLDDEDYGSLEVNEGE Y)S8EAAEAQGY DW- PF S~~ 59
FESGAL : =——=ATYKVTSENEAEGI-—~-—~— NETIDCDDDTY LDAAEEAGEDL—PYS—— 53
NQRF_VIBCH : KSGGGD-ILPTELDHI----SK-GEAREG-Ej ‘C'VAV—-—KADED EFPEEIFGVKKWECTVISN : 140
NQRF_CHLPN : VKNADE-PLETDRSTF----SK-RQLEEG-W/#SEOCKYV---QHDJSIPEMEERYLNASSWEGTVISN : 116
FERS_AQUA : ISGS-ENLYPAEFEEKDTEEN-GMDPET-E 485 i? ———————————————— : 96
THCC_RHOER : ESPWADKFPSISEEEDEMMDDTVSPRTEA-SRSMOLVVSDDVDGRINRIFPEEQV—~=—======== : 107
TERP_PSESP : EDAWVEIVGEANPDENDLIFQOSTGE PMTAG- T NS ‘P—LPA ———————————— s 106
PUTX_PSEPU : NEAFTDKVPAANEREI ECVTAELKPN-Sii8CH RDRQW-———————————= : 107
ADRX_SACCH : DPDYYDALPEPEDDEND LAYG-LTET-Si8CH vAgPQHTRNV--NNNDF--- : 119
ADRX__ BOST : EQHIFEKLEAITDEENDMDLAYG-LTDR- SIH8GH RYPDAVSD-ARESIDM--- : 122
FER_ECOLI : R-EGFDSLPESSEQEDDM#DKAWG-LEPE-S/#8Ss EEPRYTINHAREH —————— : 111
FER4_AZOVI : RDGFDSLEPS-DELEDD KAWG-LE PE-S;{fS(a EWPRYTINQV-SEQH-~--- : 113
FER1_ANASP : VSGT------ VDQSDQSFI#DDD-QIEAG--Y VST QTHKEEDLY-=-==-==-===~= : 98
FER1_SPIOL : KTGS------ LNQDDQSFI¥DDD-QIDEG--WVITMAAY PV~~~ SDYTHETHRKEELTA- -~ =~ ~—~~ : 97
FEHSX ¢ LEGD-—==== IDMDMQOISDE-EVEDKN-V; CIGSPD———ADEVKI&YNAKHLDYLQNRVI——— : 112
FESGAL 1 T8GT=————= IDQSDQSFDDD-QIEAG--Y V4T AYPT---SDCTEKTHQEEGLY ---------- : 98

Figure 2.1. Sequence alignment of the Fe-S domaifilda’™-NQR with [2Fe-2S]

ferredoxins.

The Fe-S domain (Afa-Asn*% of the NgrF subunit fronv. cholerae (NgrF_VIBCH,
Q9X4Q8) was aligned with the putative NqrF subinmait Chlamydophila pneumoniae
(NgrF_CHLPN, 15214181) and with representativegestebrate- and plant-type ferredoxins
with special focus on the arrangement of the cysteésidues Cy§ Cys’®, Cys® and Cy$",
which ligate the Fe-S cluster (Barquera, Nilgeale2004). The alignment was created with
Clustal W and was adjusted considering structuesthents. FER5_AQUAEA. aeolicus Fd5
(P59799); THCC_RHOERRhodococcus erythropolis rhodocoxin (P43493); TERP_PSESP,
Pseudomonas sp. terpredoxin (P33007; PDB entry 1B9R); PUTX_PSEP&udomonas
putida putidaredoxin (PXPSEP; PDB entry 1PUT); ADRX_SACGEerevisiae Yahlp
(S0006173); ADRX_BOSTBos taurus adrenodoxin (BAA0O0363 PDB entry 1AYF);
FER_ECOLI,Escherichia coli ISC-Fd (P25528, PDB entry 117H); FER4_AZOMW,

vinelandii ISC-Fd (FdIV) (T44286); FER1_ANASPnabaena strain PCC 7120 Fd (P06543,
PDB entry 1FXA); FER1_SPIOLSpinacia oleracea Fdl; FEHSX,Haloarcula marismortui
(PDB entry 1DOI); FESGALSpirulina platensis Fd (PDB entry 4FXC). The arrow indicates
the fourth amino acid residue between the firstthedsecond cysteine ligand of the Fe-S
cluster, which is lacking in plant-type ferredoxi@onsensus level of amino acid residues:
fully conserved (black), intermediate80%) (dark gray), lowX60%) (light gray).
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Figure 2.2. Zero-field MOssbauer

X spectrum of the Fe-S domain of the
Na'-translocating NADH:quinone
oxidoreductase.

The Mdssbauer spectrum of the Fe-S
domain (0.4 mM) was recorded at zero
magnetic field at 80 K. x marks indicate
the experimental values. The solid line
is a theoretical spectrum that represents
the sum of the simulated spectra of

- : , three components. The major

-4 -2 .0 2 4 component (80% weight) is assigned to
Velocity [mm/s] a diamagnetic [2Fe-2S]cluster with
AEg = 0.613 mm/s and= 0.283.

Transmission

Since the subspectrum does not show any indicatibparamagnetic broadening, and
moreover, the Fe-S domain in the as isolated &®R-silent, the major contribution of the
Mossbauer subspectrum can be assigned to a diatiageéll)-Fe(lll) pair due to the
presence of binuclear [2Fe-35tlusters. This is further supported by the contérite and
$(1.61 + 0.28 and 1.31 + 0.11 mol/mol of Fe-S damegspectively). Two further
subcomponents are found in the Mdssbauer spectithrthve following simulation
parametersAEQ = 1.142 mm/s and= 0.436 mm/s, weight 8% (component 2) &k =
2.469 mm/s and= 1.342 mm/s, weight 12% (component 3). The distingh isomer shift of
component 3 is typical of hexa-coordinated Fe(ithwhard" donor ligands. We assign it to
remaining Fe(ll) ions in the solution (hex-aquo @bex or non-specifically bound iron),
originating from (NH)-°>’Fe(SQ)»-6 H,0, the iron source in the reconstitution assay. The
Mdossbauer parameters of the minor component 2 tasdhmose of the delocalized mixed
valence Fe(2.5)/Fe(2.5) pair of a cubane 4Fe-48al({Beinert, Holm et al. 1997). However,
the component cannot be clearly discriminated fhagh spin Fe(lll) precipitates due to the

presence of some non-specifically bound iron oxideydroxide.
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Figure 2.3. Magnetic circular dichroism spectra othe [2Fe-2S] cluster in the
photochemically reduced Fe-S domain of the NaNQR

The spectra were recorded at 5.2 K (dashed lime)lahK (solid line) with an applied field

of 5 T. All bands increase in intensity with de@ieg temperature indicating C-term behavior.
The concentration of the Fe-S domain was 1.1 mM.

To further compare the [2Fe-2S] cluster in the F#e®ain with other ferredoxins, we
applied variable temperature magnetic circular im (VTMCD) spectroscopy, a
complementary approach to EPR for investigatingetketronic properties of paramagnetic
iron-sulfur clusters. In particular, VTMCD spectcopy allows to distinguish between
vertebrate and plant-type [2Fe-28Enters and provides a sensitive probe of therelgic
structure of clusters with paramagnetic grouncest@iohnson, Robinson et al. 1982). Each
electronic transition from a spin degenerate grostate gives rise to positive or negative
absorption-shaped MCD bands that increase in iityenwgh decreasing temperature. These
C-term features commonly dominate the MCD spedtatamagnetic species. The VTMCD
spectrum of the photochemically reduced Fe-S dorffagure 2.3) reveals a negative band at
315 nm assigned to Fe(ll)-S charge transitionspasitive bands at 358, 409, 461, 554, 629,
and 694 nm assigned to Fe(lll)-S charge transitibhss pattern of negative and positive
bands is strikingly similar to the MCD spectruntleé [2Fe-2S] cluster found in the ISC-type
Fd IV (Mitou, Higgins et al. 2003) or in the certdmmain of the ISC scaffold protein NifU
(Fu, Jack et al. 1994). The spectrum of the Fe+8adlois clearly distinct from the MCD
spectra of plant-type ferredoxins, which exhibraminent positive band at 515 nm (Fu,
Drozdzewski et al. 1992). A comparison of the MGie&rum of the Fe-S domain with the
spectrum of other vertebrate-type Fds like putidaxin (Fu, Drozdzewski et al. 1992) shows
that the latter displays an additional band inrdrege between 409 and 461 nm, which is not

present in the Fe-S domain. We conclude that the-ZS] cluster in the isolated Fe-S domain
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of the Nd redox pump is very similar to the 2Fe-cluster froentebrate-type ferredoxins and
among these is mostly related to the [2Fe-2S] efystesent in ISC-type ferredoxins. ISC-
type Fds catalyze an essential step during theebigjs of iron-sulfur clusters (Johnson,
Dean et al. 2005). Thae vitro formation of Fe-S clusters with nuclearity >2 regs a

reductive step (Beinert, Holm et al. 199[R)vivo, this redox reaction is likely to be catalyzed
by ISC-type ferredoxins and specific dehydrogenasbgh act as electron carriers during
ISC assembly (Muhlenhoff, Gerber et al. 2003; Maasgt Cowan 2004; Johnson, Dean et al.
2005; Lill and Miihlenhoff 2005). The NqrF suburiitiee N&-translocating NADH:quinone
oxidoreductase represents a model for studyindrele¢ransfer from NADH to an iron-sulfur

cluster that is very similar to the [2Fe-2S] ceffitemd in ISC-type ferredoxins.
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3.1 Abstract

The pathogenicity ofibrio cholerae is influenced by sodiumons which are actively
extruded from the cell by the Ri&ranslocatindNADH:quinone oxidoreductase (N&IQR).

To study the functioof the Nd-NQR in the respiratory chain ¥ cholerae, we examined
the formation of organic radicals and superoxida wild-typestrain and a mutant strain
lacking the N&NQR. Upon reductiowith NADH, an organic radical was detected in nativ
membraneby electron paramagnetic resonance spectroscomphwias assigned
ubisemiquinones generated by theé INBDR. The radical concentratiamcreased from 0.2
mM at 0.08 mM Nato 0.4 mM at 14.7 mM Naindicating that the concentration of the
coupling cation influencese redox state of the quinone pooMrcholerae membranes.
During respirationy. cholerae cells produced extracellulanperoxide with a specific activity
of 10.2 nmol minmg™ in the wild type compared to 3.1 nmol Mimg™ in the NQR
deletion strain. Raising the Naoncentratiofrom 0.1 to 5 mM increased the rate of
superoxide formatiom the wild-typeV. cholerae strain by at least 70%. Ratese$piratory
H,0, formation by wild-typeV. cholerae cells (30.5xmol min* mg™) were threefold higher
than ratesbserved with the mutant strain lacking the INEQR (9.7 nmomin™ mg™). Our
study shows that environmenkéd” could stimulate ubisemiquinone formation by thé-Na
NQRand hereby enhance the production of reactive axggecieformed during the

autoxidation of reduced quinones.

3.2 Introduction

The gram-negative bacteriuviibrio cholerae naturally inhabiteiquatic ecosystems, but some
strains are able to colonize teman intestine, where they can cause the sevandeal
diseaseholera (Guerrant, Carneiro-Filho et al. 2003).af\sadaptation for growth at high
NaCl concentrationy/. cholerae expels sodium ions from the cytoplasm during mediain

and establishes a sodium motive force acrossntrimembranéHase and Barquera 2001).
This respiratory Natransport is catalyzed by the Maanslocatindl/ADH:quinone
oxidoreductase (NaNQR), which consists of ssubunits, NgrA to -F, and contains one Fe-S
center, two covalentllgound flavin mononucleotides, one non-covalentlyrizbflavin

adenine dinucleotide (FAD), one riboflavin, andgibnone-&s prosthetic groups (Hayashi
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and Unemoto 2004; Turk, Puhar et al. 2004; BogaeimeMVerkhovsky 2005). Genome
comparisons revetilat a N&NQR is present in many pathogenic bacteria, irtatigghat
pathogens may benefit from a sodium cycle for pattptake or motility (Hase and Barquera
2001). The sodium motive force which is maintaingdhe N&-NQR strongly influences the
production of virulencéactors inVibrio cholerae (Hase and Mekalanos 1999), and
environmental Nais likelyto be an important parameter during infection tasttstimulusind
as respiratory coupling ion (Hase and Barquera RQ@iss of the NaNQR, eitheby

mutation or by chemical inhibition, results in adté virulencegene regulation . cholerae
(Hase and Mekalanos 1999), but the putative lirtlvbensodium membrane energetics and

virulence has not been identifiget.

Superoxide (@) is an anionic free radical producedtbg oxidation of reduced cofactors of
redox enzymes with £fimlay 2003). As a charged species, it cannot cnossibranes at
physiologicabH and therefore is constrained to the compartnwete itoriginated, e.g., the
cytoplasm or periplasm of a bactegall (Korshunov and Imlay 2002). Respiratory NADH
dehydrogenases may directly prodsaperoxide from the reaction of their reduced fiavi
cofactorsvith O, (Massey 1994; Kussmaul and Hirst 2006), or they mdirectly contribute
to superoxidéormation in a bacterial cell by producing reducgihonesvhich are
reoxidized by @ (Korshunov and Imlay 2006). Here we investigateftinctionof the Nd-
NQR inV. cholerae using native membranes and whoddis. It is shown that the NaNQR

represents a major sourfce extracellular superoxide produced by respiihgholeraecells.

3.3 Materials and Methods

3.3.1 Growth ofVibrio cholerae

The parent strail. cholerae 0395 N1 (Mekalanos, Swartz et al. 1983) &ndholerae 0395
N1 (ngrC::Tnbla) (Hase and Mekalanos 1999) with abftransposon in theqrC genewere
cultivated aerobically in Luria-Bertani medium sigmpentedvith 10 mM glucose in the
presence of 50 pg Mistreptomycin at 37°C. For maintenance of thel&massetténsertion

in ngrC in V. cholerae 0395 N1 grC::Tnbla) 100 pgmi~* ampicillin was added to the
medium.V. cholerae cellswere grown for 6 to 8 h to the late exponentialgghand harvested
by centrifugation. The cells were resuspended ImMHEPES-KOHpH 7.5, 0.2 M KSQO,,

10% glycerol; frozen in liquid nitrogeand stored at —80°C until use.
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3.3.2 Preparation of membranes

Cells were disrupted under exclusion of rior to use abolutions were degassed and
purged with N followed by equilibratiomn a Coy glove box (95% N5% H,) at least
overnight (Q concentratioof <0.3 uM in buffers). Cells (8 to 11 g, wet wetiplere
resuspended in 25 ml buffer (10 mM HEPES-KOH, p&l 8.2M K,SOy) containing 5 mM
MgCl; and traces of DNase | (Rochégnostics). The cell suspension was passed once
through &rench pressure cell at 83 MPa, and the eluatecullectedunder a stream of N
Unbroken cells and large debris were remdwedentrifugation at 35,000¢for 20 min. To
the supernatabntaining the membrane vesicles, 50 mMBOTA was added aschelator
for Mn** and C@*, which perturb electron paramagneésonance (EPR) spectra. If not
indicated otherwise, all subsequergnipulations were performed in the glove box atmo
temperatureThe reddish-brown membranes were collected byadtrifugation(150,000 x
g, 1 h, 4 °C) and were washed once with 6®ufifer containing 10 mM KEDTA. Two
additional washing stefrs 60 ml buffer without KEDTA were performed to further decrease
the concentrations of NaMn?*, and Ca*. Membranes were thoroughtyixed with buffer to

yield suspensions containing 40@ mg protein mf and <0.1 mM N&

3.3.3 EPR spectroscopy.

EPR samples were prepared in the anaerobe chaléetbrane$0.27 ml in a reaction tube)
were mixed with 0.03 ml substrgf@ADH or succinate) in the presence of Na inhibitors
asindicated in the legends to the figures. The viscauspensiowas transferred to an EPR
guartz tube using plastic tubing fittera syringe. The time between mixing with substrat
and completé&reezing of the membranes in liquid Was 5 to 8 min. The EP$pectra were
recorded as described elsewhere (Steuber, Rufiétaalh2002) and simulateding the
program EPR (Neese 1995). The concentration ofanmegneticpecies was calculated by
comparing the total intensity of gémulated EPR spectrum with the intensity of th&kREP
spectrunof a CuSQ standard (Neese, Zumft et al. 1996) (see alsa&i@l in the

supplementahaterial).

3.3.4 Analytical methods.
Oxidation of NADH (0.1 mM) by membrane vesicles vi@owedin 20 mM Tris-HSOy, pH
7.5, containing 50 mM N&QO,, 50 pg/mbovine serum albumin, and 0.1 mM ubiquinone-1 as

an electroracceptor (Turk, Puhar et al. 2004). Protein wasrd@&hed by the microbiuret



EXTRACELLULAR ROS GENERATED BY NA-NQR 39

methodGoa 1953) using bovine serum albumin as stantéadwas determinely atomic

absorption spectroscopy with a Shimadzu AA-646 spawter.

The formation of superoxide was followed accordimghe procedurm reference (Huycke,
Joyce et al. 1996), modified as follows. To prepak suspensionanoxic buffers with K
salts replacing the corresponding’Nalts were used, and cells were kept in the anaerob
chambeuntil the reactions were started. The residudl d¢acentratiom cell suspensions
was <0.1 mM. Fifty milliliters ofV. cholerae O395 N1 ot. cholerae O395 N1 (grC::Tnbla)
was growras described above and harvested at an approxapgtal densityat 550 nm of
1.2 to 1.4. Cells were washed twice with phosphatéeredsaline (4.3 mM KHPQ,, 1.4 mM
KH2,POy, 140 mM KCI, pH 7.5) andesuspended in ice-cold Hanks balanced salt sol(5i®
mM glucose, 142 mM KCI, 0.3 mM & PO, 0.4 mM KHPO,, 4.2 mM KHCQ, 1.3 mM
CaCp, 0.5 mM MgC}, 0.6 mM MgSQ, pH 7.5) to an opticalensity at 550 nm of 0.2. The
reaction was started by addid@9 ml anoxic, prewarmed cell suspension (25°Q)ql
cytochromec (from beef heart; Sigma; final concentration@®) in a cuvette under
magnetic stirring to aerate tbells. The reduction of cytochronedoy superoxide was
followedwith a UV-visible-light spectrometer (HP 8452A)580 nm. Ilfindicated, 0.5 mg
superoxide dismutase (SOD; Fluka; 3,231 Ungr NADH (0.7 mM) was added. Rates of
cytochrome reduction were calculated using an extinction ficiehtof 21.5 mM* cmi™
(Massey 1959).

Hydrogen peroxide was determined using horsergmistixidas@ccording to the method in
reference (Green and Hill 1984). The reaction wasexby adding 0.97 ml anoxic,
prewarmed cell suspension to 3Hanks solution containing 4-aminoantipyrine (0.48In
phenol(1.06 mM), and 4 U horseradish peroxidase from &idfimalconcentrations in the
assay). The pD,-dependent formation ¢fie quinoneimine dye (Saito, Mifune et al. 1987)
was followed at 550 nm in a cuvetteder magnetic stirring to aerate the cells. Thaeton
coefficient €sso= 4.3 mM™ cn™) was determineffom standards of 44 to 440 uM hydrogen
peroxide in 97Qul Hanks solution in the absence of cells. Ratd4,6f, formation were
corrected by subtracting the residual acti{@28 to 0.30 nmol mitl) of the cell-free
supernatantbtained by centrifugation of the cell suspensguperoxidend HO, formation
activities from three to four experimeiat® presented. The protein contenYogholerae cell
suspensionwas estimated from the optical density, assumiag Itunitof absorbance at 550
nm corresponds to 0.33 g total dry weilifer * (Underwood, Buszko et al. 2004) and that
55% of the total dry weight represeptstein (Neidhardt, Ingraham et al. 1996).
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3.3.5 Inhibition studies.

Inhibitors were added in the anaerobe chamber h0pnr tothe start of the reaction. r2-
Heptyl-4-hydroxyquinolineN-oxide(HQNO) was added from a stock solution in ethaad.t
choleraecells or membranes. KCN was added from a buffet@cksolutiorto membranes
(final concentration, 29 mM). Note that cyanidierferes with the detection of extracellular
superoxide sinci acts as a ligand to the heme iron of cytochrar(fechejter, Ryan et al.
2006).

3.4 Results

3.4.1 Respiratory chain complexes in wild-typ&’. cholerae and a mutant devoid of a
functional Na*-NQR

We compared the EPR spectra of membranes fromtyplelV. choleraeand a mutant
carrying an insertion in thegrC gene with thaim of assigning organic radicals to the"Na
NQR in its membrane-bourstiate. The NgrF subunit of the NBIQR complex harbors a
[2Fe-2S]cluster which accepts electrons from the FAD cafakicatedn close proximity.
Upon addition of NADH, a resonancegat 1.94 appeared in the EPR spectrum of
membranes from the wild-typé cholerae strain but not in membranes from the mutant
carryinga transposon in thagrC gene (Figure 3.1). In a previous studyng the isolated
NqgrF subunit, the = 1.94 resonance wassigned to thgy,, component of a nearly axial
signal of theone-electron reduced [2Fe-2S] cluster in NgrF (T&khar et al. 2004). Thus,
thedisruption of thenqrC gene encoding the membrane-bound N&prunit prevented the
synthesis or assembly of the NgrF subuvé. could not detect theg component of the [2Fe-
2S] from NgrHn membranes from the parent strain sincegthe? regiorof the EPR

spectrum was dominated by unassigned resonancps¢€Bil).
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Figure. 3.1. Detection of the [2Fe-2S] cluster lotiaed in subunit NgrF of the membrane-
bound Na-NQR by EPR spectroscopy.

Membranes from the wild-typé. cholerae strain containing the NaNQR (solid line) and
from thengrC insertion mutant (dotted line) were mixed with m& Na-NADH prior to
freezing. EPR conditions: microwave frequency, 9.681z; modulation amplitude, 0.5 mT;
microwave power, 2 mW,; temperature, 40 K. Charéstielg values are indicated.

The NADH dehydrogenase activities of membranest®@i5umol min* mg™) did not

differ significantlyin the mutant and the wild-type strains, suggediag thdack of a
functional Nd-NQR complex in the mutant was compensébedby a nonelectrogenic

NADH dehydrogenase encoded on the genoié cholerae. On the two chromosomes 6f
cholerae El Tor,four open reading frames encoding NADH dehydrogesnas thenembrane-
bound, nonelectrogenic type were identified: VC1381A0155, VCA0157, and VC1890
(only the last is annotatedlh) (Heidelberg, Eisen et al. 2000). We also considéred
possibility that NADH was oxidizely a subcomplex of NaNQR assembled in the mutant
strain evelin the absence of the NgrC subunit."Agja specific inhibitoof the Nd-NQR

which promotes the dissociation of the non-covdydmund FAD from the NqrF subunit and
thereby prevents the initiakidation of NADH (Steuber, Krebs et al. 1997)the presence of
Ag*, rates of NADHbxidation by membranes from the pargntholerae strain decreased
50% (0.1 pM AJ) or 14% (1 uM AQ) of the activityobserved in the absence of the inhibitor.
In contrast, no inhibitioof NADH oxidation by Ag was observed with membranes from the
mutant strain under identical conditions (datasitmwn). Theseesults further corroborate
our assumption that the mutant stiaicks a functional NaNQR and oxidizes NADH via an

alternativeNADH dehydrogenase.
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Figure. 3.2. Detection of the Fe-S center | from sginate dehydrogenase/fumarate
reductase inV. cholerae membranes by EPR spectroscopy.

Membranes from the wild-typé. cholerae strain containing the NaNQR (black trace) and
from thengrC insertion mutant (red trace) were mixed with 3&M Na-succinate prior to
freezing. Characteristig values are indicated. For EPR conditions, seéetiend to Figure.
3.1.

The wild-type and the mutant strains containedlain@mount®f succinate dehydrogenase or
fumarate reductase as judged fribm@ intensities of the succinate-induced EPR sigtgdy =
1.93 and 1.92 (Figure 3.2). These resonancesfanisethe one-electroreduced [2Fe-2S]
center | of succinate dehydrogenase-fumasatactase (Ackrell, Johnson et al. 1992). Center
| was also observed in NADH-treated membrdras the mutant strain, demonstrating that
electrons were deliverédcbm NADH to the quinone pool even in the abserica fmnctional
Na'-NQR (Figure 3.1). We conclude that the disruptibthengrC gene had no significant
effect on the respiratory chain complel@sated downstream of the succinate:quinone
segment. By comparirige EPR spectra of membranes from the wild-typethednutany.
cholerae strains, we could assign NADH-induced organiccalsio the Nd-NQR in its

membrane-bound state, as described below.

3.4.2 N4 stimulates radical formation by the Na-NQR
The NqgrF subunit acts as a converter between thestectrordonor NADH and subsequent
one-electron transfer steps in t&-NQR complex, which could result in the formatidn o

organicradicals like flavo- or ubisemiquinones. Membrafiem thewild type and the mutant
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strain devoid of a functional N&NQRcomplex were inspected by EPR under conditions,
which are optimdior the detection of organic radicals. Essenti@bnticalamounts of
organic radicals centered@gt 2.00 were detected the membranes after incubation with
36.4 mM succinate fat least 6 min in the absence of Bigure 3.3). We conclude thtae
two V. cholerae strains contained very similar amount®fanic radicals in the succinate:O
segment of the respiratachain. Using NADH (7.3 mM) as an electron donopragimately
twice the amount of organic radicals detected énrttutanstrain was detected in membranes
from the parent strain (Figug3), suggesting that the NAIQR promoted the one-electron
reductiorof organic redox carriers . cholerae membrane vesicleShese vesicles obtained
by French press cell rupture were presuindak predominantly oriented inside-out (Reenstra,
Patel et al. 1980), hereby exposihg cytoplasmic aspect of the inner membrane aad th
NADH-oxidizingdomain of the N&NQR complex. We asked whether NADH-induced
radical formation by the NaNQR was influenced by the couplingtion and added Nao

the external buffer which represetiie cytoplasmic aspect of the membrane vesicles.
Increasinghe Nd concentration from 0.08 to 14.7 mM led to a sigaifitincrease of
NADH-induced organic radicals in membranes ftbmwild-type strain compared to the
mutant lacking a function&la’™-NQR (Figure. 3.4). Spin quantification of the walisignaht
low Na" concentrations (0.08 mM) gave an approximate sadancentration of 200 pM in
0.3 ml membrane suspension5 nmol mg" protein. In the presence of 14.7 mM"\the
radical concentration increased to approximately gM,or 10 nmol mg' protein (see Figure.
S1 in the supplementalaterial). This twofold increase in radical concation carbe
assigned to a Nadependent redox reaction catalyzed byNBENQR if one takes into
account that increasing the Neoncentratiofrom below 0.1 mM to 25 mM resulted in a
threefold stimulatiomf NADH:quinone oxidoreduction activity of the pfied enzyme
(Barquera, Hellwig et al. 2002) and that the orgaadicals detected in NADH-reduced
membranefom wild-typeV. cholerae did not exclusively arise from tida’-NQR. Organic
radicals associated with the succinate dehydrogdfumsarateéeductase (Figure. 3.2) or with
other respiratory complexes in tpeinol:0, segment of the respiratory chain will contribute
tothe EPR spectrum of NADH-reduced membranes butneilbe affectetly a rise in the

Na" concentration.
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Figure. 3. 3. Respiration-induced
organic radicals inV. cholerae
membranes in the presence and
NADH absence of a functional NaNQR.
Membranes from the wild-typé.
cholerae strain (black trace) and from the
ngrC insertion mutant (gray trace) were
mixed with 7.3 mM Na&NADH (top) or
36.4 mM Na-succinate (bottom) prior to
freezing. EPR conditions: microwave
frequency, 9.652 GHz; modulation
amplitude, 0.5 mT; microwave power, 4
MW temperature, 70 K.

Succinate

340 342 344 346 348
Magnetic field [mT]

The inhibition by Ag indicated that at least 86% of the NADIEhydrogenase activity of
membranes from the parevitcholeraestrain was catalyzed by the NBQR, corresponding
to 0.43 umoNADH min™ mg™. We estimated the content of NEQRin the membranes by
dividing the total N&NQR activity in Img membrane protein (0.43 pmol NADH rinby
theturnover number determined for purified N4QR (16,000 pmdNADH pmol™ Na'-

NQR min?) (Barquera, Hellwig et al. 2002). Comparthg content of NaNQR in the
membranes (0.03 nmol mgprotein) with the amount of NADH-induced organidicals (5
to 10 nmol mg" protein) revealed that radical formatimynative membrane vesicles fram
cholerae was clearly overstoichiometriompared to the NeNQR, with a [radical]/[N&
NQR] ratio of170:1 at 0.08 mM Naor 340:1 at 14.7 mM Narespectively. The NADH-
induced organic radicals cannot exclusively refsoih the flavin cofactors of the NaNQR,
and we conclude thatsignificant fraction of membrane-bound quinomes.icholeraeis
converted to the one-electron reduced state destidationof NADH by the Na-NQR. The
isolated N&NQR fromVibrio alginolyticusproduced ubisemiquinone radicals which were
reoxidized by Qunder formation of superoxide (Hayashi and Unend®®4; Pfenninger-Li,
Albracht et al. 1996; Steuber, Rufibach et al. J0U2 asked whethéne N&-NQR could
also contribute to superoxide formatiorvimo and studied the formation of reactive oxygen

species byntactV. cholerae cells.
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Figure 3.4. Effect of Nd on the NADH-
induced formation of organic radicals by
the membrane-bound N&-NQR.
Membranes from the wild-typé. cholerae
strain were reduced with 7.3 mM NADH in
the presence of 0.08 mM Nggray trace)

or 14.7 mM Na& (black trace). For EPR
conditions, see the legend to Figure. 3.3.
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3.4.3 Extracellular superoxide production byV. cholerae

With a standard redox potentia}/O, of —0.16 V (Imlay 2003), the superoxide anion &ss
a one-electron donor féerricytochromec with Ey' = +0.24 mV. As a 12-kDa protein,
cytochromec does not diffuse across intact cellular membranescan therefore be used to
monitor extracellular superoxigeoduction byV. cholerae cells. Using late-exponentisl
choleraecells and glucose as substrate, superoxide formatas initiatedby rapid mixing of
the cells with air (Figure. 3.5). Cytochromeeduction rates were highest in the wild-type
strain containinghe N&-NQR (15.7 nmol mift mg™) compared to 8.8mol min* mg™* in
thengrC deletion mutant, indicatirtfpat the N&NQR represents a major source for
superoxide imespiringV. cholerae cells (Table 3.1). Raising the Neoncentratiofrom 0.1
to 5 mM increased the cytochroroeeduction ratem the wild-typeV. cholerae by at least
70% but showed no significagffect in the mutant strain (data not shown). Ithkgirains,
rates of cytochrome reduction decreased to 5 to 6 nmol thing™ upon addition of SOD,
indicating that @ producedn the periplasm oY/. cholerae represented the major electron
donor for cytochrome reduction (Table 3.1; Figure. 3.5).
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Figure 3.5. Superoxide production
2 by respiring V. cholerae cells in the
presence and absence of a
functional Na'™-NQR.
The reaction was started by mixing
_--~-~>7>  the cell suspension with cytochrome
. in air-saturated buffer. The
= superoxide produced was reoxidized
oo by cytochromee in a nonenzymatic
. reaction. The reduction of
A, 0.04 cytochromec was followed at 550 nm.
Solid trace, with N&NQR; dashed
1 min trace, without N&NQR; dotted trace,
with Na'-NQR and 1,615 U SOD.

O

s

The residuadctivity observed in the presence of SOD couldltésam thereduction of
cytochromec by an unknown low-molecular-weigtbmpound excreted By. cholerae, as
proposed foEscherichiacoli cells which also exhibited SOD-insensitive cytarhec
reduction activity (Korshunov and Imlay 2002). Bybsracting the SOD-insensitivate,
superoxide formation activities of 10.2 nmol Alimg™ for the wild-typeV. cholerae and 3.1
nmol min*mg™ for the NQR deletion strain were calculated (T&bl§. To exclude the
possibility that superoxide was produdsdysed cells, we followed the reduction of
cytochromec inthe presence of NADH (Hassan and Fridovich 197&e the superoxide
anion (Korshunov and Imlay 2002), NADOtdes not readily permeate through the inner
bacterial membrang intact cells but will react exclusively with oglasmiaedox enzymes
from broken cells, thereby increasing the ovemalbunt of superoxide formed. Rates of
superoxide formation weessentially identical with or without added NADHa@le 3.1),
indicating that th&/. cholerae cells were intact. Iit. coli, superoxide is disproportionated to
H,0O, and Q by SODs found in the cytoplasm and periplasm (Korskuarad Imlay 2006)V.
choleraepossesses a periplasmic SOD (Gabbianelli, Signetedt. 2004), which could
contribute to theverall formation of HO, by converting the superoxide generdtethe
periplasm. We followed $D, formation by respiring/. cholerae cells and observed
approximately threefold-higher ratiesthe wild-type strain (30.9 nmol2, min* mg™) than
in the mutant lacking the NNQR (9.7 BO, nmol minmg™), indicating that the NaNQR
represents a majeource for reactive oxygen specied/ircholerae. Since HO,in contrast to
the superoxide anion is membrane permeable, thesereflect both cytoplasmic and

periplasmic HO, productioractivities and therefore are expected to be higrer theates
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of extracellular superoxide formation. The soummartracellular HO, in V. cholerae

remains to be identified.

Table 3.1. Reduction of cytochrome by respiring V. cholerae cells

Sp act (nmol min* mg™)

Strain No With 1,615 U With 0.7 mM Superoxide
addition SOD NADH formatior?
V. cholerae 0395 N1 15.7+1.9 55+0.4 14.7 £ 3.8 10.2
V. cholerae O395 N1
(ngrC::Tnbla) 8.9+23 5.8+0.5 8.0+0.3 3.1

% Mean values from three experiments.

b . . .. . .
The superoxide formation activity was calculatgdsbbtracting the cytochrome c reduction
rate observed in the presence of SOD from theotagerved without addition.

3.4.4 Effect of respiratory chain inhibitors on radcal formation and superoxide

production.

The N&-NQR contains several redox-active flavins whicktipgate in electron transfer

from NADH to quinone (Turk, Puhar et al. 2004; Bagcp, Ramirez-Silva et al. 2006). Hence,
reduced flavin(s) in the NeNQR rather than ubisemiquinones formed by th&N@&R could
act as an electron donor for extracellular supebrmation inv. cholerae. We addressed
this question by studying the production of sup&texand the formation of radicals in the
presence of HQNO. HQNO interacts with quinone-bigdites of respiratory complexes
(Rich 1984) and also effectively inhibits the'™NdQR (Pfenninger-Li, Albracht et al. 1996;
Barquera, Hellwig et al. 2002). HQNO (0.3 mM) inibétal extracellular superoxide formation
of wild-type V. cholerae cells by 60 to 80% (data not shown). At the same,tthe NADH-
induced radical signal in wild-typé. cholerae membranes was decreased by approximately
50% in the presence of 0.5 mM HQNO (Figure. 3.6k §enome o¥. cholerae encodes
heme-containing respiratocpmplexes like théc; complex (VC0573 to VC0575) and the
guinoloxidase (VC1570 and VC1571) which could accepttedes fronreduced quinones
formed during NADH oxidation (Heidelberg, Eisera¢t2000). Cyanidmhibits electron
transfer to these complexes, and as a consequbkecatio of reduced to oxidized quinones
in the Q pool wilincrease. The signal intensity of the organic raldietecteth NADH-
reduced membranes from wild-typecholerae increasedby approximately 60% upon
addition of KCN (Figure. 3.6).
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Figure 3.6. Effect of respiratory chain inhibitors on the NADH-induced formation of
organic radicals by the membrane-bound N&NQR.

Membranes from the wild-typé. cholerae strain were mixed with 29 mM KCN (blue trace)
or 0.5 mM HQNO (red trace). After 10 min, 9 mMJNBADH was added, and the samples
were frozen in liquid N Black trace, membranes reduced with NADH in thgeace of
inhibitor. EPR conditions: microwave frequency, 185Hz; modulation amplitude, 0.5 mT,;
microwave power, 1 mW; temperature, 70 K.

These resultiurther corroborate our notion that the organideald produceduring NADH
oxidation by the N&NQR represent ubisemiquinongsich act as electron donors for

superoxide formation.

3.5 Discussion

The rates of extracellular superoxide productiothefgram-negativé. cholerae (10 nmol
min~* mg™* protein) were lowethan activities observed with the gram-positireer ococcus
faecalis (26 nmol min* mg™ protein) (Huycke, Joyce et al. 1996) but signifibpexceeded
the rates observed with the gram-negaiveoli (Lnmol min* mg™* protein) (Korshunov and
Imlay 2006). LikeE. coli, V. cholerae possesses a periplasmic SOD (Gabbianelli, Sigmnetet
al. 2004) which should scavengigperoxide formed in the periplasm. A possible axation
forthe increased production of superoxidé/ircholerae comparedo E. coli is that
disproportionation to pD; is less efficienin V. cholerae or thatV. cholerae produces
significantly higheemounts of superoxide than ddescoli. In support of the latter
hypothesis, our study identifies the 'NdQR which is not preseitt E. coli as a major source

for extracellular superoxide.
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The electron transfer pathway in the'NNQR starts by a hydrideansfer from the substrate
NADH to the non-covalently bourfdAD on the flavin domain of the NgrF subunit (Turk,
Puhar et al. 2004), followdx) one-electron transfer to the vertebrate-type{25] clustein
the N-terminal domain of NqrF (Lin, Puhar et al08D How electron transpdrom this FeS
center to other flavin and ubiquinone cofactorthe complex and to the substrate quinone
proceeds and hothiis overall exergonic reaction is coupled to” itansporare still

enigmatic. Compared to other respiratory NADH debgénaseshe N&-NQR is unique as

it stabilizes the one-electron reductalte of flavin cofactors which are covalently ettied to
themembrane-bound NgrB and NqrC subunits, respecti\Bdyquera, Ramirez-Silva et al.
2006). Thes#avins in their one- or two-electron reduced statald reduc®, (Massey 1994;
Kussmaul and Hirst 2006). Alternatively, superoxideld be formed durintpe autoxidation
of reduced ubiquinones generated by th&N@R.In E. faecalis andE. coli, extracellular
superoxide was propostmresult from the reaction of molecular oxygenhwitduced
quinones produced by the respiratory chain. Bothéectrorreduced quinones (quinols) and
one-electron reduced quinor(eemiquinones) were considered as possible eledtroars
(Huycke, Moore et al. 2001; Korshunov and Imlay @0&imilarly, quinones reduced by the

Na'-NQR could act aslectron donors for £reduction inV. cholerae.

We favor ubisemiquinones generated by th&N@R as a sourder in vivo superoxide
formation, since this reaction was atdiserved with the isolated NAIQR (Hayashi and
Unemoto 1984; Pfenninger-Li, Albracht et al. 199@preover, Na whichstimulated
quinone reduction by the isolated™NdQR (Barquera, Hellwig et al. 2002) ajsmmoted
ubisemiquinone formation and extracellular supategiroduction by the NaNQR in its
native membrane environmeRtirther support comes from the finding that supieiex
formationby V. cholerae cells was greatly diminished in the preseoice quinone-type
inhibitor HQNO. Reduced flavins are unlikediectron donors for extracellular superoxide
production sincall flavin cofactors of the NaNQR with known locations af@ound to

cytoplasmic domains of the complex (Duffy and Bangu2006).

The question arises whether superoxide formatiotheyNd-NQRtakes place in the general
membrane milieu or whether it occatsa quinone-binding site of the enzyme. EPR studie
ubisemiquinoneassociated with the proton-pumping mitochondriaNAdehydrogenase
(complex 1) revealed two distinct ubiquinone-birglsites withirthe membrane-embedded
part of the complex (Magnitsky, Toulokhonova et2l02). One of theséisemiquinones is

stabilized by applying an electrochemipeadton potential and is proposed to play a central
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role in thecoupling of electron transfer and proton transpgrcomplex (Ohnishi and
Salerno 2005). At least 1 mole of ubiquinone-8mpete is found ithe N&-NQR fromV.
cholerae (Barquera, Hellwig et al. 2002), suggesting tilet tomplex, the Nd&-NQR
comprises one or several binding sites winiety accommodate quinone(s) in its different
redox states. Althoughie cannot exclude the possibility that ®duction by a protein-bound
ubisemiquinone contributes to NADH-dependent sugdeoformatiorby the Na-NQR, the
overstoichiometric amount of ubisemiquinoiemembranes compared to the'NNQR
suggests that ubisemiquinoneshe lipid bilayer represent the major reductantsuperoxide

formation byV. cholerae cells.

The superoxide anion and secondary reactive oxggeaies liked,0, and the hydroxyl
radical are highly toxic compounds whiclay severely damage proteins, lipids, and DNA
(Imlay 2003). InE. faecalis, extracellular @ formation was associated with invasivenassl
superoxide was considered to be a virulence fgetoycke, Joyce et al. 199@)he Na
concentration in the small intestine and in stoofrfcholera patients is in the range from 90
to 150 mM (Bennish 1994; Guyton and Hall 2000}he human host, respiratory electron
transfer by the NaNQRin V. cholerae, therefore, is not expected to be limitedNay. Our
study opens the possibility that the NQR-depenperduction of superoxide might augment
the pathogenicity of. cholerae.
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3.7 Supplemental Material
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Figure S 3.1: Simulation of the NADH-induced EPR gjnal in V. cholerae membranes
Membranes from the wild-typé. cholerae strain (black trace) were mixed with 7.3 mM:Na
NADH prior to freezing. EPR conditions: microwaveduency, 9.652 GHz; modulation
amplitude, 0.5 mT; microwave powerp¥V; temperature, 70 K. The red trace is a simulation
of the spectrum using the program EPR (Neese 1885uming a spin = 0.5 system with=g
2.0048, g=2.0044, g= 2.0044 and line widths W= 0.5 mT, W= 1.6 mT, W= 1.2 mT. To
determine the spin concentration in the membrahegotal intensity of the simulated
spectrum was compared with the intensity of the Ep&ctrum of a CuSGstandard (Neese,
Zumft et al. 1996).
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4.1 Summary

It is generally assumed that respiratory complexetusively use protons to energize the
inner mitochondrial membrane. Here we show thadatidn of NADH by submitochondrial
particles from the yea¥arrowia lipolytica is coupled to protonophore-resistant Natake,
indicating that a redox-driven, primary Neump is operative in the inner mitochondrial
membrane. By purifying and reconstitution into paliposomes, a respiratory NADH
dehydrogenase was identified which coupled NADHeaelent reduction of ubiquinone (1.4
umol mint mg?) to Na translocation (2.¢mol min* mg'). NADH-driven N4 transport

was sensitive towards rotenone, a specific inhilmfa@womplex 1. We conclude that
mitochondria fromy. lipolytica contain a NADH-driven Napump and propose that it
represents the complex | of the respiratory ch@in. study indicates that energy conversion
by mitochondria does not exclusively rely on thetpn motive force but may benefit from

the electrochemical Nayradient established by complex I.

4.2 Introduction

Mitochondria are vital for the synthesis of ATPe ttegulation of programmed cell death, and
the modulation of intracellular aconcentration (McBride, Neuspiel et al. 2006). §dhe
processes are governed by mitochondrial respiratfunh creates a proton motive fordgj
consisting oAW, the transmembrane voltage, axgH, the proton concentration gradient
(Mitchell 1961). Respiring mitochondria maintaiddp of 170mV which essentially consists
of AW asApH contributes less than 10mV (Murphy and Brand7)98hree electron transfer
reactions from NADH to quinone, quinole to ferrioghromec, and ferrocytochrometo O,
provide the driving force for the generation/qf by the respiratory complexes I, Ill, and 1V,
respectively. The stoichiometries of translocatextqns per transferred electrons in each of
these respiratory segments were determined widictimiitochondria and inside-out vesicles
of mitochondrial membranes, or submitochondriatipks (SMPs). He" stoichiometries
were also studied with the purified complexes retituted into artificial membrane systems.
By this approach, consistent ratios for the mitoxhri@l complex 111 (thebc; complex) and IV
(the cytochrome oxidase) were found in many different laborato(fes review, see
(Trumpower and Gennis 1994; Ruitenberg, Kannt.2@02; Hunte, Palsdottir et al. 2003;
Wikstrém 2004; Osyczka, Moser et al. 2005) andresfees therein). Studies with eukaryotic
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(Hirst 2005; Brandt 2006) or bacterial model orgams (Yagi and Matsuno-Yagi 2003;
Sazanov and Hinchliffe 2006) revealed that complexX_-shaped, with a NADH-oxidizing
arm that protrudes in the mitochondrial matrixtwer bacterial cytoplasm, and a cation-
translocating arm embedded in the membrane. Compareomplexes Il and IV, very little

is known about the mechanism of redox-driven pratansport by complex I.

It is generally assumed that the transmembranag®lestablished during mitochondrial
respiration exclusively results from the electragdéransport of protons. In contrast, bacterial
respiratory chains may contain smaller NADH:quinoeductases not related to complex |
(Hayashi and Unemoto 2004; Turk, Puhar et al. 2004¢rminal oxidases (Kim, Stark et al.
2005) which catalyze redox-driven N@ansport. In 1999 we showed that the
enterobacteriunklebsiella pneumoniae contains a Natranslocating NADH dehydrogenase
which belongs to the complex | family of respirgtenzymes (Krebs, Steuber et al. 1999).
We subsequently determined the cofactor compositimhNa/electron transport
stoichiometry of complex | (Gemperli, Dimroth et 2002) and showed that NADH-driven
Na" transport is electrogenic (Gemperli, Dimroth et28103). Our views have been
challenged by Bertsova and Bogachev who claimetkiied<. pneumoniae complex |
exclusively acts as a proton pump (Bertsova andaBlogv 2004). In a recent study, we
corroborated our previous notion of Niaansport by complex | frord. pneumoniae and
identified a functional Nabinding site in its membrane-embedded part (Vgentmu,
Gemperli et al. 2006).

The coupling ion specificity (Naversus H) of complex | has important implications for its
transport mechanism. Our finding that the smalkenglex | from some enterobacteria
transports Narather than Hraised the question whether the larger mitochahdomplex |
also has the capacity to translocaté.Naimary Na pumps couple an exergonic reaction to
the translocation of Nawhereas Natranslocation by secondary Md" antiporters depends
on the proton motive force generated by respiratbain complexes. Here we show that
oxidation of NADH by SMPs from the yeagarrowia lipolytica is coupled to protonophore-
resistant Nauptake, indicating that a redox-driven Naump is operative in the inner
mitochondrial membrane. This is the first reporttioa use of Naas respiratory coupling ion
mitochondria. We unequivocally assign the redoxehiNa translocation activity to the
NAHD:quinone segment of the respiratory chain, prapose that Natransport is an

intrinsic catalytic property of complex | from lipolytica.



NA*-TRANSPORT BYYARROWIA COMPLEX | 57

4.3 Materials and Methods

4.3.1 Growth ofYarrowia lipolytica

Yarrowia lipolytica strain polt (Madzak, Treton et al. 2000) was gretvB0 °C in 1 L YPD
media (1 % Bacto-yeast extract, 2 % Bacto-peptowke2226 glucose) in a 5 L baffled
Erlenmeyer flask for 18-22 h to the late exponémiase. The cells were harvested by
centrifugation and washed with 100 mL deionisedawakhe cell suspension was frozen in

liquid nitrogen and stored at -80 °C.

4.3.2 Isolation of mitochondria

All steps were carried out at 4 °€.lipolytica cells (0.5 g mL%) in 20 mM HEPES/KOH, pH
7.4, 0.6 M D-mannitol, 1 mM DL-dithiotreitol, 2 midhenylmethanesulfonyl fluoride

(PMSF), and 3 mM benzamidine (Yaffe 1991) were mixéth an equal volume of acid-
washed glass beads (425-600 microns) and brokamiix mill (TissueLyser, Qiagen) at 30

Hz for 15 min. The supernatant was combined wittml5buffer used to rinse the glass beads,
and PMSF was added to a final concentration of 4. idbh-broken cells were removed by
centrifugation (4300 x g, 20 min), and the crudeaet was centrifuged at 36000 x g for 30
min. The supernatant was centrifuged at 15000@ax §0 min to collect the mitochondria

which were resuspended to a concentration of 3@migin mL* and stored in liquid N

4.3.3 Preparation of submitochondrial particles andpurification of complex |

All steps were carried out in the anaerobic chan(B&Y Laboratory; 95 % N 5 % H).
Mitochondria were diluted 5-fold with Tris buffet@ mM Tris-HCI, pH 7.4, 50 mM KCI, 10
% glycerol, 1 mM PMSF). The suspension was padsedigh the French Press Cell
(AMICON) flushed with N. The submitochondrial particles (SMPs) were codddy
ultracentrifugation at 150000 x g for 80 min. SMBsNa'" transport measurements were
resuspended in Tris buffer. To purify complex I, B$420 mg protein mt) in MOPS buffer
(20 MM MOPS/KOH, pH 7.0, 50 mM KCI, 1 mM;EDTA, 1 mM PMSF) were solubilised
with 0.5 g dodecylmaltoside (DDM) gprotein (Djafarzadeh, Kerscher et al. 2000) and
centrifuged at 150000 x g for 60 min. The supemtatas loaded on a 15 mL anion exchange
chromatography column (DEAE-Sepharose CL-6B, AnarsBiosciences) equilibrated
with buffer (25 mM MOPS/KOH, pH 7.0, 1 mM;EDTA, 0.05% DDM) containing 70 mM
KCI. The column was washed with 70 and 100 mM K€$pectively. A linear gradient of 30
mL from 100 to 500 mM KCI was applied to elute cdexp around 300 mM KCI. Fractions
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which exhibited rotenone-sensitive quinol formatamtivity were combined and reconstituted

into proteoliposomes.

4.3.4 Preparation of proteoliposomes

Complex | fromY. lipolytica or the F1FO ATPase frofscherichia coli were reconstituted by
a dilution protocol under exclusion ot @Gemperli, Dimroth et al. 2002). To a lipid filnfi o
20 mg Lea-phosphatidylcholine (from soybean, Type II-S, 13192 as choline, Sigma), the
solubilised proteins were added drop-wise undetirggi until the lipid film were fully
dispersed. The protein-lipid-detergent mixture wiisted at least 10-fold by adding buffer
(10 mM Tris-HCI, pH 7.4, 50 mM KCI, 10 % glycera) 30 drops min. Below the critical
micelle concentration of DDM, proteoliposomes wienened which were collected by
ultracentrifugation at 150000 x g over night anslispended in 1-2 mL buffer. Complex |
was also reconstituted with buffer containing 5 rNBICI. The protein to lipid ratio was 1:40
for complex I, and 1:50 for the F1FO ATPase pudifgcording to (Ishmukhametov, Galkin
et al. 2005). Prior to reconstitution, the ATPaseswesalted using a NAP-10 column (GE

Healthcare).

4.3.5 Transport measurements

Na' transport was followed in 0.3 mL 10 mM Tris-HCH .4, 50 mM KCI, and 10 %
glycerol with less than 3 h after the preparatib8MPs or proteoliposomes. To SMPs (1.7
mg protein mL*) or proteoliposomes (0.2 mg complex | 115 mM NaCl or 5 mM?NaCl
and 0.1 mM NADH were added to start the reactianndicated times, aliquots (4{.)

were passed through a Dowex cationic exchange epland the internal Na@ontent of the
vesicles was determined by atomic absorption spsobpy (Gemperli, Dimroth et al. 2002)
or y-counting using 5 mM°NaCl (0.37 MBq) (Kaim and Dimroth 1998). Generatifra
transmembrane potentidlP) by reconstituted complex | was followed using Wioéage-
sensitive dye oxonol VI. Proteoliposomes were pregén buffer (100 mM potassium
phosphate, pH 7.5, 0.05 mM EDTA, 10 % glycerol, r@¥ mM N4&) as described above.
To 41pg reconstituted complex | in 1 mL buffer containit@uM oxonol VI, 0.1 mM
ubiquinone-1 (2,3-dimethoxy-5-methyl-6-isoprenyd-benzoquinone; Q1), 5 mM NaCl or
10 uM monensin were added as indicated. The reactiaitunais were kept in the anaerobic
chamber for 6 min prior to the measurements whierevperformed under air. To start the
reaction, NADH (0.16 mM) was added to the stirregay mixture, and the formation of

AW was estimated from the difference in the absorbahé25 nm -587 nm on a Shimadzu
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UV-3000 dual-wavelength spectrophotometer. Protansport was followed by fluorescence
guenching of UM 9-amino-6-chloro-2-methoxyacridin (ACMA) in 10 mMEPES-KOH,

pH 7.5, 0.1 M KCI, 5 mM MgGCl(Laubinger and Dimroth 1988). The proton-transtimca
F1F0 ATPase which was used in control reactionsbéed a specific ATP hydrolysis

activity of 0.18umol mir* mg*. Upon modification with 0.5 mM N,N’-di-
cyclohexylcarbodiimide (DCCD) (Weber and Senior 20@he ATPase activity decreased to
0.06umol mir* mg*, indicating that 66 % of the hydrolytic activityas coupled to proton
transport. Assuming a ratio of 4 protons transkedater ATP hydrolyzed (Weber and Senior
2003), the calculated proton transport activity @42 x 4 = 0.48umol min' mg*. During
ATP hydrolysis, a transmembrane voltage of at I8A@shV was generated (Gemperli,
Dimroth et al. 2003), demonstrating that a protmadgnt was maintained across the

liposomal membrane.

4.3.6 Analytical methods

NADH oxidation and reduction of Q1 were followednsiltaneously on a diode array
spectrophotometer (Agilent 8452A UV-visible systeiff)e assay buffer (1 mL 50 mM Tris-
HCI, pH 7.5, 10 mM KCI) containing 0.1 mM Q1, 0.MWADH and 0.1 mM rotenone (if
indicated) was repeatedly degassed under vacuurfiteimeéd with N using a quartz cuvette
sealed with a rubber stopper. The reaction watestdy adding complex | with a gas-tight
syringe. Oxidation of NADH was followed at 340 neasf = 6.22 mM* cmi?). Formation of
ubiquinol-1 (QH) was determined from the difference in absorbatdbe wavelength pair
248 and 268 nmgz4s-268= 7.8 mM* cm'l). Protein was determined by bicinchoninic acid
method (Smith, Krohn et al. 1985) using reagentipased from Pierce. Bovine serum
albumin was used as standard. Acid-labile sulfids @etermined according to Beinert
(Beinert 1983). For UV-vis spectroscopy, complexals concentrated with Ultrafree-MC
filters (cutoff 30000 Da, Millipore) in the anaebhamber. Heme concentration were
calculated from the difference in absorbance dfiditite-reduced minus dehydroascorbate-
oxidized forms using 10.4 mMcmi* at Asos (hemea) and 28.5 mNt cmit at Asss (hemeb) as

extinction coefficients (Rieske 1967).
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4.4 Results

4.4.1 A redox-driven N& pump in the respiratory chain from Yarrowia lipolytica

We first studied Natransport by vesicles obtained from mitochondsizbmitochondrial
particles or SMPs). In the presence of 50 mM ratenthe Q reduction activity of SMPs was
inhibited by 83t 17 % (n = 3), indicating that the vesicles weredaminately oriented
inside-out, with the NADH-oxidizing part of compléxexposed to the external buffer. In the
absence of a respiratory substrate, there was sptake of Na uptake by SMPs to a stable
plateau of 11 nmol Namg* protein driven by the chemical Neoncentration gradient
imposed at the start of the reaction. Addition & significantly increased the amount of
Na" entrapped in SMPs during 1 min to 100 — 120 nmajlmNg* (Figure 4.1), indicating that
respiration stimulated Naransport. In the presence of the ionophore grialnicthe N&
content of the SMPs decreased to 6 nmof mtein, demonstrating that Neid not bind
unspecifically but was entrapped by the submitodhiahvesicles. Note that cytochoroe

was not included in the assay, hence electronfeafrem NADH to G was catalyzed by
complex | or the alternative NADH dehydrogenasergiber, Eschemann et al. 2001) and the
quinol oxidase (Akimenko, Arinbasarova et al. 2Q@@)ich is found inY. lipolytica in

addition to the cytochromeoxidases. NADH-driven Naaccumulation was also observed
with rat liver SMPs, which exhibited a transportivty of 20-25 nmol N& min™ mg* protein
(Douglas and Cockrell 1974).

In this study, Nauptake was completely abolished in the presentieegprotonophore
carbonyl cyanide 4-(trifluoromethoxy)phenylhydraeqi®CCP; 4 nmol/4.4 mg mitochondrial
protein), and the authors concluded that the oleseNd transport was catalyzed by
secondary NdH" exchangers (Douglas and Cockrell 1974). With SKi&® Y. lipolytica,
NADH-driven Na& transport was not inhibited by the protonophomdacayl-cyanide m-
chlorophenylhydrazone (CCCP; Figure 4.1) or FCGR ¢hown) at concentration of 30
nmol/0.5 mg protein. We did not find genes encodorga homolog of the Natranslocating
NADH:quinone reductase (N&QR) in the genome from. lipolytica (Dujon, Sherman et al.
2004) (Table 4.1), and NADH oxidation by mitochaatimembranes was not inhibited by
100uM Ag®, a specific inhibitor of the NaNQR (not shown). These findings prompted us to
speculate that NADH-driven Naransport in SMPs was catalyzed by complex |.€&t this

hypothesis, we obtained a complex | preparatiomfyolipolytica which coupled the
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oxidation of NADH to the two-electron reduction@f reconstituted the complex into

proteoliposmes, and analyzed its coupling cati@ctisigity.

vy
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4.4.2 Properties of complex |

Figure 4.1 Respiratory NADH:Q
oxidoreductase drives Natranslocation
and is stimulated by N4d.

A, Na’ uptake by submitochondrial particles
in the presence of 5 mM NaCl was followed
without added NADH (closed square), with
0.1 mM NADH (open triangle), with 0.1 mM
NADH and 0.1 mM CCCP (closed triangle),
or with 0.1 mM NADH and gramicidin (fg
mg* protein; open square). The Neontent

of the particles prior to addition of NaCl was
2 nmol mg' protein. Mean values from three
experiments are presented. B, The reduction
of ubiquinone (0.1 mM) with NADH (0.1 mM)
by complex | after DEAE chromatography (3
pg) was followed at pH 7.0 or pH 7.5 in the
presence of 10 mM NaCl (read) or 10 mM
KCl and 0.03 mM N&(blue).

As observed previously with the bacterial compléKrebs, Steuber et al. 1999; Gemperli,

Dimroth et al. 2002), highest quinol formation =ittes of complex | fron. lipolytica were

achieved by excluding LQduring the purification. Anoxically prepared SM&ghibited a

quinol formation activity of 0.2@mol min* mg* (Table 4. 2), compared to 0.fol mir*

mg” observed with SMPs prepared under air. We usedaytmaltoside to solubilize the

mitochondrial membrane proteins which were sepdraitea weak anionic exchange column

in the anaerobe chamber. NADH oxidation activityswiatected in several fractions, but only

proteins eluting around 0.3 M KCI exhibited NADHhyelrogenase activity coupled to two-

electron reduction of Q1 (Figure 4.2). In thesetitms, formation of quinol was completely

inhibited by rotenone (5AM), indicating that quinone reduction was catalybgdomplex I.

The purity of our complex | preparation was estiddrom the content of heme and FeS

clusters determined by VIS spectroscopy and chérarlysis of acid-labile sulfide.
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Table 4.1 Search for homologs of subunits of the Natranslocating NADH:quinone
oxidoreductase (N&-NQR) in Yarrowia lipolytica

Query Subject Partial amino acid sequence of tdipolytica protein
Accession number (total number of amino acids)
(function)
NgrA YALIOC21131g 559K KPDLPSIGTPQVYIDKLSELDKYV 582
(putative nuclear (724)

matrix protein)

NgrB YALIOF169409g 138INTQVVGIITGSP 1392
(unknown) 1425AFEVKGNVVDKNGNPQWTVGGHWH 1448
(1582)
NqrC YALIOE15554g 353TPHAIPQQPHLQ PGQDAFPGHPSATD 379
(putative histidine 384YDEDTKPARKRRDIGSAGSSQHSVAG 409
kinase) (913)
NqrD YALIOB18502¢g 110WYNPSSSTLA YSAASLVAIVPYTLIVM KP 139
(unknown) (188)
Ngrg YALIOE33583¢g 51 MV ANRAVGVGLTASAVFSSWMWANETLYGAYV 81
(putative urea transport 84 YNFGMSGPFWFAAGLSFHIALMTVV GIQVKLK 115
protein) (761)
NqgrF YALIOD11330g 81LTKYVTPKGSNVVRPYTPVSDPDSKGEFH.VV 113
(putative NADH 118 GKMSKHIHELKEGD TLSFKGPIIKYQWQPN 147

dehydrogenase) 148 LHKEITLIGAGTGITP 163
1681 SAINK NPEDK TK VNLFYG 186
200DAIAK AKPQQFNVHYFL 216
219PSDNWKGENGFI 230
232 EEFIKGNSPAADSDNVKVFVCGPPPFYKAISG 263
(291)

The six subunits (NgrA to NqrF) of the NaNQR fromVibrio alginolyticus (accession
number BAA22910) were compared with annotated amathetical proteins encoded by the
genome fron¥arrowia lipolytica strain CLIB122 (Dujon, Sherman et al. 2004) ugimng
BLASTP program version 2.2.6 (Altschul, Maddenletil897) at
http://cbi.labri.fr/Genolevures/. OnW. lipolytica proteins exhibiting the highest similarities
to Ngr subunits are shown. Bold letters indicaténanacids in theY. lipolytica protein which
are also present in the corresponding Ngr subseitl s query sequence in the BLASTP
search Y. lipolytica numbering). The total lengths of tielipolytica proteins are given in
brackets. With the exception of a putative NADH yf#logenase (YALIOD11330g) which is
related to the flavin-binding domain of NqrF, naraogs of Ngr subunits were foundYn
lipolytica. We conclude that. lipolytica does not contain a respiratory complex of thé Na
NQR-type.
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Figure 4.2: Separation of complex | by anionic exa@nge chromatography

Solubilized mitochondrial proteins (black trace)reveluted from the DEAE column with a
gradient from 0.07 — 1.0 M KCI (dashed trace) uraalusion of Q. Grey bars indicate
proteins that showed NADH dehydrogenase but ndfgignt ubiquinol formation activity.
Only fractions with ubiquinol formation activity ldck bars) which could be inhibited by
rotenone (*) were used for transport studies.

One mg of complex | after anionic exchange chrogratehy contained 1.2 nmol herag0.1
nmol hemeb (Figure 4.3), and 9.5 nmol acid-labile sulfide fr(@able 4.2). Assuming that

pure complex | with a molecular weight of 890 kmtining 28 mol $ mol* is analyzed
(Brandt 2006), this corresponds to 10.8 mol achildasulfide mof: complex | and indicates
that approximately one third of the total proteirour enzyme preparation represents complex
I. Major contaminants were heragcontaining complex IV and the herbecontaining

complex Ill. Approximately 50% of the heme iron waghe Fé" state (Figure 4.3),

suggesting that complex | purified in the anaerchmber also was (partially) reduced.

Table 4.2 Purification of complex | from Y. lipolytica

Protein Quinol formation activity S

[mg]  [pumol min* mg*]  [pmol min] [nmol/mg]

Submitochondrial

particles 21.9 0.2 3.7 1.1
Solubilized
membranes 3.8 0.4 1.5 2.4

DEAE column 0.3 1.4 0.6 9.5
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Figure 4.3 Visible
absorption spectra of
R I complex | from DEAE
| anionic exchange
Lato [} chromatography
0,10 4
Solid line, complex 1 (3.2 mg
ml™) as isolated; dotted line,
with excess dehydroascorbate;
dashed line, with excess
dithionite.

Absorption
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4.4.3 Nd stimulates Q reduction by complex |

In Na'-translocating NADH dehydrogenases, electron tearfsbm NADH to quinone is
strongly stimulated by Na(Hayashi and Unemoto 2004; Turk, Puhar et al. 200Hich
suggests binding of Ndo a specific site relevant for cation pumpingc®i the dissociated,
NADH-oxidizing part of complex | may contribute tioe overall NADH oxidation activity,
the coupling ion dependency of electron transfes stadied by following the formation of
quinol, which is catalyzed by the membrane-embegdetof complex I. The activation by
Na' is expected to be more prominent under slighthglade conditions, since protons may
compete with N&for the binding to Napumps (Dimroth 1997). At pH 7.0, the rates of
NADH-dependent Q1 reduction by complex | frafriipolytica did not differ significantly in
the presence of 10 mM K£D.28umol min* mg*) or 0.03 mM N4 and 10 mM K (0.33
umol mint mg?). If the pH was raised to 7.5, the quinol formataxtivity of complex |
increased from 0.3@mol min® mg* at 0.03 mM N&and 10 mM K to 1.43umol min* mg*
at 10 mM Na (Figure 4.1 B). Obviously, binding of N#o complex | from. lipolytica
promted electron transfer from NADH to Q1, as régdearlier for the bacterial complex |
(Gemperli, Dimroth et al. 2002).

4.4.4 N4 transport
We now asked whether our complex | preparation whias stimulated by Nan the
electron transfer reduction could also used &aa coupling ion in the transport reaction. The

complex was reconstituted into proteoliposome®tof NADH-driven Na uptake. As
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observed previously with the bacterial complex éf@erli, Dimroth et al. 2002),
endogenous quinones from the soy bean lipids uwse@onstitution served as electron
acceptors. Addition of NADH led to a rapid uptakedd umol Na” mg*, which was

inhibited by rotenone (Figure 4.4). Note that uptakas followed in the presence of a'Na
concentration gradient (Ng: >> Na';y), since the analysis by atomic absorption spectiog
required low internal Naconcentration of proteoliposomes at the starhefreaction. We

also followed Natransport at N3, = Na' o, = 5 mM and addetfNa" as radioactive tracer to
the external lumen. Again, the oxidation of NADH fegonstituted complex | was coupled to
the translocation dfNa’ (Figure 4.4). Uptake dfNa’ did not collapse in the presence of the
protonophore CCCP, demonstrating that the obsdraedport did not result from the

combined action of a proton-translocating complard a N¥H" antiporter (Figure 4.4).

Next we investigated whether the transport of tiaring NADH:quinone oxidoreduction by
the reconstituted NADH dehydrogenase frgnipolycta resulted in the formation of a
transmembrane potentidl\¢) using the voltage-sensitive dye oxonol VI. Getieraof AW
was dependent on N mM) present in the external lumen of proteddipmes, and was
stimulated by adding the electron acceptor Q1AMowas established in the presence of 0.07
mM Na’, or 5 mM N& and 10 mM monensin, a Nanophore (Figure 4.4C). We conclude
that. lipolytica mitochondria contain an electrogenic NADH dehye@mmase which
specifically requires sodium ions for the build-afpa transmembrane potential. The NADH-
dependent Natransport activity increased significantly uponification from 0.12umol

min™ mg’ in SMPs (Figure 4.1) to 2@mol min* mg" with reconstituted NADH
dehydrogenase (Figure 4.4B), concurrent with aresme in Q reduction activity (Table 4.2).
A comparison of the specific quinol formation aittiy(1.4 pmol min* mg*, Figure 4.1B)

with the rate of Natranslocation (2.@imol min* mg?) gave a transport ratio of 0.8

Na'/electron transferred.

The alternative NADH dehydrogenase (NDH II)Yofipolytica which is attached to the inner
mitochondrial membrane does not act as a catiorppg@rscher, Eschemann et al. 2001).
Kerscher and coworkers also demonstrated that aom@nd NDH Il are the only
respiratory NADH dehydrogenases found in mitoch@fiomY. lipolytica (Kerscher,
Eschemann et al. 2001). We therefore proposehkabtenone-sensitive, Ré&ranslocating,
electrogenic NADH dehydrogenase identified in niimaedria fromY. lipolytica represents

the complex | of the respiratory chain.
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Figure 4.4 Electrogenic Na transport by reconstituted complex |

Na' transport was followed by atomic absorption sgetiopy (A) ory-counting of*?Na’ (B)

in the presence of 5 mM NaCl. Mean values fromdleeperiments are presented. A, with
0.1 mM NADH in the absence (square) or presendeloiM rotenone (circle). In A, the
data were corrected for the endogenous ddatent of the proteoliposomes in the absence of
substrates (0.4@mol mg" protein). B, without (triangle) or with 0.1 mM NADand 0.1 mM
CCCP (square). In B, the internal Nabncentration at the start of the reaction wadvb in

C, the absorption difference of 0.01 mM oxonol §2% nm-587 nm) indicated the formation
of a transmembrane potential during oxidation @60nM NADH (arrow) by reconstituted
complex |. The assay contained (traces from tdgttom): 5 mM Naand 0.1 mM
ubiquinone-1 (Q1); 5 mM Na0.07 mM N4 and 0.1 mM Q1; 5 mM Na0.1 mM Q1 and 10
MM monensin.

4.4.5 Proton transport

To investigate whether complex | translocatésitivas crucial to show that the
proteoliposoomes used for N@ansport experiments were also suitable for tiadyais of
transmembrane proton movements. Proton transpartallawed by ACMA guenching using
the H'-translocating F1FO ATPase as control. AdditioA®P elicited quenching of the
fluorescence signal, indicating that a pH grad{actdic inside) was established by the
ATPase. CCCP restored the signal, demonstratingttha@radient across the liposomal
membrane resulted from the vectorial transportrofqns from the external to the internal
lumen of the proteoliposomes (Figure 4.5, uppereraln contrast, hardly any quenching was

observed upon addition of NADH to proteoliposomestaining complex |. Assuming a
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coupling ration of 3.6 Htranslocated/2 electron transferred by Yh&polytica complex |
(Galkin, Drose et al. 2006), we would expect a@ndtansport activity of (3.6 x 0.33 =) 1.19
pmol mint mg* based on the quinol formation activity of our cdexpl preparation (Figure
4.1B). Considering that the ATPase had an actifit§.48pmol H" translocated mihmg?,
proton transport by complex | should have quenchedluorescence of ACMA to an extent
observed with the ATPase in the control reactioe. Mo tested whether reductive activation
of complex | would be required to observed protams$port (Kotlyar and Vinogradov 1990)
and added a second aliquot of NADH, but no sigaiftoquenching of ACMA fluorescence
was observed unless Q1 was also added. HoweveQihidependent quenching reaction was
not accompanied by transmembrane proton movemeats is could not be reversed by
CCCP (Figure 4.5, middle trace). In fact, Q1 stipripcreased the fluorescence signal even
in the absence of NADH, and again, addition of NABIH not significantly quench the
remaining fluorescence (Figure 4.5, lower traceg. nclude that there is no evidence for
proton transport by reconstituted complex | in #nificial membrane system which allows

following NADH-driven Na transport (Figure 4.4).

guenching of ACMA fluorescence.

!
w W To 48pg reconstituted ATPase, 2 mM

\ ) ATP and 1QuM CCCP were added as
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e (two subsequent additions), 0.1 mM Q1
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4.5 Discussion

With the discovery of NdH™ antiporters in mitochondria (Mitchell and Moyle6, it
became obvious that a Ngradient is maintained across the inner mitochahdrembrane at
the expense of the proton motive force. Respiriitgehondria from vertebrates established a
Na" gradient of ~ 8 (N&y >> Na i) which collapsed when the proton motive force was
dissipated by protonophores (Douglas and Cock8al1Jung, Apel et al. 1992), suggesting
that mitochondrial Natransport is exclusively catalyzed by secondary tkensporters. In

the yeastarrowia lipolytica, protonophores did not inhibit respiration-driviea’” transport

in mitochondrial membranes, indicating that a reddxen N& pump is operative in this
lower eukaryote. Using solubized mitochondrial pmotreconstituted into proteoliposomes,
we confined the redox-driven N&ransport activity to the NADH:quinone segmenthaf
respiratory chain frony. lipolytica, and propose that it is an intrinsic catalyticpeay of
complex I. As observed previously with the bactes@nplex | (Gemperli, Dimroth et al.
2003), N& transport by complex | fron. lipolytica was coupled to the generation of a
transmembrane potential. We did not find evidemcegfoton transport by complex | under
our experimental conditions. How can we reconaileabservations with previous
investigations? We are aware of three reports otoprtransport using solubilized or purified
complex | from mitochondria reconstituted into g@iposomes (Ragan and Hinkle 1975;
Drose, Galkin et al. 2005; Galkin, Drose et al. @00n these studies, the possibility that
other cations are transported by complex | instégdr in addition to) protons was not
considered (Ragan and Hinkle 1975), or could naxmuded unequivocally (Drose, Galkin
et al. 2005). The electron transfer reaction catdyby complex | results in the net
consumption of one Hper NADH oxidized for the formation of ubiquin@H,) from
ubiquinone (Q). If Q like NADH binds at the matside of complex I, electron transfer by
reconstituted complex | will be accompanied by lalezation of the external lumen of the
proteoliposomes. Indeed, the reconstituted comptexsumed 1 Hper NADH oxidized in
the presence of a protonophore, demonstratingptiotdn uptake by complex | is not
necessarily coupled to proton transport (RaganHinkle 1975; Galkin, Drose et al. 2006).
Brandt and coworkers followed proton uptake byphgfied and reconstituted complex |
from Y. lipolytica using the pH-sensitive fluorescence dye, ACMA.abbt, NADH-
dependent quenching of ACMA by reconstituted complequired short-chain quinones like
Q1 (Drose, Galkin et al. 2005) which very efficigrquenched the fluorescence of ACMA
even without added NADH (see Figure 4.5 in thiglgi@nd Figure 3 in (Drose, Galkin et al.
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2005)). Hence, it is questionable whether the guoiegcof ACMA fluorescence during
electron transfer from NADH to short-chain quinodescribed in (Drose, Galkin et al. 2005)
exclusively resulted from vectorial proton tranggwy reconstituted complex | (Ragan and
Hinkle 1975; Drése, Galkin et al. 2005; Galkin, Becet al. 2006) was based on a method to
determine the proton concentration in the intelumalen of the proteoliposomes during
NADH oxidation by complex I. In contrast, the rasulescribed here are based on the
analysis of Naentrapped in SMPs or proteoliposomes. NADH oxatably reconstituted
complex | fromY. lipolytica was clearly linked to Naransport but did not result in a
significant quenching of ACMA fluorescence. Under experimental conditions, Naather
than H was the preferred coupling cation of complex I, fmaton translocation should be
considered nevertheless. Protons may be transparsttition to N&, or the cation
selectivity may switch from Nao H" under conditions of acidic pH and low [Naas
observed with Na+-translocating F1FO ATPases (Dimi®97).

The use of Naas respiratory coupling cation in mitochondrianssgo contradict the central
tenet of bioenergetics which states that mitochi@hdespiration is coupled to ATP synthesis
via the proton motive force. On the other handidr@al respiratory chain provide many
examples where Hdependent ATP synthases and respiratory protomNahgumps operate
in the same membrane (Dimroth 1997). The protonsaadum ion cycles are linked by
Na'/H" antiporters which exchange Nand H across the membrane (Padan, Tzubery et al.
2004). They are involved in the homeostasis of &al H and are found in membranes and
organelles from cells of many different organisihbas been generally assumed that theé Na
gradient across the inner mitochondrial membrafeystesults from the activity of N&H*
antiporters. Our study indicates that theé Bgcle in mitochondria frony. lipolytica includes
the NADH-driven extrusion of Navhich we propose to be catalyzed by complex I. The
cation specificity (Naversus H) of complex | has fundamental implications for our
understanding of its mechanism and its role in@né&ansduction and metabolism. The use
of Na" as respiratory coupling cation might ena¥il¢ipolytica to efficiently adjust the

mitochondrial proton and Naoncentrations in response to cellular demands.
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5 General Discussion

5.1 ISC-type Iron-Sulfur Cluster in Na'-NQR

Various spectrometric analyses and sequence aligisrseowed that the Fe-S domain of the
subunit NgrF possesses an ISC-type [2Fe-2S] clts¢is related to the ferredoxin of the
vertebrate-type family (Lin, Puhar et al. 2005) rNep the entry site, where under oxidation
the electrons of NADH enter RNQR and are transferred via NgrF’s cofactors, Rl
[2Fe-2S] cluster, to other subunits to reduce quénim quinol (Turk, Puhar et al. 2004).
Subsequently, quinol transfers the electrons tatvenstream complexes of the respiratory
chain. N&-NQR is an important part of the respiratory chafivibrio cholerae. However
recent studies have shown that 8¥QR might be involved in processes other than

respiration.

NgrF’, a soluble derivate of the NgrF subunit, b@noverproduced using cholerae as host,
however the insertion of an iron-sulfur clusterrsedo be the limiting step of the NqrF’
overproduction. NgrF’ with fully assembled cofast®AD and Fe-S cluster shows higher
stability than those only with incorporated FADtdrestingly, the overproduction of NqrF’ is
better in the wild typd&/. cholerae strain with intact N&NQR than in the NaNQR-depleted
mutant (Tao, Fritz, Steuber, submitted for pubiamat It seems that the Fe-S cluster of Na
NQR is not only taking part in the electron tramgfiirk, Puhar et al. 2004), but also

promotes the stability and/or assembly of NgrF'.

The genesiqrABCDEF are related to the gene¥BDGAEC, respectively, which encode a
membrane-bound complex called Rnf that was firstdbed in the BHixing bacterium
Rhodobacter capsulatus for its participation of electron transport toragenase (Jouanneau,
Jeong et al. 1998; Jeong and Jouanneau 2000). é&mgitixing bacterium Azotobacter
vinelandii, contains two clusters off-genesrnfl, whose expression is regulated together
with nif-genesynf2, which is expressed independently of the nitrogmurce in the medium
(Curatti, Brown et al. 2005). Other than\Vincholerae, rnf-like genes have been foundin
coli (designatedsxABCDGE) as well, and they are required to keep the [26keRister-
containing, redox-sensitive transcriptional facoxR in its reduced state during normal

aerobic growth (Koo, Lee et al. 2003).Anvinelandii it's been shown that Rnf proteins are
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required for the rapid accumulation of the matufdge-4S] cluster-containing form of
dinitrogenase reductase (Curatti, Brown et al. 200berefore, it seems that Rnf and Rnf-
related complexes like Na&NQR are important for the maturation of iron-sulfluster-

containing proteins.

The iron-sulfur cluster assembly machineryircholerae is poorly studied, however in the

genome oW. cholerae (http://cmr.tigr.organdhttp://www.ncbi.nim.nih.goy/homologues of

iron-sulfur cluster assembly proteins are found: @Z48 (NifS/IscS, cysteine desulfurase),
VC_0749 (NifU family protein), VC_0747 (HTH-typeainscriptional regulator IScR),
VC_0752 (chaperone protein HscA), VC_0751 (co-chape HscB), VC_0750 (hesB family
protein). Thengr genes are related taf genes and the N&NQR subunit, NgrF, contains a
[2Fe-2S] cluster related to ISC-type ferredoximsnisulfur cluster assembly machineries like
ISC (iron-aulfur-cluster)-, NIF (nfrogen-fxation)- and SUF_(gfur-utilizing-factor)-systems
have been intensively studied (reviewed in (JohnBa&an et al. 2005)). Based on these
studies and sequence analysis a putative ironfstiligter assembly machineryVhcholerae

including a reductive function for the NAIQR can be hypothesized (Figure 5.1).

Nat- molecular
NQGR chaperone apoNgiF
protein
Cys reduction of Fe-S cluster :\‘S /
\ ADP + P, ! ¥ FAD

Transfer of Fe-S cluster

\
—

preassembly of
Fe-S cluster quF

Figure 5.1 Putative Fe-S cluster assembly machineig V. cholerae

NifS and IscS are both cysteine desulfurases atadiyza the elimination of sulfur from L-
cysteine. NifU is a scaffold protein in which thien-sulfur cluster is preassembled. After the
reduction of preassembled iron-sulfur cluster by-N®R, the cluster is transferred to its
destined apoprotein (NgrF is displayed here asxample) with help of the chaperones,
HscA and HscB under ATP hydrolysis (Takahashi anéadhura 1999; Chandramouli and
Johnson 2006).
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IscS is closely related to NifS. They both are gigxial phosphate-dependent cysteine
desulferases, which catalyse the elimination dusd@itom L-cysteine providing the necessary
sulfur for the Fe-S cluster assembly (Jacobsonh @aal. 1989; Zheng 1993; Zheng, White et
al. 1994; Flint 1996; Zheng, Cash et al. 1998)UN#g a homodimeric modular protein that
functions as a scaffold protein providing an intedmate site for the assembly of Fe-S cluster,
or Fe-S cluster precursors (Smith, Jameson e0@b)2 Both NifS and NifU play crucial roles
in the maturation of Fe-S proteins (reviewed irh@Bon, Dean et al. 2005)). HseB is a large
protein family to which IscA belongs (Cupp-VickeSilberg et al. 2004). IscA is part of the
ISC-type assembly system; however its functiot r&ihains controversial. It has been
proposed that IscA provides iron molecules forRReS cluster assembly (Ding, Clark et al.
2004; Zeng, Zhao et al. 2007). The'MQR subunit NgrF contains a [2Fe-2S] cluster sslat
to ISC-type ferredoxin. The nature of ferredoxithivi the iron-sulfur assembly machinery
hasnot been fully characterized yet, but ferrediirkely to be involved in electron transfer
such as to reduce S t& @okumoto, Nomura et al. 2002), which is esseritinthe

maturation of iron-sulfur cluster. Both HscA andcBgheat $iock mgnate proteins) function
together as a nucleotide-dependent molecular chapesystem that is specific to IscU
(Silberg, Tapley et al. 2004). HscA belongs toubguitous 70 kDa heat shock protein
family (Hsp70 or DnaK) that facilitates proteindoig, assembly and transport via
nucleotide-dependent binding to unfolded, misfoldednstable polypeptides to prevent
unspecific aggregation (Mayer, Brehmer et al. 20BikcB is a member of J-type
cochaperone family (Hsp20 or DnaJ) that escortssitld substrate to HscA. Together, HscA
and HscB stimulate [2Fe-2S] cluster transfer freal) to apoferredoxin in a ATP-dependent
manner (Chandramouli and Johnson 2006). Thereakaown chaperones associated with
iron-sulfurcluster assembly specific to the nitrogen fixatibihF) machinery yeZheng,

Cash et al. 1998; Agar, Zheng et al. 2000). Thenstinalregions of NifU proteins display
sequence homology to IscU proteins, and the prirs@rgies in which the valine in the
binding-motif sequence (LPRY) of IscU is replaced by glutamazid in the binding-motif
sequence (LPBE of NifU showed no difference in genemmbperties of the interaction with
HscA/HscB, dimerization, and iron-sulfur clusterrfmtion,indicating that the HscA/HscB

chaperone system may interact with NifU as wellfi(HOupp-Vickery et al. 2003).

The facts that NaNQR is related to the Rnf complex and contain®ref2S] cluster related
to ISC-type ferredoxin indicate that NBIQR might possess properties that promote

maturation of iron-sulfur proteins M cholerae. The beneficial effect of the presence of Na
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NQR with respect to NgrF’ might be due to the dttiof Na'-NQR in facilitating insertion
of Fe-S cluster into NgrF’, hereby promoting thatsesis and the stability of NqrF'.

5.2 Reactive Oxygen Species Generated by NdQR

Na'-NQR reduces quinone under oxidation of NADH anelsuthe gained energy from the
redox reaction to translocate sodium ions acrassrtbmbrane (Steuber 2001). During the
reduction of quinone ,semiquinone radicals are éafras intermediate which can be observed
using EPR analysis. Semiquinone radicals can wi#ittmolecular oxygen forming
superoxide (Lin, Turk et al. 200A). cholerae possesses periplamic superoxide dismutase
(Gabbianelli, Signoretti et al. 2004) that cataly#tee dismutation of superoxide into
hydrogen peroxide and molecular oxygen (Figure. ®2y studies showed thavacholerae
strain with intact NANQR generates significantly higher amounts ofapetular superoxide
and hydrogen peroxide than the'Md#QR-depleted strain, indicating that the generatib
reactive oxygen species is linked to"NNQR (Lin, Turk et al. 2007). NaNQR of V.

cholerae is situated in the commensurate position witheréspiratory chain like complex |
as the entry site for electrons, and it is gengtailown that the respiratory complexes | and
[ll generate small amount of superoxide as a siddyrt of electron transfer during oxidative
phosphorylation (Nicholls and Budd 2000; Chen, \(gezmet al. 2003; Turrens 2003). It was
observed that complex | generates superoxide wierate of electron transfer and ATP
synthesis is low, and in this state the redox pgakaf complex | seems to be higher than the
NADH/NAD* couple, resulting a thermodynamically unstableeethat leaks electrons to
molecular oxygen (Kushnareva, Murphy et al. 200&2)ereas complex Ill generates
superoxide during cycling of the electron acceptmguinone when the electron flow is high,
and ATP synthesis is fast (Turrens, Alexandre .et@85). In both cases, the univalent
oxidation of quinol (or univalent reduction of qaime) produces semiquinone radicals that
react with molecular oxygen forming superoxide {B8d:999); however only a small
percentage of electrons leaks out of the respyratioain complexes (Barja 1999). In contrast
to mitochondrial respiratory complexes, NdQR produces overstoichiometic amount of
reactive oxygen species which are subsequentlgseteinto the extracellular environment
(Lin, Tark et al. 2007).
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Figure 5.2 Generation of reactive oxygen speciesavubisemiquinone radical

The reduction of ubiquinone occurs in two stepstli, one electron and one proton are
accepted and ubisemiquinone radical is formed astarmediate, subsequently, further
electron and proton are accepted and the ubisenuigeiradical is fully reduced to ubiquinol.
Ubisemiquinone radical can react with moleculargety and form superoxide £Q.
Superoxide dismutase catalyzes the dismutationmérexide into hydrogen peroxide and
molecular oxygen.

The ability to produce substantial amount of exdhatar superoxide is not so uncommon
among bacteriaEnterococcus faecalis (Huycke, Joyce et al. 1996; Huycke, Moore et al.
2001), Lactococcus lactis (Huycke, Joyce et al. 1996; Winters, Schlinke let1898) and
Mycobacterium pneumoniae (Cohen and Somerson 1967; Cole, Ward et al. 1888)posses
this ability. Our study showed that the productairextracellular superoxide . cholerae
rose from the formation of semiquinone radicalsalwhis contributed mainly by NeNQR
(Lin, Tark et al. 2007), however there are otheinque-reducing/ quinol-oxidizing enzymes
in the respiratory chain oY. cholerae that may also be involved in the production of
superoxide (Figure 5.3). In our study, it was destiaied that the succinate dehydrogenase,
the respiratory complex Il, contributes very littie the formation of semequinone radicals
(Lin, Tark et al. 2007); this result agrees witke findings inE. faecalis (Huycke, Moore et al.
2001).
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Figure 5.3 Generation of extracellular reactive oxgen species in the respiratory chain of
Vibrio cholerae

Na'-NQR produces overstoichiometric amount of extiatal superoxide via formation of
semiquinone radicals (Lin, Turk et al. 2007). la firesence of the periplasmic superoxide
dismutase (SOD), superoxide is converted into hyeingperoxide. Succinate dehydrogenase
(complex Il) also reduces quinone to quinol, buttdbutes very little to the formation of
semiquinone radicals (Huycke, Moore et al. 200#; [itrk et al. 2007), thus it is not
considered to participate in the production of @setlular reactive oxygen species. Gyt
complex (complex Ill) reduces cytochromender oxidation of quinol, therefore it may
contribute to the formation of semiquinone radic@lse terminal oxidase couples the proton
transport with the reduction of molecular oxygen@mnthe oxidation of reduced cytochrome

5.2.1Extracellular reactive oxygen species and pathogetity

Vibrio cholerae produces overstoichiometric amount of extracelltd@active oxygen species,
however their physiological function are still uigkam, but the studies dviycoplasma
pneumoniae infections may provide some indications (Almagdeifziv et al. 1983). Likey.
cholerae, M. pneumoniae is also a pathogen that adheres to the hostr@ltauses infection.
M. pneumoniae is known to produce reactive oxygen species sadhp@, and Q" (Cohen
and Somerson 1967; Cole, Ward et al. 1968; Sobgsteand Chanock 1968; Lynch and Cole
1980). Studies showed that 70% of the catalaseityatn the M. pneumoniae-infected host
cell was inhibited by superoxides (Almagor, Kahanhal. 1984). And the level of
malonyldialdehyde in the host cell was elevatedrafthours of infection, indicating
peroxidation of membrane lipids (Almagor, Kahanaleti984). It was suggested that the
reactive oxygen species generatedvbyneumoniae during the infection inhibit the catalase
and CuZn-SOD activity of the host cell (ZimmermaRghe et al. 1973; Hodgson and
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Fridovich 1975), resulting in accumulation of irteflular reactive oxygen species, which
then induce oxidative damages to vital cell constits such as membrane lipids, DNA or
glutathione and finally cell death (Almagor, Kahateal. 1984; Kahane 1984). The studies on
M. pneumoniae provided a possible model of how the productioexifacellular reactive
oxygen species contributes to the pathogenicity. cholerae, however to what extent the
extracellular reactive oxygen species play a rakeng V. cholerae infection still remains to

be elucidated.

5.3 Complex | and N4 lons

5.3.1. lon transport mechanisms of complex |

The finding that the respiratory complex | in treagtYarrowia lipolytica (Lin 2007
submitted) and in the bacteriuthebsiella pneumoniae (Gemperli, Dimroth et al. 2002) is
capable of translocating sodium ions instead ofgoroaises questions not only about the
physiological role of complex | but also aboutids transport mechanism. The crystal
structure of the hydrophilic arm of complex | sugigel that the electrons travel through the
complex | by the following pathway of cofactors: NMN1b-N3-N4-N5-N6a-N6b-N2
(Friedrich 2001; Sazanov and Hinchliffe 2006). Huese without the structure of the
hydrophobic arm of complex I, the mechanism of libe/reduction of quinone and the
transfer of ions are coupled still remains unknoWwuo mechanisms have been proposed. In
the first model, the ion transport is directly ctagpto the redox reaction (Vinogradov 1993;
Vinogradov 2001); whereas in the second modelrgtiex reaction induces conformational
changes in complex | which then set off the transpbions across the membrane (Brandt,
Kerscher et al. 2003; Flemming, Stolpe et al. 2005)

5.3.1.1 Redox-linked ligand conduction mechanism

An example for the direct coupling of redox reagti@nd ion transport is the Q cycle of the
cytochromebc; complex, in which the translocation of proton$inged to the redox-
dependent protonation and deprotonation of Q (Kia et al. 1998; Hirst 2003). In 1998
Duttonet al (Dutton, Moser et al. 1998) proposed a reversgdeanechanism for complex I,
in which an exogenous Q on the matrix side is reduo QH by the N2 cluster and the
endogenous Qklwhich forms a semiquinone and releases a prettimetintermembrane

space. The exogenous @fdrmed is exchanged with a second Q from the manerThe
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process repeats again, in which the semiquinofdlysoxidized to Q and releases another
proton. After both Q and Qtare replaced, the cycle starts over again. ThersevQ-cycle
mechanism requires several quinones and its intiates (hence ligand conduction) to
translocate protons across the membrane. Withisoewery of the Natransport activity oK.
pneumoniae complex | (Gemperli, Dimroth et al. 2002), Steubrd coworkers proposed
another mechanism for redox-coupled Ktansport, in which an endogenous quinone acts as
a cofactor and is stabilized by the binding t¢ Naring the reduction reaction and an
exogenous quinone from the Q-pool receives thdreles from the reduced quinone and
release Nato the other side of the membrane (Gemperli 2088)vever, in both proposed
mechanisms distinct and different Q binding sitesraquired, and studies of other groups
showed that different complex | inhibitors bindtihe same binding pocket (Okun 1999), thus
the redox-linked ligand conduction mechanism selesslikely to be the transport

mechanism of complex |.

5.3.1.2 lon transport via conformational energy trasfer

With increasing numbers of observations of complexdifferent conformations

(Belogrudov and Hatefi 1994; Yamaguchi, Belogrudoal. 1998; Hellwig, Scheide et al.
2000; Mamedova, Holt et al. 2004), the model oftimmsport via conformational energy
transfer becomes more favorable. It is proposeitiigaoxidation of the N2 cluster by
guinone reduction induces specific conformatioirges that are transmitted to the subunits
in the membrane arm of complex |, which act asgomps (Brandt, Kerscher et al. 2003).
Remarkably, studies showed that complex | is sersiv the amiloride-type inhibitors which
are specific for NaH" antiporters (Kerscher 2001; Nakamaru-Ogiso, Seb. @003; Steuber
2003). Furthermore, the subunits of the membrame BD2, ND4 and ND5, seem to have
evolved from a N&H" antiporter family (Fearnley and Walker 1992; Mat&n and

Hagerhall 2002). These subunits are considereldeagdssible candidates responsible for the
transport of Naor H". Recently Gempertt al also showed that the NuoL subunit
(homologue of ND5) oE. coli complex | is capable of translocating™ad K ions

(Gemperli, Schaffitzel et al. 2007). All these lsguggest that complex | is more likely to
couple the reduction of quinone to the transfeXaf (or H') through N&H™ antiporter-

related subunit by conformational changes impogseithé redox reaction.
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5.3.2 Nd cycle in mitochondria

The physiological role of Nagradient has been intensively studied in bacterianot so in
mitochondria. Generally a Ngradient across the membrane can be generated kjth
convertingApH toApNa through the N#H" antiporter or by active Ngpumps such as Na
translocating NADH:quinone oxidoreductases ‘UNEQR) (Ken-Dror, Preger et al. 1986;
Udagawa, Unemoto et al. 1986; Dimroth and Thom&91Jokuda and Kogure 1989;
Kostyrko, Semeykina et al. 1991), Naecarboxylases (Dimroth 1980; Buckel and Liedtke
1986; Dimroth 1987) or NaATPases (Schwartz and Collins 1982; Skulachev 1B88roth
1987). It was suggested by Skulachev fiaitla (andApK) generated by the NgK™)/H*
antiporter functions a&jiH" buffer (Skulachev 1978) and this idea was expertaily

proven by other groups (Wagner, Hartmann et al818¥shavsky, Baryshev et al. 1981,
Brown, Galperin et al. 1983; Michels and Bakker3p&owever, the bioenergetic role of
Na" is not limited only ilAfiH" buffering. In some forms of life, it was shown ttia'-

motive force plays a crucial role in energy traretns, transport of metabolites, as well as
regulation of pH and volume homeostasis:-N&R and N&decarboxylases are mostly
found in marine bacteria, whereas'MelrPases, enzymes that pump‘Nans under
consumption of ATP, are found in the plasma membEreukaryotes (Schwartz and Collins
1982; Skulachev 1988). In bacteria, a differentkaf Na-ATPase is found which utilizes
the Nd motive force to synthesize ATP (Dimroth 1987).

Although a Na gradient can be used as the driving force for-idatabolites symport, as
observed in bacterial and plasma membrane (Skulat®®9; MacAulay, Hamann et al.
2004), no such Nadependent cotransporter has been reported in hoitokia yet. The Na
gradient in mitochondria is mostly considered tarlved in the release of €4ons into
the cytosol (Brierley, Baysal et al. 1994; NguyBundycha et al. 2007). Gaserves as an
intracellular second messenger in signal transdadtom the ambient medium into the cell
(Berridge 1993; Rizzuto, Bastianutto et al. 19®84ifochondria are known to control free
cytosolic calcium ion signals, [¢3., by uptake and release during cytosolié¢’Ca
mobilization. Mitochondria operate either as a ieaouffer (Hoth, Fanger et al. 1997; Straub,
Giovannucci et al. 2000; Park, Ashby et al. 2004m€llo-Almaraz, Salido et al. 2002;
Cancela, Van Coppenolle et al. 2002) or as a fatifig factor in the spreading of calcium
signals (Simpson and Russell 1996; Duchen 2000p&im 2000).



GENERAL DISCUSSION 81

Permeability ATP

transition

\ ‘ OH
pore~”
@ ADP

P-carrier

t
o KY(NaY) /H*-
s ../ Antiporter
H+ L 3
P

@,

i Kt/iNa*

i

Na*“/H*- Acetyl-CoA ) {
Antiport e L
H+Llp0r er H t@» car
~—Antiporter

Na* 3

Ca2*- Uniporter _Ca?* el

ATP

vonz v | FFy-ATPase
Nav/Ca®™- . Nt* H* H+ H
Antiporter

Respiratory chain complexes

Figure 5.4 A schematic diagram of cation gradienti mitochondria from Yarrowia
lipolytica

The Krebs tricarboxylic acid (TCA) cycle providé®tnecessary reduction equivalents
(NADH and FADHR) for the respiratory chain to build up an elecltramical potential across
the membrane; a Nagradient in case of complex | and a proton gradienerated by other
respiratory complexes. The proton electrochemicadignt is used in many processes such as
ATP synthesis, KH" antiport for pH and volume homeostasis or maimtaia Nd gradient.
The uptake of Cd is mediated through an energy-consuming’ Qaiporter. The release
cd" into cytosol can be carried out either by? 4" antiporter, permeability transition pore
or Na'/C&" antiporter. For the latter, a Ngradient is most crucial for the efflux of €4for
references see text). This schematic diagram isfreddrom (Nguyen, Dudycha et al. 2007).

Other studies showed that the relation betweenamitodria and the change of free matrix
calcium ions, [C&]m, is much more complicated. €amobilizing signals can become a
direct stimulus for the metabolic enzymes in theostiondrial matrix (pyruvate
dehydrogenase, isocitrate dehydrogenase and 2gaogfie dehydrogenase) leading to
activation of metabolic pathways such as the Ktabarboxylic acid cycle and respiratory
chain by elevating the level of NADH and FABkh the matrix (Denton and McCormack
1980; McCormack and Denton 1981; Brookes, Yoor.&t(®4; Camello-Almaraz, Gomez-
Pinilla et al. 2006). In general, increases in{Gastimulate the energy demand of the cell,
whereas increases in [€l, within a physiological range stimulate the supiplythe energy
demand (Katz 1991). Recent studies also showedgfatransport is involved in triggering
of apoptotic processes (Crompton 1999; Smaili, étsal. 2000; Skulachev 2001; Skulachev
2002; Hajnoczky, Csordas et al. 2006; Saundersn8zyk et al. 2007), and stimulation of
metabolism during fertilisation (Dumollard, Ducheial. 2006).
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Mitochondrial C&" uptake is mediated in an energy-dependent faghasington and
Murphy 1962) via a C& uniporter (Kirichok, Krapivinsky et al. 2004). €aan be released
into the cytosol through 3 different pathways: N&-dependent pathway via N&&*
antiporter in excitable tissues (Crompton, Mosalel978; Nicholls and Scott 1980; Rizzuto,
Bernardi et al. 1987; Gunter and Gunter 1994; H8yaut et al. 1998; Griffiths 1999), the
Na'-independent pathway via E&H" antiporter in non-excitable tissues (Gunter areiffef
1990; Gunter and Gunter 1994; Bernardi 1999) aad0#'-dependent pathway via
permeability transition pore (Gunter and Pfeiffé®@) which can lead to massive and
unspecific release of ions and of compounds witlhoéecular weight less than 15000 kDa,
causingAW decay and swelling of mitochondria (Bernardi 1988ympton 1999; Skulachev
2001; Skulachev 2002) (Figure 5.4).

In the Nd-dependent G efflux, the N& gradient provides a driving force for the extrusio
of C&* against a steep electrochemical gradient (CromgtohHeid 1978); the Nayradient
is in turn maintained via N&H" antiporter usind\jiH" generated by the respiratory chain
(Gunter and Pfeiffer 1990; Bernardi 1999; Cara?6l03). There are two antiporters for'Na
and H in mitochondria (Nakashima and Garlid 1982). TH&K antiporter transports all
alkali cations and can be inhibited by DCCD (Kakdahdi et al. 1989; Jezek, Mahdi et al.
1990); together with theféarrier, they are responsible for the homeostafsise pH and the
volume of mitochondria (Brierley, Baysal et al. Z98lguyen, Dudycha et al. 2007).The
Na'/H" antiporter, on the other hand, is highly selecforeNa” and Li" (Garlid 1988),
sensitive to DCCD (Garlid, Shariat-Madar et al. )98nd can be inhibited by divalent
cations such as My C&" and M@* (Douglas and Cockrell 1974; Crompton and Heid 1978
Brierley and Jung 1980; Nath and Garlid 1988).

It's generally assumed that the Ngradient in mitochondria is solely generated by/Na
antiporters, mainly because many experiments &ftNasport in respiring mitochondria
were carried out in the presence of rotenone (Ctomand Heid 1978; Bernardi, Angrilli et
al. 1990; Jung, Apel et al. 1992), which is knowsrasspecific complex | inhibitor. It has been
assumed that complex | contributes to the generati@ Na gradient in mitochondria by
generating a proton gradient, which is convertéol &nNd gradient by N&H" antiporters.

The discovery that the mitochondrial complex Nofipolytica is also capable of NADH-
driven Nd transport sheds some new lights on how thegsadient can be maintained in

mitochondria. In vitro studies showed that'M# antiport would lead to alkalinisation of the
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matrix in the absence of addedBernardi, Angrilli et al. 1990). And Kapus andasrkers
(Kapus, Ligeti et al. 1989) also observed nd/N&antiporter activity above pH 7.5 and
suggested that the N&l™ antiporter is regulated by matrix pH. Our studgwhd that they.
lipolytica complex | is still active at this (and higher) ghidicating that complex |, in
addition to N&/H" antiporters, might possibly play a role in maintag a Nd-gradient at
higher pH (Figure 5.4).

5.4 Outlook

Na'-NQR and complex I, although sharing no homologth&ir sequences and structure,
both belong to the same enzyme family. They utilimenergy gained from NADH oxidation
to transport ions across membranes. Many progrésaesbeen made in the past years, yet
there are still many other aspects of these twgraas remaining to be explored. A high-
resolution x-ray structure of the peripheral fraginegf complex | has been reported, but the
structure of the membrane fragment is still unsdvend in spite of many efforts, little is
known about the structure of NAIQR. Obtaining the structural information wouldd@reat
help to understand the mechanism of ion transpeitig able to catalyze the same enzymatic
reaction and to utilize the free energy to transjors, complex | and NaNQR might share

some common principles in the mechanism of ionstiaration.

Besides belonging to the same enzymae family, cexniphnd N&-NQR also have the same
physiological function in the cell: they are thesfientry site into the respiratory chain.
However, recent studies showed that mitochondaaiplex | is playing a crucial role not
only in the respiratory chain, but seems to belwvaa in other metabolic processes as well.
And our laboratory also showed that'N4QR of Vibrio cholerae produces overstoichiometic
amounts of extracellular reactive oxygen speciegjhich the physiological function is still
unclear. Therefore, more studies will be necesisatlye future to uncover the different

physiological functions of complex | and NBIQR.
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